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ABSTRACT: Recent experiments replacing oxygen atoms by sulfur in thymine have revealed that absorption and intersys-
tem crossings properties of these derivatives are strongly dependent on the position and number of the substitutions, af-
fecting their potential performance for photodynamical therapy. Using multireference quantum chemical methods
(CASPT2 and DFT/MRCI), we calculated absorption spectra and spin-orbit coupling matrix elements for thymine (Thy), 2-
thiothymine (2tThy), 4-thiothymine (4tThy), and 2,4-dithiothymine (2,4dtThy), to investigate this relation between struc-
ture and photophysics. The simulations showed that a simple 4-electrons/4-orbital minimum model can explain the main
experimentally observed spectral features. Moreover, the computational estimate of intersystem crossing lifetimes in this
sequence of molecules revealed that the experimental value attributed to thymine in water might be underestimated by a
factor 20, most probably due to an overlap of singlet/triplet absorption signals in the transient absorption spectrum. The
difference between the absorptivity of 2t Thy and 2tThd was also investigated, but no conclusive explanation could be found.

INTRODUCTION

Photoinduced processes in nucleic acids*# is a very active
area of research and the particular sub-field of photopro-
cesses in thio-modified nucleobases and nucleosides has
become an important investigation topic.> ¢ Besides its fun-
damental interest,” two practical reasons stimulating the
research of photoinduced processes in thio-derivatives
have been their carcinogenic role in patients taking these
substances as immunosuppresants®*® and their potential
use as a chemotherapeutic agents.™* In both cases, the un-
derlying photophysical processes rely on the combination
of the natural affinity of these derivatives to bind DNA and
the capacity of their photoinduced triplet states of reacting
with genetic material (usually via singlet oxygen genera-
tion), inducing mutations or killing the cell. Thus, either
aiming at maximizing or minimizing the photoactivity of
thio-derivatives, there are a number of photophysical
properties to be optimized depending on the specific ap-
plication, such as the absorption wavelength of these mol-
ecules, their absorptivity, their triplet quantum yields, and
their quantum yields of singlet oxygen formation.

In this work, we focus on the photophysics of the thiothy-
mines shown in Figure 1, which are obtained by systematic
sulfur replacement at positions 2 and 4. The basic physical-
chemical properties of these systems and of the closely re-
lated thiouracils have been under scrutiny of experimen-
talists” 32° and theoreticians®-?® in the last years, especially
after Harada and co-workers,'” based on pump-probe tran-
sient absorption spectroscopy, showed that the triplet for-
mation in 4tThd in water is complete in less than 10 ps,
with quantum yield near unity. This finding unveiled a

completely distinct photophysics as compared to that of
Thd, which, under the same conditions, converts to the
singlet ground state through internal conversion within o.5
ps.”7 Even more astonishingly, Reichardt and Crespo-Her-
nandez® determined that the triplet manifold of 4tThd in
water starts to be populated in the sub-picosecond scale, a
remarkably fast intersystem crossing (ISC) process. This
same ultrafast ISC was also observed in an aprotic solvent
- acetonitrile - where 2tThy triplet formation occurs
within 0.3 ps, with efficiency also approaching unity.’s
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Figure 1. Structure of the molecules investigated in this pa-
per: 2-thiothymine (2tThy), 4-thiothymine (4tThy), and 2,4-
dithiothymine (2,4dtThy). Throughout the text, equivalent
notation will be used for thymidine (Thd) and uracil (Ura).

In spite of the high triplet quantum yield of single-substi-
tuted thiothymines, Kuramochi et al.® showed that the
quantum yield for singlet oxygen formation for 2tThy in
oxygen-saturated acetonitrile was rather modest, only 0.36.
This value, slightly increases to 0.46 for 2,4dtThy,” and
doubles to 0.69 upon aza-substitution at position 6 of
2tThy.®



Much of the research on the photophysics of thio-deriva-
tives has been focused on determining the nature of the
reaction pathways populating the triplet manifold. Based
on absorption and emission measurements, Harada et al.>°
proposed that the ISC in 4tThd in acetonitrile should occur
through a S,('nn*) — T,(3nn*) transition. Cui and Fang*
mapped the reaction paths and spin orbit coupling (SOC)
matrix elements for the excited state relaxation of 2tThy in
the gas phase using CASPT2. They found out three com-
petitive ISC reaction paths through either S,(nt*) —
T,Gnn*), S,(nn*) — T,.(3nn*), or S,(3nw*) — T5(3nn*) tran-
sitions. Gobbo and Borin,*® based on a similar approach,
also reported multiple ISC pathways for 2tUra in the gas
phase, S,('nt*) — T,(3nn*) and S,('nn*) — T.(nn*). Using
explicit water solvation in CASPT2/MM simulations of
4tThd, Cui and Thiel* determined three possible ISC paths
for this system, S,('nn*) — T,(3rn*), S;(‘'nn*) — T,(3nw*),
and S,(3nn*) — T,(3nn*), with the latter activated via vi-
bronic couplings.

Pollum and Crespo-Hernandez,4 based on femtosecond
broadband transient absorption measurements of 2tThy
and 2tUra in water and acetonitrile, have more specifically
proposed that the ultrafast ISC in these molecules takes
place through the S,(nn*) — T,(3rnn*) pathway. Similar
conclusion has been reached by Jiang et al.,?* through com-
bined resonance Raman spectroscopy and wave packet
propagation. This consensus, however, has been recently
broken by Mai, Marquadt, and Gonzalez, who, after car-
rying out a topographic analysis of the reaction pathways
of 2tUra at CASPT2, have proposed that the ISC effectively
occurs though a different reaction pathway, involving a
S.('nn*) — T,(3nr*) transition.

In a couple of recent works, Pollum, Jockusch, and Crespo-
Hernandez have experimentally studied systematic se-
quences of thio-substitution in thymine? and uracil;3 from
the unsubstituted parent species, through the two possible
single-substituted species, to the double-substituted spe-
cies. They have shown that - as expected - either single or
double thio-substitutions (Figure 2(a)) promotes a strong
red-shift in the absorption spectrum, as well as increases
the ISC rate and quantum yield. Less expectedly, however,
they have also found out that thio-substitution in either
position 2 or 4 leads to derivatives with fairly different ab-
sorption and ISC properties; with replacement at position
4 resulting in larger red-shifts, ISC rates, and quantum
yields. Finally, they have shown? that the absorptivity of 2-
substituted species is also dependent on whether the par-
ent molecule is thymine or thymidine, with larger absorp-
tivity in the latter. This finding, specially surprising as we
may expect that the sugar group would play a minor role
for the absorption, has also been observed before by Zhu
and co-workers® in the case of thymine.

In this work, we have applied multireference quantum
chemical methods to systematically explore the photo-
physics of thymine and its thio-derivatives. Different from
previous computational works in the field, our focus has
not been on the determination of reaction pathways, but

rather on the physical-chemical interpretation of a number
of aspects in the photophysics of these systems, as a func-
tion of the number and position of the thio-substitutions.

We have first provided an extensive analysis of the absorp-
tion spectra. Based on these simulations, we have been able
to determine the origin of the different redshift and ab-
sorptivity of each derivative. Moreover, we have also ana-
lyzed the SOC matrix elements between relevant states of
the singlet and triplet manifolds. These quantities allowed
us to explain the variations in the ISC rates of the diverse
thio-derivatives.

Together, these results provide a clear picture of how thio-
substitutions impact absorption and ISC, helping to ration-
alize several previous experimental findings.

COMPUTATIONAL DETAILS

Kohn-Sham density functional theory (DFT) with the
®B97XD functional3® was used to optimize the ground
state geometries of Thy, 2tThy, 4tThy, and 2,4dtThy. The
thymidine derivative 2tThd was optimized as well. Micro-
solvated (water) species were optimized too, as discussed
later. All these calculations were based on the 6-
311++G(2d,p) basis set3 and performed with Gaussian 09.3?
Continuum solvent effects33 were considered in few cases,
as discussed later. Cartesian coordinates of each optimized
species can be found in the Supporting Information (SI,
Section S1).

Excited states were computed with two multi-reference
methods: the complete active space perturbation theory to
the second order (CASPT2) in its multi-state (MS) version34
and with the combined density functional theory / multi-
reference configuration interaction (DFT/MRCI) method,
originally designed by Grimme and Waletzke 35

For the MS-CASPT2 calculations, the active space was
composed of 14 electrons in 10 orbitals (2n, 57, 31*) using
the ANO-RCC-VTZP basis set.3° For the absorption spec-
trum calculations, the CASSCF was averaged over 9 states.
For the SOC matrix determination, independent calcula-
tions were done for the singlet and triplet manifolds, with
the CASSCF averaged over 5 states in each one. Standard
IPEA was globally adopted in the CASPT2 calculations. To
deal with intruder states in the absorption spectrum, a 0.1
a.u. imaginary shift was used. This shift was not needed for
the computation of the SOC matrix. All MS-CASPT?2 calcu-
lations were done with Molcas 8.34

DFT/MRCI is an effective multireference semiempirical
approach to predict spectral properties of organic systems
within 0.2 eV accuracy.3” This method was used with the
parameters derived in ref.3> and with Es. = 1 hartree, based
on Kohn-Sham orbitals computed with BHLYP func-
tional.3® The calculations were carried out with the defz-
TZVP basis set?® and the corresponding auxiliary basis sets
for the resolution-of-the-identity (RI) approach.+ DFT cal-
culations were done with Turbomole,* while the MRCI
calculations were done with the original DFT/MRCI
Hamiltonian, using the program version developed by
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Grimme and Waletzke3 and recently updated by Lyskov
and co-workers.+

To provide a simple visualization of the absorption spectra,
CASPT2 and DFT/MRCI vertical excitation energies and
oscillator strengths have been convoluted with normalized
Gaussian functions (0.23 eV standard deviation). Band en-
velops were also computed for specific cases using the nu-
clear ensemble approach.# In these simulations, 200
ground-state geometries were sampled according to a har-
monic oscillator Wigner distribution and the excitation en-
ergies and oscillator strengths for each one were computed
with time-dependent DFT (TDDFT), at B3LYP/6-
31++G(2d,p) level. The nuclear ensemble simulations were
carried out with the Newton-X program#+ 45 interfaced to
Gaussian o09.

Most of results discussed here are in the gas phase. We
have decided for that after checking the effect of solvation,
simulated via microsolvation plus continuum model, on
the absorption spectrum. As we show in the SI (Section Sz2),
this solvation scheme had little effect on the spectroscopic
quantities and could not fully account for the shifts be-
tween experimental and computational results. However,
as discussed in the next section, such shifts do not strongly
affect data comparison and analysis.

SOC matrix elements were computed at CASPT2 level us-
ing an effective one-electron spin-orbit Hamiltonian based
on atomic mean field integrals, as implemented in Mol-
cas.*® These calculations were done at the S, state mini-
mum of each molecule, which was optimized with TDDFT
at ®Bg7XD/6-3u1++g(2d,p) level. The character of these sta-
tionary structures as surface minima was checked by nor-
mal mode calculations at the same level.

RESULTS AND DISCUSSION
The absorption spectra

Figure 2 shows experimental” (panel a) and calculated (MS-
CASPT2 (b) and DFT/MRCI (c)) absorption spectra of the
four investigated species. The main features of the bright
states contributing to these spectra are reported in Table 1.
Tables including the dark states are given in the SI (Section
S3). As explained in the Computational Details, the simu-
lated spectra are simple Gaussian convolutions over the ex-
cited states, using energies and oscillator strengths at the
ground state minimum. Three other features are worth
noting: first, the simulated results are in the gas phase,
while most of the experimental results are in solution; sec-
ond, the simulated results are for thymine derivatives only,
while the experimental results mix thymine and thymidine
derivatives; third, the simulated results are vertical excita-
tion wavelengths, while the experimental results are wave-
lengths at the band maxima.

In spite of these differences and approximations, it is re-
warding that the simulated spectra reproduce all main
spectroscopic features for each molecule, and they still ren-
der the right energy order among them. The main devia-
tion between experiment and theory is in the description

of the lowest band of Thy, 4tThy, and 2,4dtThy, whose sim-
ulations are fairly blue-shifted in comparison to the exper-
iments. The excellent agreement between the computed
and experimental#’ results for Thy in the gas phase makes
clear that the main source of this blue shift is solvation. In
particular, Li et al.#® have shown that computation of wa-
ter solvation effects on a nucleobase, including solute—sol-
vent interactions and environment state-specific polariza-
tion, may red-shift the absorbing nn* states as much as
about 0.6 eV. Effectively, the shifts observed in the current
results are smaller than that. For Thy, it is 0.4 eV employ-
ing CASPT2 and 0.6 eV employing DFT/MRCI (compared
to the results in water). For 2tThy, the shifts are smaller
than o.1 eV. For 4tThy, they are 0.3 eV for both methods.
Finally, for 2,4dtThy, they are smaller than 0.4 eV for
CASPT2 and smaller than o.3 eV for DFT/MRCI.

Experimental (see SI, Section S4) and computed oscillator
strengths agree within o.1 for most of transitions. However,
there are some relevant differences between theory and ex-
periment, especially for CASPT2, whose deviation may
reach 0.44. With DFT/MRCI, the largest deviation is 0.25.

Taking the results from MS-CASPT2 as the reference, we
can verify that DFT/MRCI calculations provide very similar
excitation energies and oscillator strengths. The root mean
square deviation between the two data sets is 0.14 eV for
the energy and 0.167 for the oscillator strength. The largest
deviations occur for Thy, for which the first and fourth nr*
excitations are 0.27 eV higher in DFT/MRCI than in
CASPT2.

To understand the relation between the thio-substitutions
and the absorption spectra, we have analyzed the four low-
est bright excitations for each molecule (Table 1). The co-
efficient of the main configuration for each state reveals
that the spectra of Thy and its thio-derivatives can be
simply reframed within a 4-electrons/4-orbitals minimum
model (Scheme 1). These orbitals, as given by the Kohn-
Sham calculations used in the DFT/MRCI, are shown in
Figure 3(a). The equivalent CASSCF orbitals used for
CASPT2 are shown in the SI (Section Ss). (We will base the
following discussion on the Kohn-Sham orbitals because
the configuration coefficients given in Table 1 are much
closer to unity with DFT/MRCI than those with CASPT2.)

We have also performed a natural bond orbital (NBO)
analysis* of the Kohn-Sham orbitals used in the
DFT/MRCI, specially concerning the density distributions
along the C=0/S n-bond. These results are shown in Table
S21 of the SI. The NBO fraction at the carbon atom in both
C=0 = bonds of Thy is about 0.27. After single sulfur re-
placement, this number increases to 0.61 at position 2 of
2tThy, but to just 0.32 in position 4 of 4tThy. These results
confirm that the carbon atoms in position 2 and 4 of Thy
play different roles in the n-system and anticipates the dis-
tinct properties of the different thio-derivatives.

To visualize the relationship between the four excitations
and the four MOs in the 4/4 minimum model, we draw a



schematic diagram of the excitations for the four molecules
in Figure 3(b) (MS-CASPT2) and Figure 3(c) (DFT/MRCI).
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Scheme 1. 4/4 minimum model for nn* excitation of Thy

and its thio-derivatives.

According to the experiments, the systematic thio-substi-
tution of Thy and Thd has the following noticeable features
in the absorption spectrum? (see Figure 2(a)):

Single or double substitutions lead to strong red
shift in relation to the parent-unsubstituted species.

In the region above 250 nm, 2,4dtThd has a multi-
structured spectrum, while the other three species
show a single band.

The red shift is significantly larger in 4tThy than in

2tThy.

The absorptivity of 2tThd is almost twice as large as
that of 2tThy (not shown in Figure 2(a)).

Table 1. tn* excitations determining the absorption spectra of Thy, 2tThy, 4tThy, and 2,4dtThy in the gas phase
according to MS-CASPT2 and DFT/MRCI. Experimental data in water, acetonitrile, and in the gas phase (brackets)
are also shown. Values for Thd derivatives are given in parenthesis.

MS-CASPT2 DFT/MRCI Expt.

n>n*  Coefficient A /nm f n>n* Coefficient A /nm f A /nm f

Thy

157 0.8708 247 0.314 157 0.9380 235 0.250 2637 (267)° 0.134° (0.185)°
[2504]¢

221 0.7708 205 0.050 221 0.8953 204 0.097 [20043]° -

122 0.6825 188 0.429 122 0.9314 188 0.272 - -

2>2 0.8088 170 0.456 2>2 0.7284 164 0.470 [168+2]¢ -

2tThy

1>7 0.7546 286 0.578 127 0.9373 295 (292) 0.243 (0.282) 201°%, 298¢ 0.158, 0.132¢
(285%,208) (0327, 0.049)

1>2 0.6476 262 0.084 1>2 0.9265 266 (267)  0.326 (0.189) 267°, 2724 0.163, 0.209 ¢
(266°,275%) (050" 0.3579)

27 0.6942 224 0.057 27 0.8954 225 (231) 0.085 (0.070) - -

22 0.6149 201 0.354 222 0.8538 203 (210) 0.325 (0.369) - -

4tThy

1>7 0.7575 310 0.662 127 0.9146 312 0.427 (333)° (0.222)°

2271 0.7283 258 0.019 2271 0.9104 260 0.029 - -

1>2 0.6707 229 0.070 1>2 0.9026 232 0.069 - -

22 0.6270 187 0.362 22 0.6518 184 0.428 - -

2,4dtThy

127 0.7305 333 0.216 127 0.8989 343 0.078 366" 0.096"

257 0.7258 300 0.156 27 0.8765 317 0.369 336° 0.123°

2>2 0.6278 267 0.733 22 0.7442 277 0.458 280" 0.355"

1>2 0.6275 258 0357 1>2 0.7163 270 0.147 251° 0.182°

“Band maximum and band oscillator strength in water from ref.?. * Band maxima and band oscillator strengths in water based on data of ref.” (see SI, Section S4). ‘Band maxima
from electron energy loss spectroscopy of Thy in the gas phase, ref.*. ¢ Band maxima and oscillator strengths in acetonitrile from ref.> (see SI, Section S4).

Based on the spectrum calculations, we are already in po-
sition to address the first three questions. The fourth one
will be discussed in the next section.

Concerning the first point, the overall red shift, it is simply
caused by the well-known fact that C=S bonds are weaker
than C=0 bonds. This has already been observed in Ref.7.
In the SI (Section S6), we use a simple Hiickel model to
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show how the thio-substitution leads to a destabilization
of the & orbitals and stabilization of the ©* orbitals, render-
ing smaller nn* transition energies than in the unsubsti-
tuted species.

Concerning the second point, the multi-structured spectra
above 250 nm, it is still consequence of the overall red shift
in the thio-substituted species, which pushes up more
transitions to longer wavelengths (see Figure 3(b)). In par-
ticular, for 2,4dtThy, the structured high-energy band at
about 270 nm appearing in the experiments (see Figure
2(a)) is due to the 2—2’ and 1—2’ transitions (Table 1).

Coming to the third point, the larger red shift in 4tThy
than in 2tThy, we note that there are two different effects
going on. First, for the 1—1" and 2—1’ transitions, the red
shift of 4tThy in relation to Thy is in fact larger than that
of 2tThy (see Figure 3(b)). However, for the 1—2” and 2—2’
transitions, it is the opposite: the red shift is larger for
2tThy than for 4tThy. Therefore, it is clear that the cause
of the different red shifts in the two species should be
searched in the nature of the 1" and 2’ n* orbitals.

. If—— Thd (a) N
2 | — 2tThy |
< — 4(Thd
%05—— 2.4dtThy
m L

Ore= '

ng ®
B 15+ — 2Thy
< r — 4dThy 1
S — 24dtThy |
<05 ]

0,

Z o1 (c) — Thy
s | — 2Thy |
< — 4(Thy
EIO.S — 24dtThy
N |

0 : :
150 200 250 300 350 400 450
wavelength /nm

Figure 2. Absorption spectra of thymine and thymine deriva-
tives: (a) experimental results in water from ref.7; (b) MS-
CASPT?2 calculations; (¢) DFT/MRCI calculations. Computa-
tional results in the gas phase.

Looking at these orbitals for 2Thy and 4Thy in Figure 3(a),
we see that the electron density in the 1" orbital of 2tThy
extends to the sulfur atom, while the density in 1’ of 4tThy
extends over the oxygen. Due to the same reason as dis-
cussed in point 1 above, the weaker C=S bond as compared
to C=0, a n* orbital along a CS bond is more stable than
along a CO bond. As a consequence, excitations into 1’ have
larger energies in 2tThy than in 4tThy. On the other hand,

the situation of the 2’ orbitals is exactly the opposite: the
electron density extends over the sulfur atom for 2tThy and
over the oxygen atom for 4tThy. Thus, excitations into 2’
have smaller energies in 2tThy than in 4tThy.

Thus, according to the analysis above, the different elec-
tron density distribution in the four main MOs involved in
the nn* excitations is directly responsible for the observed
shifts and band structure in the absorption spectra of thy-
mine and its thio-derivatives.
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Figure 3. (a) The two occupied r orbitals (MO 1and MO 2)
and unoccupied n* orbitals (MO 1" and MO 2’) involved in
the excitations of Thy, 2tThy, 4tThy, and 2,4dtThy, from DFT
calculations. (b) Comparison of different excitations includ-
ing excitation energy and oscillator strength (given by the
bars size) among the four molecules for DFT/MRCI. (c) The
same as in (b) for MS-CASPT2.



Absorptivity difference in 2tThy and 2tThd

Another interesting phenomenon revealed by the experi-
ments is that after glycosylation of 2tThy, the formed
2tThd still absorbs near 280 nm, but its molar absorptivity
significantly increases from 12x103 to about 20x103 M'cm™
(in water, pH 7.4).7 The combined oscillator strength of the
first band raises from 0.321 in 2tThy to 0.477 in 2tThd, a
ratio of 1.49 (Table 2). Zhu and co-workers® have also re-
ported a similar effect on the absorption spectrum of Thy
and Thd in water, whose oscillator strength increased from
0.134 t0 0.190, a ratio of 1.42. On the other hand, in acetoni-
trile, the increase in the molar absorptivity was more mod-
est, from 12.4x103 M"cm™ at 29o nm for 2tThy to 14.1x103 M-
‘em™ at 285 nm for 2tThd.> The combined oscillator
strength grows from 0.341 to 0.406, a ratio of 1.19. Note yet
that the molar absorptivity of 2tThd in water (pH s5.5) is
smaller than that reported in ref. 7, 17x103 M'cm™ at 276
nm.’> 5°

Table 2. Total oscillator strength for the first absorp-
tion band of the nucleobase and of the corresponding
nucleoside according to the experiments and to dif-
ferent computational models.

Model Srucleobase Sruceloside Ratio
Thy x Thd
Expt. (ref. *) 0.134 0.190 1.42
Comp DFT/MRCI 0.249 0.315 1.26
Comp. TD-B3LYP 0.128(0.178)° 0.194(0.228)  1.52(1.28)
2tThy x 2tThd
Expt. (ref. 7) Water 0.321 0.477 1.49
Expt. (ref. ) Acetonitrile 0.341 0.406 119
DFT/MRCI 0.569 0.474 0.833
TD-B3LYP 0.376(0.571)  0.329(0.415)  0.88(0.73)
Comp. TD-B3LYP; 0.417(0.515) 0.419(0.326)  1.00(0.63)
6 waters + PCM
Comp. TD-B3LYP; 0.422(0.493)  0.321(0.391) 0.76(0.79)

band envelope

“ Values in parenthesis include solvent effects in the excited state calculations via
PCM.

This absorptivity difference between the nucleobase and
the deoxy-nucleoside may, in principle, be due to changes
in the transition dipole moments caused by the glycosyla-
tion. This seems to be the case of Thd. As discussed in ref.?9,
the electronic density over one of the oxygen atoms of the
ribosyl group is the key factor for the raise of the oscillator
strength in the 11’ transition dominating the first band of
Thy and Thd. As shown in Table 2, the nucleoside/nucleo-
base oscillator strength ratio is in reasonable agreement
with the experiment (1.26 at DFT/MRCI level).

Curiously, simple glycosylation cannot explain the absorp-
tivity raise in the 2-thio-substituted species. The
DFT/MRCI results show that the first band for the 2tThy
and 2tThd overlaps the 11 and 12’ transitions, with
dominance of the latter (see Figure 3(b)). Like in the parent
species, the oscillator strength for the 11" increases due to

glycosylation, but that of the 1->2’ decreases. The result, is
aratio below unity as shown in Table 2 (0.833 at DFT/MRCI
level), directly diverging from the experimental ratios 1.49
in water or 1.19 in acetonitrile.

Discarding simple glycosylation as the source of the en-
hanced oscillator strength of 2tThd, another possibility is
that it is caused by specific solvent/chromophore interac-
tions. Nevertheless, none of our tests including explicit mi-
cro-solvation plus continuum solvation could explain the
oscillator strength increase. For instance, simulations of
2tThy and 2tThd including six explicit water molecules
plus PCM render a ratio of only 0.63 (Table 2).

We also tested the vibrational distribution at the Franck-
Condon region. Using the nuclear ensemble approach
based on TDDFT excitations, we have computed the band
envelope for 2tThy and 2tThd in the gas phase and in water
(PCM only). Again, the results for the ratio of the band ar-
eas were below unity, 0.79 (Table 2).

Although we do not investigate it here, one last possibility
to explain the absorptivity raise upon glycosylation is di-
merization. Different from Thyj, it is possible that the thio-
substitution in 2tThy makes it more hydrophobic, leading
to some degree of dimerization. 2tThd, however, should
still not dimerize due to the high solubility of the sugar
moiety. If this is the case, the experimental oscillator
strength of 2tThy would be underestimated, as the effec-
tive chromophore concentration would be smaller than
that of the monomer (by up to 50%).

At this point, however, we must admit that the larger ab-
sorptivity of 2tThd as compared to that of 2tThy is still an
open question, with no clear and satisfactory explanation.

Intersystem crossing

As mentioned in the Introduction, thio-substitutions shift
the triplet quantum yield of pyrimidine nucleobases from
near zero to almost unity.” > ® The ISC lifetime,” 5 on its
turn, ranges from 760 fs to 180 fs depending on the number
and position of the thio-substitutions (see Table 3). Unsur-
prisingly, it is the longest for the unsubstituted species and
the shortest for 2,4dtThy.

Following Kasha’s rule, after the photoabsorption, we ex-
pect that all these systems quickly relax to the minimum of
the singlet S, state, from where they may convert to the tri-
plet manifold. Based on this scenario, we first optimized
the S, state minimum of Thy, 2tThy, 4tThy, and 2,4dtThy,
and then computed the SOC matrix elements there. For ef-
fect of further analysis of the experimental and computa-
tional data, we stress that the computational simulations
are in the gas phase, while the experimental results are in
water. This difference certainly affects the energy gaps and
state order, as the nn* and nn* react differently to protic
solvation.#® To minimize this effect, we have additionally
optimized the S, geometry in the continuum field of water
as well, which had the general effect of stabilizing the nn*
character, as expected.

The S, minimum geometries are presented in Figure 4. For
Thy in water, the ring is strongly out-of-plane distorted
6



and the S, state has nn* character. This is strikingly differ-
ent from the result optimized in the gas phase, where the
ring is planar and the S, state has nn* character. The thio-
substitution renders planar rings in both water and the gas
phase. For 2tThy, however, the sulfur atom is displaced to
out of plane, which has also been previously reported in
ref.. The S, minimum of 2tThy strongly mixes nn* and nr*
characters (the relevant molecular orbitals are shown in
Section S8 of the SI). However, optimized in water, the nr*
character increases, leading to a larger out-of-plane dis-
placement of the sulfur atom than in the gas phase, where
the nn* character predominates. For 4tThy and 2,4dtThy,
the S, minimum, with pure nn* character, is fully planar
and there are no remarkable differences between the opti-
mized structures in either water or the gas phase.

Thy (w)

p Thy (gp)

(*]
2tThy (w) 2tThy (gp)
124° 134°
[*] (]
4tThy (w) 4tThy (gp)

¢ (W) ¢ !

(

2,4dtThy (w) 2,4dtThy (gp)

¢ v ¢ ¢
Figure 4. S, optimized structures of Thy and its thio-deriva-
tives in water (w) and in the gas phase (gp).

The distribution of states at the S, minimum is shown in
Figure 5 for geometries optimized in water (a) and in the
gas phase (b). Based only on the energy gaps and on the El-
Sayed’s rules,5* we can already draw the most probable sce-
nario for ISC in these molecule. For Thy, with either S, min-
imum, singlet-triplet transfer should be very inefficient.
For 2tThy in water, the transfer may occur from S, into both
T, and T, but in the gas phase it should happen only to T..
For 4tThy and 2,4tThy, the transfer should occur from S, to
T, in both phases.

To investigate the relaxation after ISC, we also optimized
the T, minimum structures at the same level of S, minima
optimization for all four molecules. With these structures,

we calculated singlet and triplet energies at CASPT2.
(These energies are given in Tables S8-Su of the SI.) As ex-
pected, the results confirm that energy T,/T, energy gap in-
creases after relaxation for all the molecules, implying the
T, state as the dominant one after ISC.

To go a step further in the ISC analysis, we have calculated
SOC matrix elements between S, and the nearest triplets,
T, and T, states at the S, optimized structures. The results
are listed in Table 3. The SOC elements are given as the
root of the sum of the square of the three hyperfine com-
ponents:

2
2
LR ICER IR
m=-1,0,+1

(SOC elements for the thio-substituted Thd in the gas
phase have been recently reported at TD-B3LYP level in
ref.4. These values agree with ours within 20 cm™. Hyper-
fine components are given in Section S8 of the SI.)
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Figure 5. Singlet and triple state distributions at the S, mini-
mum. CASPT2 using TDDFT geometries optimized in (a) wa-
ter and (b) the gas phase.

Thy has very small SOC matrix elements, the largest being
22 cm™ between S, and T, (S, minimum in water). For 2tThy,
the coupling increases by almost a factor 5 and the SOC
elements are very similar for both triplet states, about 100
cm™. At the S, minimum in the gas phase, the SOC element
increases to up 146 cm™ (S,/T,), which helps to explain why
the ISC in acetonitrile is as faster as it is in water.’> For
4tThy and 2,4dtThy, the SOC element between S, and T,
increases in either phase to about 150 cm™, while it is neg-
ligible between S, and T.



The differences between SOC elements with T, and T, are
related to how planar the S, minimum structure is. For
4tThy and 2,4dtThy, with planar structures (see Figure 4),
the nn* and nn* states do not mix. In particular, as the S,
state has nn* character in these two molecules, it couples
to the T, state, with n* character, but not with the T, state,
with nn* character. On the other hand, for the 2tThy,
whose sulfur atom is out of the plane, the n and & systems
strongly mix, rendering similar SOC strengths with T, and
T,. For Thy, using the structure optimized in water, alt-
hough its S, minimum is also non-planar, it is still possible
to assign a major nn* character to S, and T, and an nn* char-
acter to T,. Therefore, the SOC element is slightly larger for
S,/T, than for S,/T,. For the gas phase structure of Thy, the
situation inverts: the S, state couples to T, but not to T..

In the simplest qualitative approach to relate the SOC ele-
ments to the ISC lifetime 7isc, these quantities are given in
terms of the Golden Rule in the Condon approximation
as:>3
1 2z 0 \?

Tse N5 (HsllT") Pe
where pr is the Franck-Condon weighted density of final
vibronic states. It goes beyond the scope of this work to
compute pr and in Table 3 we simply provide ziscX o to be
compared to the experimental zsc. (A full quantitative
treatment of this problem for Thy can be found in refs.5+
55.) For each molecule, we have taken only the S,/T, transi-
tion with the largest SOC element. In the case of 2tThy,
where both SOC elements have similar sizes, this approxi-
mation is justified by the much smaller energy gap in the
S,/T, transition than in the S,/T..

The comparison between the computed ziscxpp and the ex-
perimental zisc (Table 3) indicates that the reduction in the
ISC lifetime from 2tThy to 4tThy is caused by the increase
in the SOC element from about 100 to about 150 cm™.

The sub-picosecond ISC lifetime of Thy, 0.76 ps (ref.5"), is
difficult to be rationalized by a ziscXpr larger than 14000
fs.eV™* (or, equivalently, a SOC matrix element of only 22
cm™). As for comparison, in acetonitrile, the ISC lifetime of
thymine is more than ten times larger, about 10 ps,5® while
theoretical determinations in the gas phase range from g

to 77 ps, depending on the electronic structure method.>+
55

In fact, it is possible that the ultrashort experimental life-
time reported for Thy in ref.5* is not really due to ISC, but
due to internal conversion still in the singlet manifold. In
ref.5, the triplet population of Thy was assigned based on
the transient absorption signal at 372 nm. However, ac-
cording to our DFT/MRCI simulations, the S, state of Thy
also shows an intense absorption in this region (see Figure
6) and, therefore, internal conversion cannot be ruled out
as the source of the transient signal. On the other hand,
the assignment of the triplet population of the thio-substi-
tuted species in ref.” does not suffer of this ambiguity, as it
has been done in much longer wavelengths.

04 L. -
— excitation from S1 state
- 03F — excitation from T state
8
—
§ 0.2
2]
O
<
0.1
0

L 1
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400 450 500 550
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Figure 6. Absorption spectra from the T, and S, minima of
Thy.

Table 3. Total spin-orbit coupling elements, energy gaps, and state characters for S,/T, and S,/T, transitions for S,
minimum geometries optimized in water and in the gas phase (in parenthesis). Estimates of the ISC time for
transitions with largest SOC (multiplied by the density of states) and experimental ISC times.

S,/T, S,/T, tisexor (fs.eV™) Tsc (fs)
States H%° (cm™) AE (eV) States H%° (cm™) AE (eV) compt expt

Thy 'nn* B 1 -1.26 ‘Aot 22 0.35 14081 760 *b
('nm*Prn*) (49) (-0.46) ('np*/*nm*) (0) (-0.09)

2tThy (nr*+nn*) Prn* 104 -0.32 Y(rr*+nn*) Ann* 109 -0.08 574 620+60 ¢
((nm*+mn*) Arn*) (146) (-0.22) ((nm*+nn*) Pom*) (79) (-0.12)

4tThy 'nn*Arn* 157 -0.06 'nn*/*nn* 5 -0.05 275 240%20 *¢
('nr*Aen*) (157) (-0.08) ('n7*Anm*) (25) (-0.04)

2,4dtThy  'nr*/nn* 152 -0.04 'n*Ann* 2 -0.02 295 18040 ¢
(nn*/>rn*) (153) (-0.06) (nm*/>nm¥) @ (-0.01)

“Experimental results for the deoxy-nucleoside. ® Experimental ISC lifetime in water from ref.5'. ¢ Experimental ISC lifetimes in water from ref.”.



CONCLUSION

Aiming at rationalizing a series of recent experimental
findings on the photophysics of thio-substituted thymines,
we applied multireference computational methods to
study thymine and a series of single and double thio-sub-
stituted species in terms of simulations of absorption spec-
tra and computation of SOC matrix elements.

Photoabsorption spectra were determined at CASPT2 and
DFT/MRCI levels for thymine, the single substituted 2t Thy
and 4tThy, and the double substituted 2,4dtThy. We have
shown that different features experimentally observed in
this series of molecules can be explained based on a simple
4-electrons/4-orbitals minimum model. The analysis of
molecular orbitals involved in the excited states shows that
the replacement of oxygen with sulfur in different posi-
tions has different effects on electron density delocaliza-
tion and orbital energies, with direct consequences on the
spectra.

We have also analyzed the significantly larger molar ab-
sorptivity of 2tThd as compared to that of 2tThy, revealed
by steady spectroscopy. We tested a number of different
factors that could be responsible for it, including the effect
deoxyribose, interactions with solvent molecules, and the
vibrational broadening at the Franck-Condon region. None
of them, however, could provide a satisfactory explanation
to the phenomenon. Although we raised the hypothesis
that dimerization could be the underlying reason, we con-
sider that the absorptivity raise of 2tThy upon glycosyla-
tion is still an open question.

A qualitative analysis of the ISC process showed that the
shortening of the ISC lifetime of 4tThy as compared to that
of 2tThy in water is due to the larger SOC elements in the
former molecule. Finally, the measured ISC lifetime for the
unsubstituted thymine is at least 20 times faster than what
is expected from the SOC elements. We have shown that a
possible reason for this divergence may be a signal from S,
absorption overlapping the same spectral region used to
assign the triplet states in the transient absorption spectra.
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