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Decoding the molecular basis for the population mechanism of
the triplet phototoxic precursors in UVA light-activated

pyrimidine anticancer drugs

Lara Martinez-Fernandez,” Giovanni Granucci, ™ Marvin Pollum, Carlos E. Cresp

Maurizio Persico, ™ Inés Corral™

Abstract: Photosensitization of DNA by thionucleosides is a
promising photo-chemotherapeutic treatment option for a variety of
malignancies. DNA metabolization of thiated prodrugs can lead to
cell death upon exposure to a low dose of UVA light. The exact
mechanisms of thionucleoside phototoxicity are still not fully
understood. In this work, we have combined femtosecond
broadband transient absorption experiments with state-of-the-art
molecular simulations to provide mechanistic insights for the ultrafast
and efficient population of the triplet-state in the UVA-activated
pyrimidine anticancer drug: 4-thiothymine. The triplet state is thought
to act as a precursor to the DNA lesions and the reactive oxygen
species responsible for 4-thiothymine photocytotoxicity. The
electronic-structure and mechanistic results presented in this
contribution reveal key molecular design criteria that can assist in
developing alternative chemotherapeutic agents that may overcome
some of the primary deficiencies of classical photosensitizers.
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pyrimidine counterparts. The combination of 6-
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cause DNA damage through oxidatively-generated processes.™
9. 19 This damage has been suggested to occur primarily
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ursor.""! Insight into the population mechanism of the triplet
ate of 6TG was presented at the molecular level by means of
ultrafast transient absorption spectroscopy experiments,!'?
quantum-chemical calculations,”™™ and molecular dynamics
simulations."” Those original works reveal how thionation
shapes the steeply-descending potential of the spectroscopic
state of guanine, which in the canonical nucleobase is
responsible for ultrafast relaxation to the ground state, while in
6TG it results in efficient population of the triplet state and
therefore substantially increases the photoreactivity.
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Similar to 6TG, the 4-thiothymidine (4TT) monomer acts as a
powerful Type Il PS in solution, as demonstrated by its high
singlet oxygen yield upon UVA excitation."” However, other
experimental results in which 4TT is incorporated into DNA,®
suggest that a photocycloaddition mechanism, leading to the
formation of (6-4) photoadducts, is responsible for the observed
cytotoxicity of 4TT+UVA. Recent experimental and theoretical
works!"® based on steady-state and time-resolved experiments
and CASPT2 and TD-DFT calculations, have revealed 'mr*
excitons and charge transfer states as being the precursors of
the primary mutagenic photoproducts cyclobutane thymine
dimers and (6-4) adducts, respectively, in single stranded
natural (dT), whereas the contribution of triplet states in
thymine dimer formation was estimated to be less than 10%.
Similar experimental and theoretical works on thio-substituted



containing DNA have yet to be performed, however, the lowest-
energy triplet state for these systems has been postulated as the
precursor in photocrosslinking of 4-thio-substituted derivatives
with the canonical pyrimidine and purine bases.!"”!

In this study, we report the first comprehensive, molecular-level
mechanistic  analysis, based on spectroscopic and
computational evidence, for populating the triplet state of 4TT.
The triplet state is thought to be the precursor state responsible
for the cytotoxic properties of 4TT and its effectiveness as a
UVA light-activated pyrimidine anticancer drug. This joint
experimental and theoretical investigation reveals a noticeably
different and more complex mechanism for the population and
reactivity of the long-lived triplet state in 4TT relative to 6TG.
While the driving forces for generating singlet oxygen or the
superoxide radical (which can lead to the formation of hydrogen
peroxide) are both exergonic for 6TG, singlet oxygen formation
is predicted to be less exergonic for 4TT and the formation of the
superoxide radical is predicted to be endergonic, thus
significantly changing the photosensitization mechanism of
these two thiobases. The results presented in this work help to
rationalize the different intrinsic photochemical properties
observed for the thiopyrimidine versus the thiopurine prodrugs.
Furthermore, our findings reveal key molecular design criteria
that could be used to assist in developing alternative photo-
chemotherapeutics that can potentially overcome some of
primary deficiencies often found in classical photosensitizers

Results and Discussion
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photoadduct, 'O,, and other reactive oxygen species (ROS).
Finally, we provide an explanation the different reactivity and
singlet oxygen yields reported in th re for the triplet state
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The emiss®n energies calculated for these states are in
excellent agreement with the experimental results (See Table 1),
and with previous calculated values reported for the
horescence.® Interestingly, fluorescence emission
tes from the Sy(mrm*) state, instead of the lowest-energy
et state, as is usually observed for most organic

Table 1. Experimental absorption and emission maxima and theoretical
absorption and emission energies for 4TT. Calculated values in brackets
correspond to the absorption values predicted by including explicit water
solvent effects.

Absorption
Experimental Theoretical
Amax € AE (nm) f
(nm) (M'em™)
Sy—S; 424 0.000
n* [419]
PBS 335 14000 So—S; 320 0.546
ACN 337 19440(16) |mrmr* [326]
Sy—S; 287 0.111
* [290]
Emission
Experimental Theoretical
)\max AE
(nm) (nm)
Fluorescence 400 S, Tt 430
Phosphorescence 542 Ty ™ 570




Photoinduced population of singlet and triplet minima.
Static picture: Figure 1 presents a schematic representation of
the regions of the PES relevant to the relaxation mechanism of
4TT, which is based on the analysis of minimum energy paths.
Upon excitation at 334 nm, the S, TT1* state is populated, with no
significant contributions from the S; or S, states, due to their
different vertical transition energies and weaker oscillator
strengths (Table 1). From the Franck-Condon region, we can
identify two different pathways (PATHS | and Il in Figure 1)
reaching two minima in the S, PES that exhibit markedly
different energies and geometries. One is characterized by a
higher energy and a twisted conformation of the Cs=Cgs double
bond (atom labelling in Figure2), denoted Syt (PATH I), while the
other is lower in energy and has a planar conformation, denoted
Szp (PATH 11), (see Figure 1 inset)."” These two minima differ
significantly, both structurally and energetically, from the
CASSCF S; minimum predicted in a previous theoretical
study,”™ and, as discussed below, are in part responsible for the
photophysical properties of 4TT. The geometric and energetic
differences between the planar and twisted structures could
regulate the subsequent decay of the S, population. However,
as we shall see in the discussion of the time-resolved simulation
results below, the dynamics in the S; state do not follow Path |
or Path Il explicitly, rather, the trajectories tend to oscillate
between planar and twisted geometries.

Our ab initio static calculations also reveal that the S,/S1conigal
intersection (Cl) has a twisted geometry resembling that#

S,t minimum (see inset of Figure 1), and should theref
easily accessed from it. On the contrary, a considerable degree
of twisting is needed in order to access this funnel sta
the deeper planar Sz minimum, which is energ
separated from the S PES and would represen
slower nonadiabatic decay. This may lead to the
population on two different time scales, i.e., t
state population visiting regions of the PES corr
planar ring conformations would decay on a relatively |
scale, while the rest of the population would relax to the S; s
more rapidly. The two different time scales for th
depopulation are in agreement with jecent fluorescence
conversion results for 4TT.I" 2! This
longer-lived singlet state (S;) co

explains why a small
can be detected exp

The minimum of the S,/T» (n
and energetically very close t
previous work."
quasi-degenerac
orbit couplings (1
suggest a non-neg

indicate this region of triple
S2/S4/T, Cl. Large spin-
t this region of the PES

ation pathways (PATHS A and B
intersystem cross at this region
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in Figure 1).
of the PES and follow PATH
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and decay through the T./T: Cl to the most stable triplet
minimum, T4(m*). The moleculgs that internally convert
following PATH B, populate initial S, (nTT*) minimum. The
Sy (nT*) minimum can act as a doo e population of the
triplet manifold, as in other nucleobase s,1% 20 due to
the proximity of strongly-coupled triplet T2) and to
the existence of a large actjiati
(about 2 eV, see Table S1).
manifold is favored and the mos
is finally populated. It
crossings are easil
therefore decay to

ario, access to the triplet
triplet minimum, T4(Tr17*),

n of the population in a
topology of the excited
eting paths (PATH IA,
the decay of the UVA-
of the population in the

long-lived ftriplet st
PES delineates f
PATH IIA, P
excited 4TT
lowest-energy tr]

GS

ASPT2 calculations. Relative energies to the ground state are given in
tationary points signaled with an asterisk were optimized including 7
licit QM water molecules. In the insets are the structures of the twisted
o) and planar (S,p) minima accessed via Paths | and I, respectively. The
small shift in the S, absorption energy with respect to Table 1 is attributed to
the different number of roots considered in the two calculations.

Time resolved picture: The deactivation mechanism of excited
4TT was the object of QM/MM molecular dynamics simulations,
taking into consideration the effect of a large cluster of 777
solvating molecules in the MM subsystem. Figure 2 shows the
evolution of the population in the electronic states during the first
10 ps following excitation. Based on energy and transition
probability criteria, our simulations were started in the
spectroscopic Sy(Tmr*) state—consistent with its main population
upon UVA excitation of 4TT. At the beginning of the simulation,
all trajectories show an oscillatory motion along the twisting
coordinate, which can be identified by the dihedral angle N4-Ce-
Cs-C7 (see Fig. S7-S8 in the Sl and atom labelling in Fig. 2).
This oscillation enables the molecules to explore both the planar
and the twisted regions of the S, PES, but every hop to the S
state or to the triplet manifold (mainly T,) occurs from a twisted
conformation. Figure 2 illustrates the parallel increase of
populations in both the Sy and T, states, which is consistent with
the continuous depopulation of the S, state and a continuous
transfer of population from the Si and T, states to the T, state
during this time window.
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Figure 2. Time evolution of the population of different electronic states as
extracted from the QM/MM dynamics simulation of 4TT.

A quantitative analysis of the decay of the S; state population
shows an onset time of about 200 fs during which no hops occur.
This time coincides with the time needed for an oscillation of the
twisting angle to reach a twisted conformation from the planar
Franck-Condon geometry. Then, we see a decay best fitted by
two exponentials, with time constants t4= 1.0 ps and 1= 3.6 ps
and weights 0.92 and 0.08, respectively. Fig. S7 shows that the
transition rate decreases in parallel with a slight reduction in the
twisting oscillation amplitude, detectable between 1 and 3 ps.
The degree of vibrational excitation of the twisting coordinate
may decrease in time because the most highly exci
molecules decay faster and also because of internal vibrati
energy redistribution and energy loss to the s A
Independent of the pathway followed to reach the three-state
S,/S4/T, quasi-degeneracy region, our simulations su
the system follows preferably PATH B in Figure 1
trajectories) to further relax to the lower-energy tri

population (13%) accesses the triplet
Cl through PATH A directly. It i
simulations also predict that a s
population reaching the S, state decays ba
within 10 ps.

In summary, our dynamics si
relaxation pathway populati
2>8,/S4/T; CI2S1>T4
Sch 982/81/1—2 CI—) 2
smaller extent.

jons suggest that primary
let state in 4TT is Sarc
while the pathway

ntributes to a

x The mechanism proposed
inized by examining the
bsorption data recorded
in PBS an CN solutions, following
ure 3). The results presented herein,
n extended spectral probe window
orted in the same solvents,!'% 1%
jon signal of excited species

Comparison with experim
above was e
evolution of the b
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populated along the deactivation mechanism of the initially
excited 4TT. Importantly, an agalitional spectral feature is
observed in the expanded probe rom 650 to 700 nm.
This new spectral feature can be see clearly in ACN
solution (see Figure 3), thus the dyna e provided
for comparison, but much focuses on
the transient absorption da pon excitation of 4TT at
nd develops, centered

aximum within the
(200 £ 50 fs). Over the
band grows in with an
hile the intensity of the
00 nm remains constant.

550 to 700 nm regj
response time of t
first 800 fs, an ex
absorption maxim

being due to vibrational cooling
ue to its insensitivity to solvent
environment, even whe non-hydrogen bonding chloroform
solvent was used (see T, in Table 2). The transient absorption
ectrum oti/ed at 5 ps matches that previously assigned to

triplet-tigflet absorption band of 4TT with a long decay
e of 4.2 ps.I"** "® The experimental TAS data reveal at
wo different primary relaxation pathways within the first 5
h populate the long-lived triplet state of 4TT. In order to
these complex excited-state dynamics, vertical
rgies were computed at regions of the excited-
redicted to be key from the static and dynamics
simulations. In particular, we took the Szr and Syt minima as
being representative of components of the wave packet (or
ories in the semiclassical representation) visiting the
and twisted regions of the S, PES, respectively, and also
idered absorptions from the S;, T4, and T, minima.
cording to our calculations, we can assign the TAS signal
bove 650 nm to the planar S; minimum and that at 600 nm to
the twisted one, as no other species are predicted to absorb
above 650 nm (Figure 4). In addition, our calculations show that
neither of the two S, minima have significant absorption in the
probe spectral range between 450 and 570 nm. Similarly, the
absorption spectrum of the S; state exhibits negligible oscillator
strengths across the probed region because of its nr* character.
In the same manner, the signal below 550 nm can be ascribed
to a superposition of the absorption spectra of the T, and T;
state minima. This spectral analysis demonstrates that the
decay of the S; state population and the population of the triplet
states is faster than predicted by the simulations, with a faster 4
lifetime of about 200-300 fs. This discrepancy may be due to a
small inaccuracy of the semiempirical PES, since the transition
rate must be highly sensitive to the energy differences between
the FC point, the two S, minima, and the S,/S:/T, Cl. Overall,
the simulation of the experimental transient spectra using the
static calculations is fully supportive of the excited-state
dynamics predicted by the molecular simulations, and
demonstrates the power of combining this three-pronged
experimental and computational approach to elucidate complex
relaxation mechanisms.
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Figure 3. Transient absorption spectra collected for 4TT in PBS (left co
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Figure 5. Transient absorption spectra of 4TT in acetonitrile follg;
comparison, spectra were selected at time delays where each
nm because the excited-state absorption is convoluted with
Section for further details), thus distorting the shape of the

on an ultrafast time scale due
the Sy minimum (Figure 2).
triplet states takes
performed at 387 n
simulation of the TAS fo
40% of the total population
delay of 250 fs, nearly three
following 334 kel
nonadiabatic dyn
found in the SI.

e in the triplet manifold at a time
es faster than that predicted
detailed analysis of the
Mation at 387 nm can be

n of 4TT at 270 nm is expected to
d S; states (Table 1), although S,

to a larger extent. um energy path starting from

Wavelength (nm)

Wavelength (nm)

Franck-Condon region of the S; PES (Figure S2 of the SI)
shows that this state decays barrierlessly towards a Cl with the
lower-lying S, state, coinciding with the position of the S;
minimum and allowing for rapid deactivation to the S, state.
Nevertheless, the rather flat shape of the PES at this region may
favor trapping of a residual amount of population at the S;
minimum (see supporting information, Figure S2) for long
enough to be observed in our experimental measurements. In
fact, the additional excited state absorption band observed at
very early time delays in the experimental TAS data (Figure 5
top right panel/purple spectrum) matches very closely the
calculated absorption from the S; state minimum (Figures 7 and
S6). Still, the use of higher excitation energy does not avoid the
population of the S,p minimum and to the contrary, it seems to
increase it slightly, as deduced from the intensity of the signal
above 650 nm in Figures 5 and 7. Hence, it can be proposed
that excitation of 4TT with UVC (270 nm) radiation may actually
increase the population of the Sz minimum and decrease the
population of the triplet state (at least to some extent) compared
to excitation with UVA radiation. This excitation-wavelength
dependence of the triplet vyield is indeed supported
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experimentally by a comparison of the relative triplet-triplet = Phototoxic properties of purine and pyrimidine thiobases:
absorption intensities, which show a small decrease with energy vs. electron transfer
increasing excitation energy.

The above theoretical and experimen Its satisfactorily
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Calculations for the [4TT-O,] complex in water solution (PCM,
see Sl) reveal that energy transfer from the T4 minimum of 4TT
to the triplet ground state of O, is exothermic, with a change in
the internal energy of the system (AE) of -13 kcal/mol. On the
other hand, the electron transfer process is endothermic, with
AE = 13 kcal/mol (see Figure 8). Importantly, both processes are
exothermic for 6 TG, although the triplet energy transfer process
is thermodynamically preferred over the electron transfer
process (AE = -20 vs. -6 kcal/mol). We attribute the significantly
different driving force for electron transfer in these two thiobases
to their different ionization energies, the magnitude of which is
larger in 4TT compared to that in 6TG (3.5 vs. 2.3 eV). The
higher ionization energy hampers electron transfer from the
triplet state in 4TT to the ground state of O, and results in an
endothermic reaction.

The results presented above offer a thermodynamic explanation
for the noticeably different triplet-state reactivity and singlet
oxygen yields reported in the literature for these two thiobases
monomers under similar experimental conditions—a twofold
higher singlet oxygen yield has been measured for 4TT (ca.
50%)1"*Y compared to 6TG (ca. 25%),?*! even though the triplet
quantum yields for both thiobases are similar. The results also
suggest that the probability of forming a charge transfer complex
between the triplet state of 4TT and molecular oxygen is greatly
reduced, relative to the case of 6TG.*® The exothermic nature of
energy transfer from the excited triplet state of 4TT to molecujar
oxygen in solution may play an important role in its
activated toxicity. Recent experimental results have re
that a (6-4) photoadduct is the primary photoproduct in
oligonucleotides containing 4TT exposed to UVA radiatj
no significant increase in levels of ROS were dete
treated cancer cells. This supports the idea put fo
that the biological context in which 4TT is pres
influence the photochemistry of this PS. Hence,
oligonucleotides containing 4TT is needed in
understand this chemistry.
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Conclusions

responsible for the population of the rea
to an unprecedented level of molecul

d high-level molecular
ading to the long-lived
e precursor of the
ore intricate in 4TT
sensitizers  previously
nce of two S, minima,
cy for the Sy, S1and T,
ics in the S, state PES

other
d [13-14, 2

than in
investigate
and of a region of

tion energy is decreased. In this
yed by the twisting of the Cs=Cs
double bond, which is cessary to reach the triple quasi-
degeneracy region from the FC point. The main triplet-state
anism appears to be S; > S; > T4, whereas
-> T, pathway yields a minor contribution. A
odynamic explanation has also been presented for the
twollld larger quantum yield of singlet oxygen reported for 4TT
compared to that of the thiopurine 6TG (25%) in

; The higher singlet-oxygen photosensitizing
efficac versus 6TG is ascribed, at least partially, to the
higher ionkation energy of 4TT, which translates into
unfavorable electron transfer reactions, enabling more efficient
generation of singlet oxygen in solution.

putational and Experimental Section

xperimental methods.

The broadband femtosecond transient absorption spectrometer has been
described in detail elsewhere.'®™® 2% |n prief, an 800 nm, 100 fs
fundamental laser source was used to generate the pump pulses of 270,
334, and 387 nm with an optical parametric amplifier and to generate the
white light continuum probe pulses in a 2 mm CaF; crystal. Solutions of
4-thiothymidine were prepared in 2 mm cuvettes with an optical density
at the pump wavelength of 1.6, 1.4 and 0.16 for the 270, 334, and 387
nm experiments, respectively. Experiments were also performed at equal
4TT concentrations exciting at 334 or 387 nm, and verified that the
spectral differences in Figure 5 are due to the excitation wavelength and
not to the concentration. All solutions were replaced before degrading
more than 5%. Data was collected using a homemade LabVIEW program.
Global and target analysis of the broadband data was performed using
Igor Pro, and a sequential kinetic model convoluted with a Gaussian
function held to a FWHM of 200 fs, in order to account for the instrument
response function. The TAS data collected over the first 10ps following
334 and 387 nm excitation was adequately fitted using a three
component sequential model (i.e., two lifetimes and an offset), whereas
the data following 270 nm excitation required a four component model
(i.e., three lifetimes and an offset).



Computational methods.

Static calculations. The topology of the ground and excited potential
energy surfaces was explored with the CASSCF method. For specific
regions of the PES, the CASPT2 approach, including dynamic correlation
(as suggested by previous works)?®, or the consideration of 7 explicit
solvent molecules was needed to accurately account for the deactivation
mechanism (see supporting information). Final energies were calculated
following the MS-CASPT2/SA-CASSCF protocol. An active space of 12
electrons in 9 orbitals (see Figure S1) was used for all the calculations.

Dynamics simulations. A mixed quantum-classical surface-hopping
algorithm based on the spin-adiabatic representation has been used. In
this scheme the energies, wave functions and couplings were calculated
on the fly using a semiempirical FOMO-CI(8,6) scheme including 4
singlet + 4 triplet states. The initial conditions were selected using a
Boltzmann distribution after an equilibration of the sensitizer within a
cluster of 777 water molecules for 100 ps. The swarm of 307 trajectories
was propagated until 10 ps with a time step of 0.1 fs.
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1. Further Computational Details for the Characterization of the Topology of the
Potential Energy Surfaces.

The stationary points of the potential energy surface (PES) were optimized at the SA-
CASSCF/ANO-S level of theory and using the minimum number of roots necessary and
a (12,9) active space.! The ANO-S® basis set was contracted as H 2slp, C, N, O
3s2pld and S 4s3p2d. The (12,9) active space includes all the st and 7t* orbitals together
with the lone pair of the S atom. All our optimizations exclude the lone from the O atom
(see Figure S1). These stationary points were connected using Minimum Energy Paths
(MEPs) calculations, using the intrinsic reaction coordinate (IRC)®! algorithm (an
exemplary MEP can be found in Figure S2). For these MEPs, we used the same
protocol as in the optimizations. Final energies at these stationary points of the PES
were calculated following the MS-CASPT2//SA-CASSCF/ANO-L (multistate second
order perturbation theory on state average complete active space self-consistent field
wavefunctions) approach considering 3 singlet and 3 triplet roots, with a (12,9) active
space, see Table S1.1 The ANO-L" basis set contraction used was: H 3s2p, C,N,0
4s3p2d and S 5s4p2d. An imaginary level shift of 0.3 au was added to the zero order
Hamiltonian to prevent the appearance of intruder states.” The IPEA shift was set to

zero.”)

Singlet-singlet and Singlet-triplet minimum energy crossing points were optimized at
the CASSCF(12,9)/6-31G* level of theory using as starting geometries either those

reached from the MEPs or the FC structure.

MS-CASPT2 vertical spectrum, stationary points optimizations, MEPs and final
energies calculations were performed with the version 7.8 of MOLCAS program.® The
optimization of singlet-triplet minimum energy crossing points was performed with

MOLPRO 2009 .



Figure S1. CASSCF optimized molecular orbitals included the (12,9) active space used
throughout the study. Framed in blue orbitals involved in the S, excitation, in green
corresponding to the S, and in purple to the S.

Figure S2. Minimum Energy Paths connecting a) the Franck-Condon region with the
S,/S, conical intersection region following the S; excited state gradient b) the Franck-
Condon region with the S,, minimum c) the S,/S,/T, CI region with the S, (nst*) and the
S,p minima d) the S,/S,/T, CI region with the T, (n®*) minimum and e) the S,/T, CI
region with the T, (7tr™) minimum
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Table S1. MS-CASPT2//CASSCF(12,9)/ANO-L energies (in eV) relative to the ground
state for the lowest lying singlet and triplet states at the optimized critical points along
the PES of 4-thiothymine.

Structure State AE State AE
[eV] [eV]

FC gs 0.00
H(nm") 2.87 3(mm) 2.77
(") 4.17 3(nm") 2.78

S1 0T min gs 0.20
(nm") 2.51 3(mm) 2.37
(") 3.57 3(nm") 2.47

S21 T min gs 2.81
(nm") 3.32 3(mm) 3.14
(") 4.33 3(nm") 3.36

S2p T min gs 0.58
(nm") 2.73 3(mm) 2.54
(") 3.44 3(nm") 2.71

CI Sz (mm™)/ S1 (nTt") gs 3.57
I(nm") 5.05 3(mm) 4.63
I(mm") 5.12 3(nm") 5.03

ISCSz (mm")/ T2 (nm*)  gs 3.29
(nm") 4.92 3(mtm) 4.39
(") 5.02 3(nm") 4.91

S1 (nm)/ Tz (mm") ISC  gs 0.39
I(nm") 2.56 3(mtm) 2.53
(") 3.63 3(nm") 2.47

CITz (mn*) / T1 (nm*)  gs 0.28
(nm") 2.53 3(mtmY) 2.41
I(mm") 3.55 3(nm") 2.50

T1 1" min gs 0.20
H(nm") 2.54 3(mtmY) 2.34
(") 3.58 3(nm") 2.49

CI S1 (n")/So gs 4.43
(nm") 4.54 3(mtm’) 4.47
(") 6.34 3(nm") 4.93

ISC T4 (T[T[*)/So gs 442
(nm") 5.02 3(mtm’) 4.44
I(mm") 5.62 3(nm") 5.06




2. Solvation Models
2.1 QM calculations: Effect of explicit QM water molecules in the Potential
Energy Surfaces.

The poor comparison between the excited state dynamics of 4-thiothymine (4TT)
captured by femtosecond spectroscopic experiments and the main deactivation
mechanisms based on the analysis of the gas phase potential energy surface motivated
the study of the influence of explicit solvent molecules (water) in the shape of the PES.

In fact, the first stages of the decay mechanism (S,/S, internal conversion) were detected
to be especially sensitive to solvent interactions. Gas phase CASSCF calculations
predict a unique minimum in the S, potential, S,,, characterized by a planar geometry.
This minimum is separated from the S,/S, internal conversion funnel by an energy
barrier that amounts to 1.6 eV (see Figure S3). This scenario is not compatible with a
rise time of the triplets in the femtosecond time scale.

Only after incorporating dynamic correlation via CASPT2 approach or by explicitly
considering a minimum number of water molecules directly interacting with the
chromophore, it is possible to locate a second minimum, S,;, structurally similar to the
CIS,/S,. Moreover, this reduced number of water molecules surrounding the thiated
nucleobase also produces a remarkable stabilization of the CIS,/S, which decreases its
energy by ~04 eV (see Figure S3). At contrast, the effect of water solvent on the S,
minimum was found to be negligible, in line with the results reported in ref [10]. Thus,
the explicit incorporation of chromophore-water interactions to our model simulations
allows unveiling a second more favorable path for the decay of 4TT, that requires
surmounting a low energy barrier of 0.1 eV, which would compete with a slow
deactivation pathway, along which an energy barrier of at least 1 eV needs to be
overcome.

In order to determine the minimum number of water molecules accounting for a
topology of the S, potential energy surface consistent with the experimental dynamics,
we considered a 100 ps QM/MM equilibration dynamics simulation for a cluster
consisting of the sensitizer plus a bulk of 777 water molecules (Figure S3b). These
simulations revealed 7 water molecules strongly interacting with the sensitizer and,
thus, defining the first solvation shell, as depicted in Figure S3a. This cluster consisting
of the sensitizer*7H,O was used for the characterization of the stationary and critical
points involving the S, potential.



Figure S3. a) MS-CASPT2//CASSCF energies (in black) for the first stages of the
deactivation mechanism of 4TT considering the 7 water molecules cluster in the inset.
In red, the MS-CASPT2//CASPT2 energies for the same critical points considering the
isolated chromophore. b) 4TT within the bulk of water molecules used during the
QM/MM dynamics simulations
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2.2 Solvation Model for the QM/MM dynamics simulations

From these results, we conclude that accounting for solvent effects seems to be
determinant to model the decay of 4TT. Thus, molecular dynamics simulations were
then performed following a QM/MM approach.

In the QM/MM excited state dynamics simulations, 4TT has been inserted in a large
cluster of 777 water molecules (see Figure 3b), represented using the TIP3P MM
potential. The MM part comprised also the sugar of 4-thiothymidine, which has been
represented using the OPLS force field. In the QM/MM simulations the electrostatic
embedding has been adopted and the covalent QM-MM link has been described using
the "connection atom" approach of Antes and Thiel."" A constraining harmonic
potential has been added at the boundary of the solvent sphere to prevent any
evaporation of water molecules from the cluster during the dynamics simulations. In
evaluating the interaction with the QM part, the standard OPLS and TIP3P charges are
scaled by the factor 0.82.

2.3 Solvation Model for the energy and electron transfer processes

The thermodynamic analysis of the energy and electron transfer processes from the 4TT
and 6-TG triplet minima towards ground state oxygen molecules was performed at the
CASPT?2 level of theory considering the effect of water as solvent using the polarizable
continuum model (PCM) implicit model, as implemented in MOLCAS 8 package.



3. Comparison of experimental and theoretically predicted transient absorption
spectra.

In order to confirm the decay mechanism inferred from static and dynamics simulations,
we have theoretically modeled transient absorption spectra (TAS) at particular delay
times and compared these results with the experimentally registered analogues. The
ideal simulation of the time resolved transient experimental spectra would involve
computing vertical absorptions based on the excited state dynamics. This, however,
would imply calculating hundreds (as many as the number of trajectories considered) of
vertical spectra at each time step, being very time consuming and impractical. As a
suitable and more computationally affordable approximation, we compute the
absorptions at the position of the excited singlet and triplet minima, which the wave
packet is expected to visit for longer times.

These calculations were performed at MS-CASPT2/CASSCF/ANO-L level of theory
considering 25 singlet or triplet roots at each possible excited state intermediate. These
intermediates considered were: the S, (rtt*) excited state at the position of the planar
and twisted minima (S,, and S,;), the nz* excited state at the position of its minimum
(S,) and the absorptions of the triplets T, (mz*) and T, (nm*) at their corresponding
triplet minima (T: and Tz). In the case of the short 270 wavelength, we have also
considered the transient spectra of the S; (nn*) excited state computed at its optimized
minimum. Stimulated emission was not simulated in this paper.

Then, these vertically absorption spectra at the excited intermediates were subsequently
combined at different extents to best match the experimental recorded TAS. By doing
so, we can roughly estimate which is the population lying at each states for each
particular delay time, providing an alternative procedure to figure out the kinetic decay
mechanism of 4TT. This procedure has been applied to the three different experiments
exciting at 387, 334 and 270 nm and the results are presented in Figure S4-S6 and
discussed in the main paper.



Figure S4. Experimental (upper panel) and calculated (lower panel) Transient
Absorption Spectra at representative lifetimes following 387 nm excitation.
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Figure SS5. Experimental (upper panel) and calculated (lower panel) Transient
Absorption Spectra at representative lifetimes following 334 nm excitation.
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Figure S6. Experimental (upper panel) and calculated (lower panel) Transient
Absorption Spectra at representative lifetimes following 270 nm excitation.
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4. Further results from the QM/MM excited state dynamics simulations.

Figure S7. Decay of the S, population (blue) together with the twisting of the N,-C,-Cs-
C, dihedral angle (green) and this dihedral corrected with the standard deviation (red).
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Figure S8. Distribution of the number of trajectories in the S, potential as a function of
the N,-C,-Cs-C, dihedral angle. Different colors indicate different times from O (purple)
to 1 (red) ps.
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5. Experimental Section

Figure S9. Representative kinetic traces taken at a probe wavelength of 650 nm
for 4TT following 334 nm excitation in the indicated solvent.
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Figure S10. Kinetic traces taken at representative probe wavelengths for 4TT in
PBS (a) and ACN (b) following 334 nm excitation. Fit lines are from a global

analysis of broadband transient absorption data and produced the lifetimes
reported in Table 2.
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Figure S11. Kinetic traces taken at representative probe wavelengths for 4TT in
ACN following 387 nm excitation (a) and in PBS (b) and ACN (c) following 270 nm
excitation. Fit lines are from a global analysis of broadband transient absorption
data and produced the lifetimes reported in Table 2.
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