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Abstract

All-organic, heavy-atom-free photosensitizers based on thionation of nucleobases are
receiving increased attention because they are easy to make, noncytotoxic, work both in the
presence and absence of molecular oxygen and can be readily incorporated into DNA and
RNA. In this contribution, the DNA and RNA  fluorescent probe,
thieno[3,4-d]pyrimidin-4(1H)-one, has been thionated to develop
thieno[3,4-d]pyrimidin-4(1H)-thione, which is nonfluorescent and absorbs near-visible
radiation with about 60% higher efficiency. Steady-state absorption and emission spectra are
combined with transient absorption spectroscopy and CASPT2 calculations to delineate the
electronic relaxation mechanisms of both pyrimidine derivatives in aqueous and acetonitrile
solutions and to explain the origin of the remarkable fluorescence quenching in the thionated
compound. It is demonstrated that thieno[3,4-d]pyrimidin-4(1H)-thione efficiently populates
the long-lived and reactive triplet state in hundreds of femtoseconds independent of solvent.
Conversely, fluorescence emission in thieno[3,4-d]pyrimidin-4(1H)-one is highly sensitive to
solvent, with an order of magnitude decrease in fluorescence yield in going from aqueous to
acetonitrile solution. Collectively, the experimental and computational results demonstrate
that thieno[3,4-d]pyrimidine-4(1H)-thione stands out as the most promising thiopyrimidine
photosensitizer developed to this date, which can be readily incorporated as a photodynamic
agent into sequence-specific DNA and RNA sequences for the treatment of skin cancer cells.
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1. Introduction

Photodynamic therapy (PDT) has grown in popularity in dermatology primarily
because the effortless accessibility of the skin to light exposure and its simplicity of use.'”
PDT uses a photoactivable drug (a.k.a., photosensitizer) to generate singlet oxygen and other
reactive oxygen species, offering a high degree of spatiotemporal selectivity in tumor
destruction, noninvasiveness, and reduced side effects.*> However, the development of highly
effective photosensitizers has been a major challenge for the community because of difficulties
in predicting a priori their intersystem crossing mechanisms, yield of triplet state population,
and singlet oxygen generation efficacy. Furthermore, the efficacy of a photosensitizer depends
not only on the type of target cells and their oxygenation status, but also its ability to
penetrate the targeted diseased tissue selectively, and the wavelength of light activation.®”’

Transition metals and other heavy atoms have been introduced effectively into organic
chromophores as a versatile strategy to yield photosensitizers for PDT,%!! but the dark toxicity
of the heavy-atom-containing molecule continues to be a major concern. In this context,
heavy-atom-free photosensitizers are emerging as an innovative class of photosensitizers
exhibiting great potential for preclinical and clinical studies for the photodynamic treatment
of cancers. Furthermore, heavy-atom-free photosensitizers (HAFPs) are receiving increased
attention not only for PDT,!>?” but also for photovoltaic,?® and photocatalytic?*=** applications,
as well as for the development of innovative photonic technologies.’'* Some of the
advantages of HAFPs over traditional photosensitizers include the high yield of triplet state
population and the efficient generation of reactive oxygen species, low dark toxicity, long-lived
excited triplet states, good photostability and biocompatibility, straightforward synthetic
modification, and low cost.'®

Most HAFPs developed for PDT so far, however, do not only exhibit low water
solubility and poor tumor selectivity, but also aggregate in aqueous media due to their
hydrophobic and rigid structures.'® 333 More broadly, the efficacy of most photosensitizers in
preclinical and clinical use depends strictly on the molecular oxygen concentration available
in solid tumors, which varies widely by location due to the aggressive proliferation of cancer
cells and insufficient blood supply. Indeed, some interior regions of the tumor can exhibit
molecular oxygen concentrations of less than 4%, decreasing up to 0% locally, which
severely limits the efficacy of PDT against in vivo hypoxic tumors. Besides, because the PDT
process itself consumes molecular oxygen, thereby effecting tumor hypoxia, the treatment
itself can increase the tumor's resistance to PDT.>%37 Clearly, the existing approaches have
drawbacks and there is a clinical need to develop water-soluble and nonaggregating
photosensitizer alternatives that offer improved target cell selectivity and the ability to
photosensitize damage through more than one mechanism besides reactive oxygen species
generation. Such HAFPs promise great prospect for improving tumor imaging and
phototherapeutic efficacy.

In this context, site-selected sulfur-substituted nucleobases (a.k.a., thiobases) are
emerging as a promising class of heavy-atom-free organic biomolecules for preclinical and
clinical PDT applications.'*'% 16 3842 The unique structural, biochemical, and photochemical
properties of thiobases offer an attractive strategy for developing highly effective and highly
targeted phototherapeutic compounds,'> 4} which can be site-selectively incorporated into
DNA and RNA sequences, working both in the absence and in presence of molecular
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oxygen.!? 134244 A single-atom-substitution from oxygen to sulfur, converts DNA and RNA
nucleobases into effective UVA chromophores (¢ > 10* M™' ecm™) that exhibit red-shifted
absorption maxima from ca. 320 to 380 nm, and with absorption bands extending all the way
to the near visible region. These compounds have also been demonstrated to exhibit
near-unity triplet yields and high yields of singlet oxygen generation,'> % with one of most
attractive applications being for the treatment of skin malignancies that are readily accessible
to near-visible irradiation. '3 342

Similarly, thieno[3,4-d]pyrimidine derivatives can be easily incorporated into
DNA, %" and thionation of their carbonyl group would be expected to redshift their
absorption spectra and to increase their triplet state population yields,'® 2! thus generating
reactive oxygen species including singlet oxygen. Therefore, to provide experimental
confirmation of this idea, we have herein initially focused our efforts at demonstrating that
thionation of the fluorescent thieno[3,4-d]pyrimidin-4(1H)-one (ThiaHX) at the C4 position
(equivalent to the C6 position in the parent purine derivatives; see comment regarding the
nomenclature used in Scheme 1), to generate thieno[3,4-d]pyrimidine-4(1H)-thione
(ThiathioHX), should enable the development of a new class of highly effective all-organic
HAF-PSs for further PDT implementation. In this contribution, we report a comprehensive
characterization of the photophysical, photochemical, and electronic-structure properties of
ThiaHX and ThiathioHX both in phosphate buffer solution at pH 7.4 and in acetonitrile
studied by steady-state absorption and emission spectroscopies and femtosecond-broadband
transient absorption measurements. The experimental results are enhanced with complete
active space second-order perturbational theory (CASPT2) and time-dependent density
functional (TDDFT) calculations. Detailed excited state deactivation mechanisms are
presented for both molecules. Furthermore, unequivocal evidence is presented for the
efficient population of the triplet state in ThiathioHX, revealing its great potential as a
heavy-atom-free PDT agent and paving the way for further development of photosensitizers
based on the thionation of thieno[3,4-d]pyrimidine derivatives.

2. Methods
2.1 Experimental Methods
Materials and Steady-State Measurements

The synthesis, as well as analytical (mass spectrometry, 'H and '*C-NMR) and crystal
structure data for ThiaHX and ThiathioHX (structures in Scheme 1) are provided in the SI.
Phosphate buffered solution (PBS) was freshly prepared using 0.2996 (= 0.0001) g of
monobasic sodium phosphate and 0.2314 (+ 0.0001) of dibasic sodium phosphate dissolved
in 250 mL of ultrapure water and adjusted to pH 7.4 using a concentrated sodium hydroxide
(NaOH) solution, with a total phosphate concentration of 16 mM. Phosphate salts and NaOH
were purchased from Fischer Scientific, Inc. Acetonitrile (MeCN) was purchased from
Fischer Scientific, Inc. Steady-state absorption and emission spectroscopy were performed
using a Cary 300 and Cary Eclipse spectrometers, respectively. Fluorescence spectra were
taken at PMT voltage of 800 V for ThiathioHX in PBS pH 7.4 and MeCN, 600 V for ThiaHX
in MeCN and 400 V for ThiaHX in PBS pH 7.4 with slit widths of 5 nm and scan rate of 20
nm min’!. Relative fluorescence quantum yields were obtained by using Tryptophan as a
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standard.
Broadband transient absorption spectroscopy

Femtosecond transient absorption spectroscopy (fs-TAS) was used to study the
excited-state dynamics of ThiaHX and ThiathioHX. The setup is described in detail in
previous publications.*®° Briefly, a Ti:Spapphire oscillator (Vitesse, Coherent, Santa Clara,
CA, USA) seed a regenerative amplifier (Coherent Libra-HE) that generates a 100 fs pulses
at 800 nm with a repetition rate of 1 kHz is used to pump a Traveling Optical Parametric
Amplifier of Superfluorescence (TOPAS, Quantronix/Light Conversion, Vilnius, Lithuania).
In this work, the TOPAS was tuned to 325 and 385 nm. A translating 2 mm CaF2 crystal was
used to generate the white light continuum for probing (ca. 320 to 700 nm). The setup
employs a mechanical delay stage with a physical temporal limit of 3 ns. The excitation
pulses were set to a power of 1.75 mW (measured at the optical cell position) using a neutral
density filter. A 2 mm optical cell was used. The solution was continuously stirred with a
Teflon-coated magnetic stirrer. All solutions were kept below 10 % degradation, as judged
from the absorption spectra taken at 308 and 367 nm before and after irradiation with the
laser for ThiaHX and ThiathioHX, respectively. Data analysis made use of Glotaran software
package.’! The fs-TAS data were fit to a two-component sequential kinetic model.

2.2 Computational Methods

Geometry optimizations for the two possible tautomers of both molecules were
performed in water and MeCN at the B3LYP/IEFPCM/6-311+g(d,p) level of theory.’*>* The
optimized structures were then used to perform single-point calculations at the
MP2/IEFPCM? level of theory to obtain the relative energies between tautomers. All these
calculations made use of the Gaussian 16 software package.’® Minimum-energy structures,
conical intersections, and crossing points of ThiaHX and ThiathioHX in the electronically
excited and ground states were directly optimized by the complete active space second order
perturbation theory (CASPT2) method®’® using the free OpenMolcas package.’*%° In the
geometry optimization, the cc-pVDZ basis sets®' were used for all atoms without geometry
constraints. The further single-point energy refinement of all the optimized structures was
carried out with a larger cc-pVTZ basis set®! together with the polarizable continuum model
(PCM)> that is used to implicitly consider the solvation effects (acetonitrile). In all the
CASPT2 calculations, the active space of 12 electrons in 10 orbitals was used. The Cholesky
decomposition technique®® for approximating two-electron integrals was employed; the
electron ionization affinity (IPEA) shift®® was set to zero and the imaginary shift technique
(0.2 a.u.)® was carried out to avoid the issue of the intruder state. Excited state absorption
spectra of the excited states were calculated in ORCA 4.2.19-% using the expectation value
formalism at TD-PBEO/CPCM/6-31+G(d,p)>* ¢7-%® obtaining the first 20 transitions from the
state of interest and convoluting the transitions with a Gaussian with FWHM of 75 nm.



3. Results
3.1. Steady-State Absorption and Emission Results
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Scheme 1. Molecular structures of ThiaHX (left) and ThiathioHX (right). Note, while this
heterocyclic system is numbered differently than the purine numbering, we will be using the
latter nomenclature for familiarity and clarity throughout this study.

Figure 1 shows the absorption spectra of ThiaHX and ThiathioHX in phosphate buffer
solution (PBS) at pH 7.4 and in MeCN. As observed for the canonical nucleobases,'>!% 43
substitution of the oxygen atom of the carbonyl group by a sulfur atom at the C6 position
results in a red shift of the lowest-energy absorption band from a maximum at 308 nm in
ThiaHX in PBS to 367 nm in ThiathioHX (58 nm, 0.64 eV, or 5,145 cm™'). An absorption tail
that extends to ca. 430 nm is also observed in ThiathioHX, which is indicative of an n7t*
transition. Remarkably, the molar absorption coefficient of the lowest-energy band maximum
increases by 62% when going from ThiaHX to ThiathioHX (i.e., 4,400 + 200 and 11,500 +
300 M! cm™ for ThiaHX and ThiathioHX, respectively). As observed in PBS, the absorption
maximum of the lowest-energy absorption band of ThiaHX, now at 305 nm in MeCN,
redshifts to 369 nm in ThiothiaHX and an absorption tail is also observed extending to ca.
450 nm. The absorption tail shifts to the red in going from PBS to MeCN, suggesting that the
lowest-energy singlet state of ThiathioHX has nm* character and is close in energy (i.e.,
overlap strongly) with the lowest-energy nn* state. Similar than in PBS, the absorption
coefficient of the lowest-energy band maximum increases significantly (i.e., 62%) when
going from ThiaHX to ThiathioHX (i.e., 4,400 + 200 and 11,600 = 400 M~! cm™) ThiaHX
and ThiathioHX, respectively). Therefore, thionation of ThiaHX concurrently redshifts its
lowest-energy absorption maxima by ca. 60 nm (5,145 cm™) and increases the absorption
coefficient by 62% independent of the solvent, making ThiathioHX a significantly better
absorber of near-visible radiation. In fact, using a typical absorption cross section cutoff of
1000 M 'ecm™!,"® ThiathioHX is expected to allow 18% deeper tissue penetration (up to ca.
100 um) than 2,6-dithiopurine, one of the most promising thiobase PDT agents reported to
date.*
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Figure 1. Absorption spectra of ThiaHX and ThiothiaHX in PBS at pH 7.4 and MeCN. The
dashed, vertical line shows the excitation wavelength used in the transient absorption
experiments of 325 nm.

Figure 2 depicts the emission spectra of ThiaHX in PBS at pH 7.4 and in MeCN. ThiaHX
exhibits a relatively intense emission band with maximum at 386 nm in PBS and at 371 nm in
MeCN. A fluorescence quantum yield of 0.31 £ 0.02 is measured in PBS, which is an order of
magnitude higher than the one obtained in MeCN (0.028 £+ 0.004). The blue shift of the
emission band in going from PBS to MeCN is characteristic of an electronic transition with
n* character. A Eoo energy of 29,153 cm™ (3.61 eV) and of 30,010 cm™ (3.72 eV) was
obtained from the crossing point of the normalized absorption and emission spectra of
ThiaHX in PBS and in MeCN (Figure S1), respectively. In contrast, ThiathioHX does not
exhibit any detectable emission in either solvent, demonstrating that most of the excited state
population in ThiathioHX decays nonradiatively to the ground state or to a non-emissive
excited state. In fact, the fluorescence quantum yields for both molecules are consistent with
the observations from the steady-state absorption spectra, which suggest that the
lowest-energy singlet state of ThiaHX should have nm* character, while it should have nm*
character for ThiathioHX.
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Figure 2. Normalized emission spectra of ThiaHX in PBS at pH 7.4 and in MeCN.
Collection of the emission spectra of ThiathioHX in each solvent was attempted but no
emission signal was detected.

3.2 Transient Absorption Results for ThiaHX

Figure 3 depicts the transient absorption spectra of ThiaHX in PBS at pH 7.4 and in
MeCN upon excitation at 325 nm (3.81 eV). Initially, a transient species with absorption
maxima at 360, 437, and 582 nm is observed in PBS within the cross-correlation of the pump
and probe laser beams, which continues to grow up to a time delay of 0.6 ps (Figure 3a). The
band with absorption maximum at 582 nm, however, continues to grow and blue shifts for up
to 14 ps (Figure 3a). A depletion in excited state absorption is also observed around 390 nm,
where the steady-state fluorescence of this thieno[3,4-d]pyrimidine derivative is observed
(Figure 2). The transient species decays monotonically on a time scale longer than the 3 ns
window reported in Figure 3b. Table 1 collects the lifetimes extracted from the global and
target analysis of ThiaHX in PBS using a two-component sequential kinetic model, in which
the second lifetime models the slow decay of the transient data in a time scale longer than 3
ns. Representative decay traces, best fits, and evolution-associated difference spectra (EADS)
are shown in Figure 4a, c.
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Figure 3. Transient absorption spectra of ThiaHX in PBS at pH 7.4 (a & b) and in MeCN (c
& d) upon excitation with 325 nm. Stimulated Raman emission from the solvent is observed
at 367 nm within the cross-correlation of the pump-probe beams. The breaks are covering the
scattering of the pump and probe beams reaching the detectors.

Table 1. Lifetimes obtained from global analysis for ThiaHX and for ThiathioHX in PBS and
MeCN upon excitation with 325 nm.

Lifetime PBS MeCN
ThiaHX (11) 0.95+0.04 fs 375+£20 ps
ThiaHX (12) >3 ns (9 ns)* >3 ns (70 ns)*
ThiathioHX (t1) 1.2+ 0.5 ps 9+1ps
ThiathioHX (t2) >3 ns (30 ns)* >3 ns (79 ns)*

* the value in parenthesis was obtained from the global and target analysis of the 3 ns

time-resolved data.
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Figure 4. Decay Traces ThiaHX in a) PBS and in b) MeCN upon excitation with 325 nm.
EADS of ThiaHX in c¢) PBS and in d) MeCN, extracted from the global and target analyses.
VR, Fl, IC and ISC stand for vibrational redistribution, fluorescence, internal conversion, and
intersystem crossing, respectively. The breaks are covering the scattering of the pump and
probe beams reaching the detectors.

Figure 3 also depicts the fs-transient spectral evolution ThiaHX in MeCN upon
excitation at 325 nm. A transient absorption species is populated within 14 ps, which has
absorption band maxima at 376, 439, and 570 nm (Figure 3c). Additionally, the absorption
band with maximum at 570 nm shows some blue shifting as it rises. Interestingly, a
significant fraction of this transient species decays to populate another transient absorption
species in hundreds of picoseconds, which has absorption maxima at ca. 400 and 530 nm
(Figure 3d). Apparent isosbestic points are also observed at 377 and 407 nm, suggesting that
indeed, the band with maxima at 400 and 530 nm corresponds to a new species. Table 1
collects the lifetimes extracted from the global and target analysis of ThiaHX in MeCN using
a two-component sequential kinetic model, in which the second lifetime models the slow
decay of the transient data in a time scale longer than 3 ns. Representative decay traces, best
fits and evolution-associated difference spectra are shown in Figure 4b, d.

3.3 Transient Absorption Results for ThiathioHX
Figure 5 shows the transient absorption spectra of ThiathioHX in PBS at pH 7.4 upon
excitation at 325 nm. A transient absorption band with maximum at shorter wavelengths than
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450 nm rises and blue shifts within the cross-correlation of the pump and probe beams
(Figure 5a). Ground state depopulation is also observed at wavelengths shorter than 400 nm.
The absorption around 450 nm slightly blueshifts and increases its amplitude, while another
absorption band simultaneously grow with maxima at 550 nm and around 400 nm (Figure 5b).
An apparent isosbestic point is also observed at 510 nm, suggesting a state-to-state transition.
From a delay time of 1 to 20 ps (Figure 5c), the transient species with absorption maximum
around 400 nm starts to decay with a simultaneous increase of the ground-state depopulation
signal at wavelengths shorter than 400 nm, while the absorption band with maximum around
550 nm redshift to ca. 565 nm. Additionally, a simultaneous increase in absorption at
wavelengths larger than ca. 650 nm is observed for a delay time of up to 20 ps (Figure 5c¢),
after which the transient species does not decay any further (Figure 5d) for up to 3 ns within
experimental uncertainties. We remark that the apparent ground-state recovery observed
during the first ca. 20 ps is possibly due to the population of transient species absorbing at
wavelengths shorter than 450 nm and is not necessarily due to the repopulation of the ground
state. Table 1 collects the lifetimes extracted from the global and target analysis of
ThiathioHX in PBS using a two-component sequential kinetic model, in which the second
lifetime models the slow decay of the transient data in a time delay much longer than 3 ns.
Representative decay traces, best fits and evolution-associated difference spectra are shown
in Figure 6a, c.

10



10 e)

5

N\\n\ %

=

0 B
—0.908——-0.347 §

—-0.267——-0.174

——0.000 =—0.079

9 —0.213

‘o

5
L
0
—143
-5 —344
& —7.98
_4& —7.30 ) —49.8
—203 A _
2 wed 15 o
1d) ™ | h
0 5 —
—203 0
-1 —572
— —:
5 e = — 1267
- — 1644
— 273 —— 2896
-10

. S

-3 v »p
350 400 450 500 550 600 690 350 400 450 500 550 600 690

Wavelength (nm) Wavelenogth (nm)

Figure 5. Transient absorption spectra of ThiathioHX in PBS at pH 7.4 (a-d) and MeCN (e-h)
upon excitation at 325 nm. Stimulated Raman emission from the solvent is observed at 367
nm within the cross-correlation of the pump-probe beams. The breaks are covering the
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Figure 6. (a) Representative decay traces of ThiathioHX in PBS upon excitation with 325 nm
and (b) EADS extracted from the global and target analyses.

In addition, Figures 5 shows the transient absorption results for ThiathioHX in MeCN
exciting at 325 nm, while Table 1 reports the results from the target and global analyses. The
formation of multiple bands with absorption around 420, 500, and 580 nm are observed
during the initial 0.2 ps, which seems to be populated with different rates (Figure Se).
Additionally, the negative amplitude band observed below 400 nm is due to ground-state
depopulation. The band with absorption maximum at 500 nm decays, while the bands with
absorption maxima around 420 and 580 nm continue increasing for up to ca. 1.4 ps (Figure
5f). Apparent isosbestic points are also observed at 476 and 541 nm. From 1 to 50 ps (Figure
5g), the band with absorption around 420 nm blueshifts, while the band at 580 nm increases
and redshifts. Additionally, the structure of the transient absorption band observed after 50 ps
around 460 nm seems to be different than that of ThiathioHX in PBS. It is possible that more
than one transient species is contributing to the overall transient absorption band. As observed
in PBS, the ground-state depopulation signal slightly increases within these time delays and
thus, we remark that the apparent ground-state recovery observed during the first ca. 50 ps is
possibly due to the population of transient species absorbing at wavelengths shorter than 450
nm and not necessarily to the repopulation of the ground state. From 50 ps to 3 ns, the
transient species do not decay significantly (Figure 5h). Representative decay traces, best fits
and evolution-associated difference spectra are shown in Figure 6b, d.
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3.4 Theoretical Results

To provide detailed and crucial electronic and nuclear information regarding the
deactivation mechanisms of ThiaHX and ThiathioHX, quantum chemical calculations were
performed. Based on the molecular structures of both thieno[3,4-d]pyrimidine derivatives,
two possible tautomers may be expected to be available in solution, namely the N1(H) and
N3(H) tautomers. Thus, to examine whether both tautomers are available in solution,
ground-state  optimizations were performed in water and MeCN at the
B3LYP/IEFPCM/6-311+g(d,p) with subsequent single-point calculations at the
MP2/IEFPCM level of theory. According to these calculations, the N1(H) tautomer is 6.3 and
6.4 kcal mol™! more stable than the N3(H) tautomer in the case of ThiaHX in water and in
MeCN, respectively (Figures S2 and S3). In the case of ThiathioHX, the N1(H) tautomer is
7.5 and 7.7 kcal mol™' more stable than the N3(H) tautomer in water and in MeCN,
respectively (Figures S2 and S3). These values are also in good agreement with the relative
energies obtained between the tautomers for ThiaHX (5.4 kcal mol!) and ThiathioHX (8.8
kcal mol™) at the CASPT2/PCM/cc-pVTZ level of theory in MeCN, where the N1(H) is
always the most stable tautomer (Figure S3). Therefore, we conclude that only the N1(H)
tautomer of both ThiaHX and ThiathioHX is available in solution. In what follows, all the
calculations presented were thus performed only for the N1(H) tautomer of both molecules.

Figure 7. Ground-state optimized structures of ThiathioHX (left) and ThiaHX in MeCN
obtained at the CASPT2/cc-pVDZ level of theory.

CASPT?2 calculations were used to optimize the relevant ground- and excited-state
structures, as shown in Figures 7, S6, and S9. Structurally, the thionation leads to
significantly longer C=S bond lengths than the C=0 counterparts in the So state, e.g., 1.663 vs.
1.221 A. Based on the optimized So structures, the excited-state properties of ThiaHX and
ThiathioHX at the Franck-Condon region have been explored. The first excited singlet state
of ThiaHX has mn* character, as judged by the relevant molecular orbitals and oscillator
strength (Figure S4 and Table S1), and its vertical excitation energy is calculated to be 307
nm. These results are in good agreement with the experimental values of 308 and 305 in PBS
and in MeCN, respectively. In contrast, the Si state of ThiathioHX is a spectroscopically dark
state with nr* character (oscillator strength of ca. 10™*). The CASPT2 computed vertical

13



excitation energy of 447 nm is also close to the experimental values of ca. 430 nm in PBS
and in MeCN. The S: state of ThiathioHX is an optically allowed nrt* state (Figure S5 and
Table S2) and its excitation energy is predicted to be 374 nm. The predicted value is also
close to the experimental values of 366 and 369 nm in PBS and in MeCN, respectively.

The emission properties were also explored at the CASPT2 level by optimizing the Si
structures. For ThiaHX, the S1 — So vertical emission is estimated to be 394 nm, with a
reasonably large oscillator strength of 0.1. This theoretical estimation also agrees well with
the experimental measurements of emission at 386 and 391 nm in PBS and in MeCN,
respectively. For ThiathioHX, on the other hand, the Si state has nn* character and the Si —
So vertical emission is significantly weaker due to a negligible oscillator strength of ca. 107.
This satisfactorily explains why fluorescence emission is not detected for ThiathioHX in
either PBS or MeCN (Figure 2). Furthermore, the adiabatic excitation energy of the S state
(i.e., the Eoo) is estimated to be 29,519 cm™! (3.66 eV) for ThiaHX and 21,615 cm™ (2.68 eV)
for ThiathioHX. The predicted values are in good agreement with those obtained
experimentally for ThiaHX, 29,200 cm™" (3.61 eV) and 30,000 cm™ (3.72 eV) in PBS and in
MeCN, respectively.

Figure 8 shows the CASPT2/PCM calculated order of the four lower energy electronic
states for ThiaHX and the six lower energy electronic states for ThiathioHX. These electronic
states are used to understand the excited-state relaxation pathways of ThiaHX and
ThiathioHX in MeCN (see discussion section below). All relevant minima structures and
linear interpolation of internal coordinates (LIIC) corresponding of the electronic states of
ThiaHX are reported in Figure S7, while those of ThiathioHX are reported in Figures S8,
respectively.

(a) (b)

Figure 8. Proposed order of the four lower energy electronic states for ThiaHX (a) and the
five lower energy states of ThiathioHX (b) in MeCN based on the calculations reported in
this work. Values correspond to relative energies (in eV) of key stationary points, conical
intersections, and crossing points.

When ThiaHX is excited to its Si('nn*) state in the Franck-Condon region (4.04 eV), it
is predicted to quickly relax to its excited state minimum, from which fluorescence emission
can occur. During this process, there exists an Si(‘nn*)/T2(nn*) crossing region, whose
energy is only 0.13 eV higher than that of the Si(!nn*) minimum (3.66 eV). In addition, both
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the Si(‘nn*) and T2(*nm*) minima are nearly isoenergetic, 3.66 vs. 3.58 eV. Thus, the S1 —
T2 intersystem crossing process (ISC) is predicted to be energetically possible. However,
because both excited states have nn* character, the corresponding S1/T2 spin-orbit coupling
(SOC) is expected to be small according to the well-known EI-Sayed rule. This is supported
by the calculated SOC value of 0.2 cm™! at the Si/T2 crossing point (CASPT2/PCM level). If
the T>(’rn*) state is populated, it will decay to the lower Ti(*nm*) state in an ultrafast way
via the T2/T1 conical intersection because such process only needs to overcome a barrier of
0.24 eV. In the Ti(*nn*) state, the population is predicted to stay for a relatively long time
because there is a large energy barrier separating the T1(>nn*) minimum and the Ti(n*)/So
crossing point. The energy barrier is calculated to be 0.75 eV relative to the T1 minimum.

Conversely, according to the calculated vertical excitation energies for ThiathioHX,
excitation at 325 nm populates directly the So('nn*) state at the Franck-Condon region (3.32
eV). Then, it is predicted to relax smoothly to its minimum, releasing 0.28 eV energy in the
S» state. Importantly, in the vicinity of the S2 minimum, there is an energetically accessible
Sa(*nm*)/S1(*'nm*) conical intersection, whose energy is only 0.1 eV higher than that of the S>
minimum (see Figure S8b). Hence, the S2 — Siinternal conversion process is predicted to
occur efficiently and should become the dominant excited-state relaxation pathway for the
population reaching the Sa('mn*) state. In addition to the S2 — S internal conversion process,
the So('nn*) — T2(°nn*) intersystem crossing pathway could play a role in the excited-state
decay of the So('nn*) state. However, due to the relatively large energy gap between Sz and
T21n an extended region, the S — T2 intersystem crossing process is not expected to be as
efficient as the S2 — Si internal conversion process (see Figure S8). The population reaching
the Si('nn*) state, on the other hand, is predicted to intersystem cross to populate either the
T2(*nn*) or the T3(*nm*, La) state. However, the S1 — T2 intersystem crossing is not favorable
considering the EI-Sayed rules because both excited states have nm* character and the
corresponding SOC value is estimated to be 1.0 cm™ at the CASPT2/PCM level. Instead, the
Si('nm*) state is expected to intersystem cross to populate the T3(*nn*, La) state because there
is a small energy gap between them in a rather extended region (see Figure S8). Moreover,
this intersystem crossing process is also facilitated by a relatively strong Si1/T3 SOC of 91.2
cm ™!, as expected from the El-Sayed propensity rules.

According to the CASPT2/PCM calculations, there are two main nonradiative
excited-state relaxation pathways that could occur from the T3(*nn*, La) state. In the first one,
the system can evolve from the T3(*nn*, La) state into the energetically lower Ti(*rn*, Lb)
state after overcoming a small barrier of 0.12 eV at the CASPT2/PCM level of theory (see
Figure S8d). In the second pathway, the system can decay to the Sostate through the T1— So
intersystem crossing process because the T3(*nn*, La) potential energy surface can cross the
ground state at a T3/So crossing region. Nonetheless, this process needs to surmount an energy
barrier of 0.53 eV at the CASPT2/PCM level. Overall, the evolution into the significantly
more stable T1(>nn*, L) state should be preferred in MeCN. However, it should be remarked
that the inter-conversion between both the T3(*nr*, La) and Ti(*nn*, Lb) minima can proceed
efficiently owing to the small energy difference and small associated barriers (Figure 8b).

Finally, in order to assist in the interpretation of the transient absorption data, the excited
state absorption spectra of the So('nn*), Si(‘nn*), T3Cnn*, La), T2(*nn*) and Ti(rn*, Lb)
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minima were calculated at the TD-PBEO/CPCM/6-31+G(d,p) level of theory in MeCN
(Figure S10) using the structures calculated at the CASPT2(12,10)/cc-pVTZ/PCM level of
theory.

4. Discussion
4.1 Electronic Relaxation Mechanism of ThiaHX upon Excitation at 325 nm

Understanding the electronic relaxation mechanisms of prospective PDT agents is
essential to comprehend their photochemistry and to establish design principles to develop
further derivatives that may exhibit optimal PDT properties. Given the experimental and
theoretical results reported in the Results section, we are now in a favorable position to
elucidate detailed electronic deactivation mechanisms for both thieno[3,4-d]pyrimidine
derivatives. As described in Section 3.2, a transient species is initially populated within the
cross-correlation of the pump and probe beams in ThiaHX. This transient species has
absorption maxima at 360, 439, and 582 nm in PBS and at 376, 439 and 570 nm in MeCN
(Figure 3a). The CASPT2/PCM calculations predict that the Si('nn*) state is populated upon
excitation at 325 nm. Taking these observations together, we assign the transient absorption
species to the excited state absorption spectrum of the Si('nn*) state. This assignment is also
in agreement with the vertical excitation energies reported in Table S1.

In PBS, the transient band with absorption maximum at 582 nm continues to grow and
blue shifts for up to 14 ps (Figure 3a). This is likely due to a combination of intra- and
intermolecular vibrational redistribution of the excess energy in the Si(nn*) state of ThiaHX.
Thus, we assign the first lifetime to these processes. The observed transient absorption
minimum around 390 nm is assigned to stimulated fluorescence emission from the Si(mr*)
state population, in agreement with the fluorescence emission band observed in Figure 2. The
excited-state absorption spectrum of the Si(nn*) state decays monotonically on a time scale
longer than the 3 ns time window reported in Figure 3b. This is further supported by the
fluorescence quantum yield of ca. 30% measured in this solvent. The need to include a
second decay lifetime to model the transient data indicates that the fluorescence lifetime of
ThiaHX is significantly longer than 3 ns. No evidence of the population of any other transient
species is observed in Figure 3 when PBS is used as a solvent. Therefore, we propose that the
excited state population in ThiaHX decays primarily back to the ground-state via a
combination of nonradiative (internal conversion) and radiative (fluorescence) processes in
PBS. This is in good agreement with the relatively high fluorescence quantum yield measured
for this thieno[3,4-d]pyrimidine derivative in PBS (i.e., 0.31 + 0.02). However, we cannot
rule out whether a fraction of the 70% of the population that decays nonradiatively may
intersystem cross to the triplet manifold at timescales longer than 3 ns or if it fully decays
back to the ground state through internal conversion. Transient absorption experiments from
nanoseconds to microseconds are required to answer this question. The proposed deactivation
mechanism is shown in Scheme 2.
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(a) (b)
Scheme 2. Proposed excited-state relaxation mechanisms for ThiaHX (a) in PBS and (b) in
MeCN based on the calculations and experiments reported in this work. Values correspond to
relative energies (in eV) of key stationary points, conical intersections, and crossing points.
Note that in PBS only the Si — So internal conversion process and fluorescence are
demonstrated to be relevant deactivation pathways for ThiaHX upon excitation at 325 nm.

Conversely, the population of an additional long-lived transient species is detected for
ThiaHX in MeCN (Figure 3d). That another transient species is detected is supported by the
observation of apparent isosbestic points at 377 and 407 nm and by the observation that the
fluorescence quantum yield of ThiaHX in MeCN is an order of magnitude lower than in PBS.
The latter observation further suggests that the transient species is not emissive. The
CASPT2/PCM calculations predict that the population of the Si('nn*) state can initially relax
to a minimum in MeCN. The experimental data reported in Figure 3¢ confirm this process,
where it can be observed that the band with maximum at 570 nm blueshifts. A blueshift of a
transient absorption band is characteristic of intramolecular vibrational energy redistribution.
Additionally, the calculations predict the existence of an Si('nn*)/T2(*nn*) crossing region,
whose energy is only 0.13 eV higher than the energy of the Si(‘nn*) minimum (3.66 eV).
Furthermore, the energy of both Si(‘nn*) and T>(*nn*) minima is nearly isoenergetic. The
SOC at this crossing-region is small (i.e., 0.2 cm™) because both excited states have the same
molecular orbital type, suggesting a relatively slow intersystem crossing pathway. The results
of the calculations are consistent with the experimental observation of a state-to-state process
in which a fraction of the Si(!nn*) state population intersystem crosses to populate the
T2(nn*) and/or Ti(>nn*) state in hundreds of picoseconds. The population reaching the
T2(3nn*) state will then decay to the lower Ti(*nm*) state via a T2/T1 conical intersection
region, because such process only needs to overcome a barrier of 0.24 eV (Figure 8). As
consequence, the first lifetime obtained for ThiaHX in MeCN is assigned to a bifurcation
process in which a fraction of the initial Si('nr*) state population decays radiatively to the
ground state, while another fraction intersystem crosses to the T2(*nm*) state through the
Si(lnm*)/T2(>nn*) crossing region. The population reaching the T>(Pnn*) state internally
converts in ultrafast time scale through a T2/T1 conical intersection to populate the Ti(>nn*)
state. Finally, the second lifetime is assigned to the decay of the Ti(*nn*) state to the ground
state, which occurs in a time scale much longer than 3 ns. The proposed relaxation
mechanism is reported in Scheme 2b.
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4.2 Electronic Relaxation Mechanism of ThiathioHX upon Excitation at 325 nm

Excitation of ThiathioHX at 325 nm results in the initial observation of a transient
absorption species with maximum around ca. 450 nm in both solvents. This transient species
rises and blueshifts within the cross-correlation of the pump and probe beams (Figure 5a),
exhibiting an absorption maximum at shorter wavelengths than ca. 400 nm and a shoulder
around 550 nm in PBS, while it exhibits absorption maxima around 420, 500 and 580 nm in
MeCN. According to the calculated vertical excitation energies for ThiathioHX, excitation at
325 nm populates the Sz('nn*) state in the Franck-Condon (FC) region (3.32 eV), which can
relax to its minimum releasing 0.28 eV of energy. Near the S2 minimum, there is also an
energetically accessible So('nn*)/Si('nn*) conical intersection that is close in energy to the S>
minimum. Therefore, we propose that the initial transient signals observed upon excitation of
ThiathioHX in both solvents corresponds to a combination of the population in the Sa('mn*)
state, together with internal conversion through the Sa('mn*)/Si('nn*) conical intersection to
the Si('nn*) state. This assignment is in good agreement with the calculated excited state
absorption spectra of the Sz('nn*) and Si('nn*) reported in Figure S10. Furthermore, taking
into consideration the results from the calculations, we also propose that in addition to the Sz
— Siinternal conversion process, a S2('nn*) — T2(*nn*) intersystem crossing may also play
a role in the relaxation of the S('nn*) state population. However, it should be remarked that
because the energy gap is relatively large in an extended region between Sz and T2 potential
energy surfaces, the S2 — Tz intersystem crossing process is not expected to be as efficient as
the S2 — Siinternal conversion process, thus should only be playing a minor role.

The calculations also predict that the population reaching the Si('nn*) state could
undergo an intersystem crossing event to either populate the T2(*nn*) or the T3(*nn*) state.
We expect that the S1 — T2 intersystem crossing should play a minor role according to
El-Sayed rules, while the S1 — T3 pathway should play a major role in the intersystem
crossing to the triplet manifold state in ThiathioHX. The calculations also predict that in
addition to the T3(*nn*, La) a Ti(>nn*, Lbv) can be accessed in MeCN. We have calculated the
excited state absorption spectra of both T3(*nn*, La) and Ti(*nn*, L) minima in MeCN
(Figure S10), and they are in good agreement with the transient species observed in the
experimental transient absorption data. Specifically, the excited state absorption spectrum of
the Ti(>nn*, Lp) is in good agreement with the transient spectra observed in Figure 5d and the
signal observed at 460 nm in Figure 5g,h is in good agreement with the excited state
absorption spectrum of the T3(*nn*, La) (Figure S10). No evidence of the population of the
T3(nm*, La) minimum is observed in PBS. Hence, we propose that the long-lived transient
species observed upon excitation of ThiathioHX with 325 nm corresponds to a combination
of the T3(nm*, La) and Ti(Cnm*, Lv) minima in MeCN, while it corresponds to the Ti(*rn*,
Lb) state in PBS. We propose that only the Ti(*nn*, Lb) minimum is populated in PBS
because the relative energy of the T3(*nn*, La) and Ti(>nn*, Lv) minima significantly increase,
making the Ti(*nn*, Lv) the only *nn* accessible for deactivation. Therefore, the apparent
isosbestic point observed in the transient absorption spectra of ThiathioHX corresponds to the
S1 — Ti pathway in PBS and to the Si — T3 — T pathway in MeCN, and the ensuing
transient absorption band corresponds to the excited state absorption of the long-lived
TiCrr*, Lb) state. Collectively, we propose that the first lifetime corresponds to a
combination of the population of the Sa('mn*) state and internal conversion through the
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Sa(*nm*)/S1('nm*) conical intersection and intersystem crossing (i.e., S1— Tiin PBS and S;
— T3 in MeCN). In MeCN, the first lifetime also encompasses the T3 — Ti internal
conversion. The second lifetime correspond to triplet decay. The proposed deactivation
mechanism 1is reported in Scheme 3, which takes into consideration the experimental and
computational results.

Scheme 3. Proposed excited-state relaxation mechanism for ThiathioHX in MeCN based on
the experimental and computational results reported in this work. Values correspond to
relative energies (in eV) of key stationary points, conical intersections, and crossing points in
MeCN. In PBS, we propose that only the Ti(*nn*, Lv) minimum is populated because the
relative energy deference between the T3(*nn*, La) and Ti(*nm*, Lb) minima increases,
making the T1(*nn*, Lbv) the only *rnr* accessible for deactivation.

Conclusions

In this study, we have demonstrated that thionation of thieno[3,4-d]pyrimidine
derivatives affords the development of a potent all-organic HAF-Ps, thus, paving the way for
the development of optimal photosensitizers based on the thionation of
thieno[3,4-d]pyrimidine derivatives. Importantly, thieno[3,4-d]pyrimidine-4(1H)-thione
stands out as the most promising heavy-atom-free, pyrimidine-based photosensitizer
developed to this date. Like the thiobases,'® these compounds can be readily incorporated in
specific DNA and RNA sequences for targeting tumors and are expected to function as Trojan
horses'® both in the absence and in presence of molecular oxygen,'® !> 4 4 facilitating more
selective photodynamic therapy applications of skin cancer cells.

Specifically, we have investigated the -electronic relaxation mechanisms of
thieno[3,4-d]pyrimidin-4(1H)-one and of its thionated derivative in aqueous and acetonitrile
solutions. Sulfur substitution in the carbonyl oxygen at the C6 position redshifts the
lowest-energy absorption band of thieno[3,4-d]pyrimidin-4(1H)-one by about 60 nm (5,145
cm™'), while simultaneously quenching its fluorescence and increasing its absorption
coefficient by 62% independent of solvent. Irradiation of ThiathioHX at 400 or 410 nm should
allow about 20% deeper tissue penetration (up to ca. 100 um) than 2,6-dithiopurine or
4-thiothymidine, two of the most promising thiobase PDT agents reported to date.'” +?
Thionation  effectively  alters  the electronic  relaxation  mechanism  of
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thieno[3,4-d]pyrimidin-4(1H)-one, with a large fraction of the excited-state population
decaying in an ultrafast time scale to populate the long-lived and reactive triplet state.
Significantly, the intersystem crossing to the triplet state is independent of solvent
environment, which is important in PDT, particularly when the photosensitizer is incorporated
to cellular DNA or  RNA. Conversely, fluorescence emission in
thieno[3,4-d]pyrimidin-4(1H)-one is highly sensitive to solvent, with an order of magnitude
decrease in fluorescence yield in going from aqueous to acetonitrile solution.
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