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Unexpected longer T1 lifetime of 6-sulfur guanine
than 6-selenium guanine: the solvent effect of
hydrogen bonds to brake the triplet decay†

Shaoting Liu,ab Yuhsuan Lee,bc Lingfang Chen,bc Jingheng Deng,b Tongmei Ma,*a

Mario Barbatti *de and Shuming Bai *bc

The decay of the T1 state to the ground state is an essential property of photosensitizers because it

decides the lifetime of excited states and, thus, the time window for sensitization. The sulfur/selenium

substitution of carbonyl groups can red-shift absorption spectra and enhance the triplet yield because of

the large spin–orbit coupling, modifying nucleobases to potential photosensitizers for various applica-

tions. However, replacing sulfur with selenium will also cause a much shorter T1 lifetime. Experimental

studies found that the triplet decay rate of 6-seleno guanine (6SeGua) is 835 times faster than that of

6-thio guanine (6tGua) in aqueous solution. In this work, we reveal the mechanism of the T1 decay dif-

ference between 6SeGua and 6tGua by computing the activation energy and spin–orbit coupling for

rate calculation. The solvent effect of water is treated with explicit microsolvation and implicit solvent

models. We find that the hydrogen bond between the sulfur atom of 6tGua and the water molecule can

brake the triplet decay, which is weaker in 6SeGua. This difference is crucial to explain the relatively long

T1 lifetime of 6tGua in an aqueous solution. This insight emphasizes the role of solvents in modulating

the excited state dynamics and the efficiency of photosensitizers, particularly in aqueous environments.

Introduction

For many photochemical applications such as photodynamic
therapy (PDT), photosensitizers (PS) harness specific light wave-
lengths to form reactive excited states and generate reactive
oxygen species (ROS), such as superoxide anions and singlet
oxygen (1O2).1 The active products of the process of molecular
excited-state dynamics can selectively destroy targeted aberrant
cells, offering an effective therapeutic modality. A potential
photosensitizer should strongly absorb in the 600–900 nm ther-
apeutic window for deep penetration. It should also have enough
energy to produce ROS, a high quantum yield of the reactive
T1 state, a long lifetime of the T1 state, and low biotoxicity.2–4

The natural nucleobases have ultrafast excitation relaxation pro-
cesses because of the barrierless conical intersection between the
excited and the ground states,5,6 and this fast decaying to the ground
state prevents photodamage. It protects life under light but excludes
these canonical biomolecules from photosensitizer candidates.
Through a simple chemical modification by replacing the oxygen
atom with a sulfur atom, the derivative thiobases become potential
photosensitizers with near-unity triplet yields. Starting from the
photoexcited bright state, a typical ‘‘S2 - S1 - T2 - T1’’ ultrafast
process as a mixture of internal conversion and intersystem crossing
has been discovered as the dominant relaxation pathway for
thionucleobases.7 The ultrafast S1 - T2/T1 intersystem crossing
among bio-organic molecules comes from the near-degeneracy state
energies and the enhanced spin–orbit couplings in thiobases.8,9

With the yield of the triplet state near unity, the performance of
thiobases as a photosensitizer is mainly determined by the sub-
sequent steps starting from the T1 state. Among them, the T1 decay
to the singlet ground state is the dominant competing pathway of
photosensitization. In our previous work, we have developed high-
level quantum chemical modeling of the T1 decay dynamics of
thionucleobases using a two-step model, and the theoretical
results quantitatively agree with experiments very well.10,11 The
featured double-well topography of the T1 state of thionucleobases
was theoretically found and soon confirmed by a specifically
designed experiment and other theoretical studies.12,13

a School of Chemistry and Chemical Engineering, South China University of

Technology, Guangzhou 510641, China. E-mail: tongmei@scut.edu.cn
b Beijing National Laboratory for Molecular Sciences, State Key Laboratory for

Structural Chemistry of Unstable and Stable Species, Institute of Chemistry,

Chinese Academy of Sciences, Beijing 100190, China.

E-mail: baishuming@iccas.ac.cn
c University of Chinese Academy of Sciences, Beijing 100049, China
d Aix Marseille University, CNRS, ICR, 13397 Marseille, France.

E-mail: mario.barbatti@univ-amu.fr
e Institut Universitaire de France, Paris 75231, France

† Electronic supplementary information (ESI) available: Cartesian coordinates of
optimized structures and definitions of parameters used in eqn (2). See DOI:
https://doi.org/10.1039/d4cp00875h

Received 28th February 2024,
Accepted 14th April 2024

DOI: 10.1039/d4cp00875h

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 5

/5
/2

02
5 

2:
09

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-9336-6607
https://orcid.org/0000-0002-4993-8070
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp00875h&domain=pdf&date_stamp=2024-04-25
https://doi.org/10.1039/d4cp00875h
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00875h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026018


13966 |  Phys. Chem. Chem. Phys., 2024, 26, 13965–13972 This journal is © the Owner Societies 2024

Beyond the substitution with sulfur, incorporating selenium into
nucleobases has recently been explored for photosensitization.14,15

Leveraging the heavier atom effect and lower electronegativity
of the selenium atom, selenonucleobases are expected to have
larger spin–orbit couplings with higher triplet yield, and red-
shifted absorption, aiming for better photosensitizers.
Although experimental and theoretical research has confirmed
these advantages, Crespo-Hernandez et al. found that 6-seleno-
guanine has a much shorter T1 lifetime than 6-thioguanine by
835 times in aqueous solution.14 This factor may cripple their
performance as photosensitizers.

Recently, there have been theoretical studies on simulating
the excited dynamics after photoexcitation of selenonucleo-
bases such as 6-selenoguanine and 2-selenouracil.16–18 Similar
to the thionucleobases, ‘‘S2 - S1 - T2 - T1’’ is still the main
pathway for the excitation relaxation process.19,20 T1 decay
dynamics was involved, and the difference between the thio-
and seleno-derivatives was qualitatively explained. However,
there is still a lack of theoretical research focusing on the triplet
decay dynamics, especially tackling the solvent effect with an
explicit solvent model. The solvent effect is a potential factor
affecting photoinduced excited-state spectroscopy and
dynamics, especially when the charge transfer is involved.21–23

Although during the intersystem crossing, the molecule remains
charge-neutral, both experimental and theoretical studies have
found that the solvent effect appears when singlet–triplet energy
gaps and reorganization energies are changed.24–26

In this work, we focus on the difference between the T1

decay dynamics of 6tGua and 6SeGua, whose structures are
shown in Fig. 1. Based on the quantum chemical calculations,
we first obtained the triplet decay pathways of these two
molecules. Then, we investigated the solvent effect with explicit
microsolvation and implicit solvent models. It is confirmed
that both 6tGua and 6SeGua have similar deactivation chan-
nels, and the calculation of the decay rate quantitatively reveals
the roles of spin–orbit coupling (SOC) and activation energy in
the rate difference. An interesting finding is that the hydrogen
bond between the water and the 6tGua, which is much stronger
than that of 6SeGua, is essential to causing the different T1

decay between them.

Computational details

Geometry optimizations of the ground and excited states were
computed with density functional theory (DFT), Tamm–Dancoff
approximation density functional theory (TDA-DFT),27 and the
algebraic diagrammatic construction to second order (ADC(2)).28

ADC(2)/aug-cc-pVDZ calculations were done for T1 optimizations
and the energy profiles between two T1 minima in the gas phase
using the Turbomole program.29 The results are taken as the
reference for the unrestricted DFT and TDA-DFT calculations.
DFT and TDA-DFT calculations were done using the B3LYP30

functional, the aug-cc-pVDZ basis set for excited energies and the
cc-pVDZ basis set for geometry optimization,31,32 all of which are
carried out using the Gaussian 09 program.33 The implicit
solvent model was executed using the polarizable continuum
model (PCM).34 Structures of crossing points were optimized
using an in-house modified version of the CIOpt program35 at
the DFT and TDA-DFT levels, with the energy gap smaller than
0.02 eV. Cartesian coordinates of all optimized structures are
given in the ESI† (Section S1).

The matrix elements of spin–orbit couplings (SOCs) were
calculated using the Breit-Pauli spin–orbit Hamiltonian with
effective charge approximation, as implemented in the PySOC
program interfaced using the Gaussian 09 program.36,37 The
effective SOCs are given as follows:

HSOC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
m

CS ĤSOC

�� ��CT;m

� ��� ��2s
m ¼ �1; 0; 1ð Þ (1)

where CS and CT,m represent the electronic wave functions of
the singlet and triplet states, respectively. The sum runs over
the magnetic quantum numbers m = �1, 0, 1.

The rate of ISC was calculated using the following quasi-
Marcus formula:10,38

kISC ¼
2p
�h

HSOCj j2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT
p exp �DGISC

�

kBT

� �
(2)

where h� is the reduced Planck constant; HSOC is the SOC at the
T1/S0 crossing point; l is the reorganization energy; DGISC* is
the activation energy corresponding to the T1 state Gibbs free
energy difference between the initial T1 minimum and the final
T1/S0 crossing point, which is approximated by the calculated
internal energy DE*; kB is the Boltzmann constant, and T is the
temperature set at 300 K. This equation is supposed to be valid
under specific conditions,8,11 which are satisfied by thiobases
and equally by selenobases. More details are presented in the
ESI† (Section S2).

Results and discussion
Double-well structure of T1 states

We first optimized the structures of the T1 state of 6tGua and
6SeGua molecules. As found before, the ADC(2) method pro-
vides nearly the same description of the T1 state of thionucleo-
bases compared to the MS-CASPT2 method, and 6tGua has a
double-well T1 topography.10 Here, we employed ADC(2) to
optimize the T1 state for 6tGua and 6SeGua and obtained
two T1 minimum structures for each, as shown in Fig. 2. In
the first minimum structure, the sulfur/selenium atom exhibits a
significant displacement out of the pyrimidine ring plane (op–S
and op–Se). The dihedral angle of op–Se is 101 larger than that of
op–S. The second minimum structure has a ring-distorted

Fig. 1 Structure and numbering of 6-thioguanine (6tGua) and 6-
selenoguanine (6SeGua).
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conformation, with N1 moving downward and C6 shifting
slightly upward.

For both 6tGua and 6SeGua, the op–S/Se T1 minimum has a
lower energy than the ring distorted (Fig. 3 top), and the energy
gap between them is 0.36 eV in 6tGua and 0.55 eV in 6SeGua.
Given the tiny Boltzmann factor of the ring distorted minimum,
we can take the op–S/Se structures as the starting point for the
T1 decay. Besides, we found in previous studies that the ring-
distorted structures of thionucleobases have much higher T1/S0

crossing points and much smaller SOCs than the op–S
structure.10 We computed the SOCs at the op–Se/S and ring
distorted structures; the latter has much smaller magnitudes
(see Table S8 in the ESI†). Thus, we do not need to consider the
transition between these two minima and the decay through
the ring-distorted structure, and the intersystem crossing from
the op–S/Se minima alone determines the triplet decay.

The energy curves for the S1 state were also computed. They
lie above the T1 curves with nearly parallel energy shifts. The
T1–S1 shift at op–S structures is narrowed from 0.3 eV for 6tGua
to around 0.1 eV for 6SeGua. Considering that most of the
excitation will be relaxed to the T1 population and that Fang
et al. have shown that the S1–T1 shift increased to about 0.5 eV
at the T1/S0 crossing point for 6SeGua,16,18 the S1 state should
not play any essential role at this point of the process. However,

the possibility of more complicated triplet decay pathways
involving the T2 and S1 states for 6SeGua could be further
studied in the future. In this study, we still focus on the direct
triplet pathway for 6SeGua, the same as for 6tGua.

We then optimized the structures using DFT and TDA-DFT
calculations and reproduced the energy profiles. The energy
profiles of different quantum chemical methods are shown in
Fig. 3 and Fig. S2 in the ESI.† TDA-DFT has been found to
describe triplet states better than TD-DFT because the latter
suffers from the problem of triplet instability.39–41 The result
demonstrates that TDA-DFT calculations with different func-
tionals agree with ADC(2), reproducing the state energies of the
ground state and the two lowest triplet excited states very well.
The B3LYP and PBE0 functionals perform better than the CAM-
B3LYP and oB97XD functionals. The accuracy for S1 energies
from TDA-DFT calculations is not as good as for the triplet
energies, especially in the middle between the two minima.
Unrestricted DFT calculations show reasonable results for the
T1 energies. However, it can only deliver the lowest triplet
excited state, and there is a discontinuity point for the triplet
energy of 6SeGua at the middle range. Here, the B3LYP func-
tional works better than PBE0, and we will primarily use the
former functional for the upcoming DFT calculations.

For the points near op–S of 6tGua, T1 and T2 are nearly parallel
with a small gap of B0.2 eV. These two states originate from the
very close 3pp* state and the 3np* state as found for thiothymine.10

When sulfur is replaced with selenium, this gap decreases to
nearly zero. Because of the weaker double-bond between Se and C
atoms, the 3np* and 3pp* characters in 6SeGua are less different.
Such a small energy gap in 6SeGua was also observed in previous
MS-CASPT216,18 and TD-DFT calculations.42,43

Compared to the reference energy profiles of ADC(2),
the accuracy of the TDA-DFT and DFT methods is entirely

Fig. 2 (a) T1 minima of out-of-plane for 6tGua (op–S) and 6SeGua (op–
Se), where the C2–N1–C6–S/Se dihedral angle (j) is indicated; (b) T1

minima of ring-distorted conformations of 6tGua and 6SeGua at the
ADC(2) level. (c) Molecular orbitals for the excitation of T1 and T2 from
ADC(2) calculations at op–S minimum of 6tGua and (d) at op–Se minimum
of 6SeGua. Isovalue: 0.05.

Fig. 3 Potential energy profiles for the lowest triplet states for (a) 6tGua
and (b) 6SeGua from ADC(2), TDA-DFT, and DFT calculations.
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satisfactory. Thus, we will mainly use the TDA-DFT and unrest-
ricted DFT in the subsequent calculations to study the solvent
effect with the explicit microsolvation model and profit from
their reduced computational cost.

Non-radiative decay of triplet state

For thionucleobases and selenonucleobases with their large
spin–orbit couplings, the primary decay of the T1 state is the
non-radiative transition of intersystem crossing to their ground
states. Using the T1 optimized structure as the initial point, we
further optimized the T1/S0 crossing point. Then, we calculated
the energy profiles between them by linearly interpolating
internal coordinates (LIIC). The results of calculations with
distinct solvent models were compared to study the solvent
effects on triplet decay dynamics.

Energy profiles in Fig. 3 and 4 exhibit that 6tGua and 6SeGua
have nearly the same relaxation dynamics from photoexcitation
to triplet decay. Similar results have been obtained in previous
theoretical work with MS-CASPT2, where the solvent effect was
considered under an implicit solvent model.44 The solvent effect
does not change the non-radiative decay pathway, including the
S1 - T1 intersystem crossing and the T1 - S0 triplet decay. For
the latter, the T1 state reaches the T1/S0 crossing point with a low
energy barrier, and the large spin–orbit coupling contributes to
the occurrence of the intersystem crossing.

During the decay process, the conformation of 6tGua and
6SeGua changes similarly: The structures of the S0 minima are
planar. The T1 structures have the sulfur/selenium atom out of
the plane at an angle of 158.21/152.91. Then, the dihedral angle
decreases to 94.51/103.61 at the T1/S0 crossing point.

We applied the quasi-Marcus theory described in eqn (2) to
calculate the decay rate and investigate the effects of heavier
atom replacement with sulfur and selenium and the solvent

effect. These rates depend on three critical factors, the reorga-
nization energy l, SOC, and the activation energy DE*.

We can write the ratio between the rates for 6SeGua and
6tGua given by eqn (2) as:

YSe=S � kSe=kS ¼ Yl �YSOC �YDE� (3)

where

Yl �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
lS=lSe

p
(4)

YSOC R H2
SOC(Se)/H

2
SOC(S) (5)

YDE� � exp �DE6SeGua
�

kBT

� ��
exp �DE6tGua

�

kBT

� �
¼ exp �dDE

�

kBT

� �
(6)

Each of these factors is discussed next.

Reorganization energy

The reorganization energy l is computed as the S0 energy
difference between its value at the T1 and the S0 minimum
geometries. The S0 energy value is taken instead of the T1

energy because more than one diabatic state (3np* and 3pp*
excitation) is involved in the T1 potential energy surface, which
may cause anharmonic effects. We computed l using DFT and
TDA-DFT in the gas phase and with implicit PCM. The results
are shown in Fig. 5. For 6tGua, lPCM calculated with the PCM
model is reduced compared to lgas in the gas phase because the
geometry change between the optimized structures of S0 and T1

states is smaller when the solvent effect is involved. On the
other hand, lPCM for 6SeGua remains nearly the same, with
only a little increase when considering the implicit solvent.
When we take one explicit water into the calculation (mono-
hydrated complex, as mentioned later), the obtained l are
nearly the same as the ones with the implicit solvent model
(see Section S4 of the ESI†).

Considering the solvent effect with the PCM model, the
result shows that lPCM of 6SeGua is larger than lPCM of 6tGua.

According to eqn (2), the decay rate is affected by l as k / 1=
ffiffiffi
l
p

.
Substituting Se for S will decrease the rate, with all other things
being equal. However, because the l for thio- and selenobases
are in the same order, the impact of the reorganization
energy should be limited to a factor Yl between 0.9 (gas phase)
and 0.5 (PCM). Even explicit water inclusion (discussed below)

Fig. 4 Energy profiles for the S0, T1, and T2 states, connecting T1 minima
and the T1/S0 crossing point for (a) 6tGua and (b) 6SeGua at the TDA-DFT
level. The corresponding crucial structures are signalled too.

Fig. 5 Reorganization energy in the non-radiative triplet decay of (a)
6tGua and (b) 6SeGua at the DFT/B3LYP and TDA-DFT/B3LYP level. Details
are showed in ESI† (Section S3).

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 5

/5
/2

02
5 

2:
09

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00875h


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 13965–13972 |  13969

does not change it, delivering YlE 0.6. As such, reorganization
energy is not among the main origins of the much-enhanced
decay rate of 6SeGua compared to 6tGua.

Enhanced spin–orbit coupling

Because of selenium’s heavier atomic effect, its larger spin–
orbit coupling must enhance the triplet decay rate. We com-
puted SOCs at T1/S0 crossing points with and without solvent
effect, and the values of 6tGua and 6SeGua are in the range
of 91–112-cm�1 and 496–611 cm�1, respectively (Table 1).
No matter whether or not the solvent effect is considered, the
Se/S SOC ratio boost is nearly constant at 5.2–5.5. For non-
adiabatic coupling calculation, it is known that the Tamm–
Dancoff approximation may need extra treatment to maintain
accuracy.45,46 Bearing that in mind, we also computed the SOCs
at the TD-B3LYP level (see Section S5 in the ESI†). The cou-
plings at the TDA-B3LYP level are systematically about 20%
higher than those at the TD-B3LYP level for both 6tGua and
6SeGua, so the ratios remain nearly the same. It is reasonable
since spin–orbit coupling originates from the relativistic effect
of heavy atoms, and the solvent effect plays a little role there.

According to eqn (2) (which stems from Fermi’s Golden
rule), the non-radiative triplet decay is determined by the
square of SOCs: k p H2

SOC. Then, the 5.3–5.5 times enhanced
SOC of 6SeGua will only cause the decay rate to increase by
about a factor of YSOC E 29, much less than the experimentally
observed rate ratio YSe/S = 835. We conclude that the change in
SOC contributes to the enhanced triplet decay of 6SeGua, but it
must not be the only reason.

Difference in activation energy

All these previous points considered, the difference in activa-
tion energy should contribute a factor of YDE� � 48 to eqn (3) at
T = 300 K. Thus, the difference in activation energies DE*
should be about dDE* = �0.1 eV.

The activation energies were calculated as the T1 energy
difference between the optimized structure and the crossing
point, and the results are summarized in Table 2. Without the
solvent effect, the activation energy from the DFT calculation is
0.32 and 0.28 eV for 6tGua and 6SeGua, respectively. The result
of the TDA-DFT calculation is 0.37 and 0.32 eV, respectively.

Although the DE* values of the two methods are slightly
different, the difference between the two molecules, dDE*,
is nearly the same. 6SeGua has smaller activation energy;
however, dDE* = �0.04 or �0.05 eV is not enough to introduce
the expected ratio of YDE� � 48.

We first added the solvent effect using an implicit PCM
model. DE* computed with PCM is 0.33 and 0.29 eV for 6tGua
and 6SeGua from DFT calculations, respectively, rendering
dDE* = �0.04 eV, just like in the gas phase. Results from
TDA-DFT calculations are 0.41 and 0.33 eV, yielding dDE* =
�0.08 eV, an increase of 0.03 eV from the data in the gas phase.

Finally, we utilized an explicit microsolvation model by
introducing a water molecule into the calculation. Although a
single water molecule is not representative of bulk water, it has
been noticed before that local microsolvation interactions may
capture crucial features of the environmental effect when it is
dominated by changes in the local electronic structure.47,48

Because the out-of-plane sulfur/selenium motion is mainly
involved during triplet decay, we put the water molecule around
the S/Se atom in different positions to form a mono-hydrated
complex. Two optimized structures are obtained, with water
approaching S/Se from two sides (see Section S4 in ESI†). The
optimized structures with the lower energies in T1 states are
shown in Fig. 6, and they have shorter S–H bond lengths than
the other ones. Then, we computed the activation energy with
these geometries. The results are listed in Table 2.

Now we see a more significant change in the activation energy
difference between 6tGua and 6SeGua, as the DFT calculation gives
dDE* = 0.44 � 0.36 = �0.08 eV, doubly increased from �0.04 eV
with implicit model. The TDA-DFT calculation gives dDE* = 0.52 �
0.40 = �0.12 eV, which is even slightly bigger than the dDE* =
�0.1 eV as we expected to justify the rate change. These results
show that explicit microsolvation can provide a bigger activation
energy difference than the implicit PCM method, evidencing the
crucial effect of the water molecule local interactions.

It is worth noting that the calculated absolute activation
energy difference of 6SeGua between PCM (0.29/0.33 eV) and
explicit water (0.36/0.40 eV) is 0.07 eV. This same absolute
difference in 6tGua is significantly larger, 0.11 eV. It implies
that the explicit microsolvation effect originates from local
intermolecular interaction between 6tGua and the water mole-
cule, which is weaker or absent in 6SeGua. Thus, this local
single-water solvent effect contributes to the higher activation
energy of 6tGua, which acts as a brake on triplet decay.

Hydrogen bond between 6tGua and water

The difference in solvent effect originates from the intermole-
cular interactions with water molecules. Fig. 6 shows a hydro-
gen atom from the water molecule near the sulfur/selenium
atom in hydrated 6tGua/6SeGua, forming a S/Se–H–O structure.

Table 1 Effective T1/S0 spin–orbit couplings of 6tGua and 6SeGua
calculated at the TDA-B3LYP level, at the T1/S0 crossing point optimized
at the unrestricted B3LYP and TDA-B3LYP level

T1/S0 crossing B3LYP TDA-B3LYP

SOCs/cm�1 Gas phase PCM Gas phase PCM

6tGua 110.5 91.5 112.2 94.2
6SeGua 575.7 496.1 611.0 518.7
SOC ratio 5.2 5.4 5.4 5.5

Table 2 Calculated activation energies DE* of 6tGua and 6SeGua at DFT/
B3LYP and TDA-DFT/B3LYP levels

Activation energy DE*/eV

dDE*(Se–S)/eV6tGua 6SeGua

DFT/B3LYP Gas phase 0.32 0.28 �0.04
PCM 0.33 0.29 �0.04
Mono-hydrated 0.44 0.36 �0.08

TDA-DFT/
B3LYP

Gas phase 0.37 0.32 �0.05
PCM 0.41 0.33 �0.08
Mono-hydrated 0.52 0.40 �0.12
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This specific structure could form a hydrogen bond. The bond
length for S and Se is different. The Se–H bond in hydrated
6SeGua is longer than S–H in hydrated 6tGua, which may be
because of the large atom radius of Se or because of the weaker
interaction between atoms in the former case.

We analyzed the weak intermolecular interactions by
employing the independent gradient model based on the
Hirschfield partition (IGMH)49 method in conjunction with the
wavefunction analysis program Multiwfn,50 as depicted in Fig. 6.
The isosurface color signifies the type and strength of interac-
tions, with blue indicating stronger attractive interactions corres-
ponding to hydrogen bond interaction. In contrast, the green
color means a regular van der Waals interaction. The hydrogen
bond of N1–H–O, clearly signaled with a dark blue color, exists
for both 6tGua and 6SeGua.

The light blue surface between S and H for hydrated 6tGua
means that a weak S–H–O hydrogen bond exists at the T1

minimum. The bond length of H–S is 2.35 Å, in the range of
hydrogen bonds for sulfur atoms.51 Meanwhile, for the structure
of the crossing point, the H–S bond is increased to 2.50 Å, and
the surface between S and H is just green colored, indicating

that the hydrogen bond disappears. Thus, the hydrogen bond
interaction stabilizes 6tGua at the initial point of the triplet
decay (T1 optimized structure) but not at the crossing point.
Consequently, this increases the energy barrier to the T1/S0

crossing point, explaining the further increase of activation
energy of 6tGua with an explicit microsolvation model.

For 6SeGua, however, this hydrogen bond effect is much
dimmer even at the T1 minimum. Although the Se–H–O struc-
ture is formed, the IGMH surface between Se and H is domi-
nated by van der Waals interactions, not a hydrogen bond. The
weaker intermolecular interaction with water leads to a smaller
DE* increase in the microsolvated 6SeGua.

The weaker Se–H–O bond in 6SeGua compared with the
S–H–O hydrogen bond stems from the lower electronegativity of
the selenium atom.52 This phenomenon has also been found in
previous studies, as the pairwise radial distribution function
between Sesolute–Hsolvent in the ground and excited states
revealed the disruption of hydrogen bonds to the selenium
atom upon excitation.20

This analysis shows that hydrogen bond with the S/Se atom
contributes less to the triplet decay activation energy in 6SeGua
than in 6tGua. This effect of braking the triplet decay contri-
butes to the long triplet lifetime of 6tGua in water. It can only
be described well within an explicit solvation model.

To further confirm the role of this hydrogen bond, we have
also computed the hydrated complexes with one or two more
water molecules (see Section S7 of the ESI†). With the addi-
tional water molecules interacting with the ring core of 6tGua/
6SeGua, although the N–H hydrogen bond can be formed, the
computed activation energies remain nearly the same as those
of the corresponding homo-hydrated complexes. We can con-
clude that only the intermolecular interaction at the sulfur/
selenium part changes the triplet decay effectively.

Conclusions

In this work, we have investigated the triplet decay dynamics of
6tGua and 6SeGua, quantitatively explaining the difference in
decay rates by calculating the corresponding reorganization
energies, spin–orbit couplings, and activation energies. The
origin of the marked enhancement of the triplet decay from
sulfur to selenium, YSe/S = 835, is factorized into three con-
tributions: reorganization energies, the SOCs, and the activa-
tion energies, YSe=S ¼ Yl �YSOC �YDE� . Reorganization energy
plays a minor role (Yl E 0.6) and most of the effect is
dominated by the other two variables. 6SeGua has a large
SOC for T1/S0 intersystem crossing than 6tGua by a factor 5.5,
resulting in YSOC E 29. The remaining rate enhancement is
due to the activation energy variation, corresponding to the
order of dDE* = �0.1 eV.

From the calculations in the gas phase and with the implicit
solvent effect, the obtained difference in activation energy
(0.04–0.08 eV) is insufficient to explain the experimental result.
However, when we utilize an explicit microsolvation model by
introducing a water molecule to form the mono-hydrated

Fig. 6 Hydrogen bond lengths with the structures of T1 minima and T1/S0

crossing points in TDA-DFT/B3LYP and their IGMH analysis, including (a)
6tGua mono-hydrated complex and (b) 6SeGua mono-hydrated complex.
Isovalue: 0.005; bond length unit: Å.
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complexes of 6tGua and 6SeGua, the difference in activation
energy increases significantly, reaching 0.08–0.12 eV. After
analyzing the structure of the hydrated complex, we found that
the difference is due to the hydrogen bond between the sulfur
atom and the water molecule in 6tGua, which is weaker for the
selenium atom in 6SeGua. Hence, the stronger intermolecular
interaction from the solvent effect can brake the triplet decay of
6tGua more effectively than 6SeGua.

Our study has contributed to the understanding of the
mechanism of enhanced triplet decay caused by selenium
replacing sulfur in thioguanine by considering the role of the
solvent effect with quantum chemical calculations. Addressing
this issue is beneficial for refining the excited state properties
of chalcogen-substituted guanines and other nucleobases as
photosensitizers. Hydrogen bond interactions with solvents can
be essential to affect triplet decay, and an explicit solvent model
is required to describe it well. Starting from this point, first, we
can predict that in an aprotic solvent where no hydrogen bond
can form, the difference of triplet decay between 6SeGua and
6tGua would be smaller than in aqueous solution. Upcoming
experiments can verify this prediction directly. Second, the
solvent effect provides an extra variable to control the perfor-
mance of photosensitizers besides the design of the molecule
itself. The interplay between these parameters may be a pro-
mising strategy to regulate the triplet decay dynamics more
effectively.
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2019, 15, 3730–3742.

20 D. Valverde, S. Mai, S. Canuto, A. C. Borin and L. González,
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