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lation of p-extended flavonol:
mechanistic insights for PDT
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Siramol Photiganit, c Ananda Thongyu c and Kritsana Sagarik *c

Photodynamic therapy (PDT) is a promising cancer treatment strategy, with efficacy strongly dependent on

the photophysical properties and delivery of the photosensitizer. Photoactivatable carbon monoxide-

releasing molecules (photoCORMs) represent a novel class of agents that enable controlled CO release,

combining cytotoxic and regulatory effects in cancer cells. In this study, complementary theoretical

methods were employed to elucidate the photodecarbonylation mechanism of Flavonol-1 (3-hydroxy-2-

phenyl-4H-benzo[g]chromen-4-one), an organic photoCORM with potential as a dual-function

photosensitizer. The DFT and TD-DFT/B3LYP/def2-TZVP approaches were benchmarked against

reported photophysical data and applied to model reactions in both low- and high-dielectric

environments. For the first time, double excited-state intramolecular proton transfers (ESIPTs) in the S1
state were shown to drive key acid–base reactions, with solvent polarity critically influencing the

competition between fluorescence decay and intersystem crossing (ISC). In nonpolar media, low-barrier

ESIPTs favor ISC, whereas in polar solvents, fluorescence of the basic form predominates, consistent

with time-resolved spectroscopy. Kinetic and thermodynamic analyses revealed that aerobic pathways

leading to salicylic acid ester and CO release are barrierless and energetically favorable, explaining their

higher chemical yields compared to the anaerobic pathway producing lactone and CO. Crucially,

intersection structures at S1/T1, S1/S0, and T1/S0 crossings were identified as reactive precursors

facilitating 1O2 sensitization and CO release via rapid ISC. NVE-MDSH simulations estimated that

irradiation of Flavonol-1 in an MCF-7 breast cancer cell model could elevate cytosolic temperature to

the threshold for thermal necrosis. These theoretical findings suggest that Flavonol-1 could potentially

act as a photosensitizer with implications for combined PDT/PTT applications, though experimental

validation is required.
Introduction

Photodynamic therapy (PDT) is a nonchemical-based cancer
treatment modality that leverages light-activated photosensi-
tizers to generate cytotoxic species, with lower systemic toxicity
than traditional chemotherapy.1–3 In PDT, a photosensitizer
absorbs photons of appropriate energy, transitioning to an
excited state and transferring energy to target molecules.1

Effective photosensitizers for therapeutic applications should
exhibit strong absorption coefficients in the near-infrared (NIR)
or infrared (IR) region for optimal tissue penetration,4 low
photobleaching quantum yields, high intersystem crossing
(ISC) efficiency, and minimum toxicity. Key properties include
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suitable triplet relaxation energy, high phosphorescence
quantum yields, and extended triplet state lifetime.5

In singlet oxygen-based PDT,6 a photosensitizer is activated
by light to produce singlet oxygen (1O2), a highly reactive form of
oxygen, and other reactive oxygen species. 1O2 plays a crucial
role in PDT, particularly in the destruction of cancer cells,
pathogens, and tissue abnormalities. Photodynamic reactions
can be divided into two types:1 (i) Type 1 involves free radicals
acting as intermediates, transferring electron energy from the
photosensitizer to oxygen derivatives and (ii) Type 2 involves the
energy released as a result of the singlet (S1) / triplet (T1) and
T1/ S0 ISC owing to the instability of the photosensitizer in the
excited electronic states (e.g., the S1 and T1 states). This energy
is transferred to triplet oxygen (3O2), which generally exists at
high concentration in cancer cells. Upon receiving this energy,
3O2 changes to 1O2, which is toxic to cancer cells. Therefore,
Type 2 photosensitizer has an indirect therapeutic effect in
cancer treatment through the 3O2 /

1O2 reaction, causing the
cancer cells to eventually die.
RSC Adv., 2025, 15, 46981–46995 | 46981
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Fig. 1 (a) Structures of Flavonol-1 (3-hydroxy-2-phenyl-4H-benzo[g]chromen-4-one) and Flavonol (3-hydroxyflavone) with atom numbering
systems. u = dihedral angle. (b) Proposed mechanism with elementary reactions for the photodecarbonylation of Flavonol-1.20 (c) Eight
elementary reactions proposed based on theoretical results in this study.
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The intrinsic toxicity of carbon monoxide (CO) can have
therapeutic applications in cancer treatment. CO exposure
leads to an antiWarburg effect,7 which is a metabolic shi in
noncancerous stromal cells within the tumor microenviron-
ment, where these cells enhance oxidative phosphorylation and
reduce glycolysis. Research has been focused on developing
molecules capable of releasing CO [CO-releasing molecules
46982 | RSC Adv., 2025, 15, 46981–46995
(CORMs)] in cancer cells.7–11 Photoactivatable CORMs (photo-
CORMs) represent a new technology for releasing and
managing CO in cancer cells via photochemical reactions,
controlling CO release in terms of target location and timing.

The release of CO bound to a transition metal complex is one
approach through ligand exchange processes, stimulated by
solvents or enzymes.8,10 However, CORMs that bind transition
© 2025 The Author(s). Published by the Royal Society of Chemistry
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metal complexes tend to have low efficiency in delivering CO to
target cancer cells and maintaining the precise release timing.
Crucially, metal carbonyl complexes,7,9,11 initially used as pho-
toCORMs, are adsorbed onto the metal atom aer CO release,
which might result in unwanted reactions with nearby cells.12

Thus, transition metal-free photoCORMs (organic photo-
CORMs) such as cyclopropenones,13 1,3-cyclobutadiones,14 or
1,2-dioxolane-3,4-diones15 were synthesized, which released CO
upon exposure to ultraviolet (UV) radiation. Molecules in this
group include cyclic a-diketones16 and xanthene-containing
carboxylic acids.17,18

Berreau et al.19 synthesized 3-hydroxy-2-phenyl-4H-benzo[g]
chromen-4-one, an organic photoCORM designated as
Flavonol-1 in this study. Flavonol-1 is a p-extended derivative of
3-hydroxyavone (Flavonol) (11A and A presented in Fig. 1a).
Flavonol and Flavonol-1 belong to the avonoid family, which
are naturally occurring plant antioxidants with applications in
nutrition, pharmaceuticals, and medicine. Flavonoids can act
as antioxidants through photochemical reactions by generating
CO. Photophysical studies reveal that Flavonol-1 absorbs visible
light at longer wavelengths (labs = 344 and 401 nm (ref. 20) in
methanol) with higher quantum yields and CO concentrations
than Flavonol (labs = 304–355 nm in nonpolar solvents).21

Flavonol has been extensively used as a model molecule in the
dynamic and mechanistic studies on excited-state intra-
molecular proton transfer (ESIPT) in different solvent polari-
ties.21,22 The ESIPT in 2-methylbutane occurs via small-barrier
double-well potential, leading to dual uorescence emissions
from the parent molecule (blue) and its proton-transferred
tautomer (green).23

Several mechanisms have been proposed for CO release from
organic photoCORMs under aerobic and anaerobic
conditions.24–27 For Flavonol-1, Russo et al.20 integrated steady-
state and transient absorption spectroscopy with quantum
chemical calculations to propose a detailed photo-
decarbonylation pathway in methanol (Fig. 1b), emphasizing
ESIPT-driven acid–base reactions as pivotal steps. This study
partially adopted the symbols used in ref. 20 to indicate the
important chemical species involved in the proposed pathways.

Russo et al.20 suggested that when irradiated with lirr =

405 nm in aerated methanol and degassed solutions, the singlet
excited structure 11A* tautomerizes to 11Z* (a zwitterion-like
intermediate) via an ultrafast ESIPT [the acid–base reaction in
Path (I)], generating 31Z* (11Z* in the excited triplet electronic
state) via ISC. 31Z* can be considered as an intermediate for
subsequent aerobic and anaerobic pathways (Fig. 1b). The
aerobic pathways generate 1O2 [Path (II)], with salicylic ester (St-
[5]eq) and CO with high chemical yields of 91% and 80%,
respectively, in Path (III). Conversely, the anaerobic pathway
produces lactone (St-[6]eq) and CO with considerably low
chemical yields [52–55% in Path (IV)]. The aerobic pathway in
Path (II) demonstrates the conversion of 3O2 / 1O2, which is
toxic to cancer cells (singlet oxygen-based PDT, Type 2).

In our earlier study,28,29 the photoluminescence mechanism
of the BF2-formazanate dye sensitizers was investigated in the
ground (S0) and excited electronic (S1 and T1) states using the
density functional theory (DFT) and time-dependent DFT (TD-
© 2025 The Author(s). Published by the Royal Society of Chemistry
DFT) methods. The potential energy surface (PES) analysis
indicated that the iodinated derivative exhibited a strong
tendency to undergo S1 / T1 ISC owing to the heavy atom
effect. The transition state theory (TST) calculations showed
that this derivative is thermodynamically more stable than the
parent compound at room temperature. The theoretical results
also conrm that the energy released during the T1 / S0
transition is comparable to the energy required for the 3O2 /
1O2 conversion. Moreover, uorescence and phosphorescence
quantum yields might be improved by adjusting the irradiation
wavelength and controlling the temperature.

Herein, complementary theoretical methods were used to
study the elementary reactions in the proposed photo-
decarbonylation mechanism of Flavonol-1 (ref. 20) in low (the
gas phase with 3 = 1) and high (methanol with 3 = 33) local
dielectric environments. Although methanol is toxic, 3 = 33 was
selected in this study because most experimental studies were
conducted in methanol. The theoretical studies calculated
equilibrium structures, energetics, and spectroscopic proper-
ties of all chemical species in their S0, S1, and T1 states. The
PESs of S1 / S0, S1 / T1, and T1 / S0 transitions were
calculated and analyzed based on the double-ended structure
method. These PESs were used for analyzing the kinetics and
thermodynamics of photodecarbonylation pathways based on
the TST. The probability of the internal conversion (IC), ISC,
and the effects of solvent polarity on PESs and photophysical
properties in S0, S1, and T1 states were explored. To enhance the
photodecarbonylation process, this study used nonadiabatic
microcanonical molecular dynamics simulations with surface-
hopping dynamics (NVE-MDSH). Nonradiative relaxation
processes and the impact of molecular dynamics on the IC and
ISC were evaluated. The theoretical ndings are discussed and
compared with available theoretical and experimental data.

Computational methods
Quantum chemical calculations

Herein, the TURBOMOLE 7.80 soware package30 was used for
DFT and TD-DFT calculations with the Tamm-Dancoff approx-
imation used within the TD-DFT framework.31 The Becke, 3-
parameter, Lee–Yang–Parr (B3LYP) hybrid functional and
valence triple-zeta polarization (def2-TZVP) basis set were used
in DFT and TD-DFT calculations based on benchmarking
studies relevant to photochemical reactions,32,33 including those
involving boron dipyrromethene (BODIPY)34 and BF2-
formazanate-based photosensitizers.29 For glycine photodisso-
ciation and formation,32,33 our benchmark comparisons using
the complete active space multicongurational second-order
perturbation theory (CASPT2) method showed that DFT/
B3LYP and TD-DFT/B3LYP provided structural and energetic
results on S0 and S1 PESs consistent with the CASPT2 method.

The solvent effects on structures and energy were analyzed by
incorporating the conductor-like screening model into quantum
chemical calculations35,36 using 3 = 33 to represent the methanol
solution. All the chemical species involved in the proposed pho-
todecarbonylationmechanism in S0 were optimized with 3= 1 and
33 using DFT/B3LYP/def2-TZVP, whereas in S1 and T1, the
RSC Adv., 2025, 15, 46981–46995 | 46983
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Fig. 2 (a) Theoretical strategies and methods used in the study on the proposed photodecarbonylation mechanism of Flavonol-1 in Fig. 1c. The
symbols used are explained in the text. React, Int and Prod = reactant, intermediate and product in elementary reaction, respectively; 1 and 3 =
molecules in singlet and triplet states, respectively. The symbols used are explained in the text. (b) Illustrative diagram used in the calculations of
the Gibbs free energies for E(7) and E(8) in Path (IV) (formation of lactone and CO in E(7) and E(8)). DG°,E(7) and DG°,E(8) = Gibbs free energies of
E(7) and E(8), respectively; DG°,(IV) = total Gibbs free energies of Path (IV).
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equilibrium structures obtained from TD-DFT/B3LYP/def2-TZVP
with 3 = 1 were used to calculate their energy values with 3 = 33.
The equilibrium, highest occupied molecular orbital-lowest
46984 | RSC Adv., 2025, 15, 46981–46995
unoccupied molecular orbital structures, and the total and exci-
tation energy are included in Table S1. The theoretical strategy and
methods used in this study are included in Fig. 2a.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Reaction pathway optimization

To systematically study the photodecarbonylation mechanism,
the proposed reaction pathways presented in Fig. 1b were
primarily explored using the above-mentioned quantum
chemical methods. The identied eight elementary reactions
[E(1)–E(8)] are depicted in Fig. 1c. E(1) and E(2) are photoexci-
tation and acid–base reactions to generate the intermediate
31Z* [Path (I)]. E(3)–E(6) are aerobic pathways [Paths (II) and
(III)], whereas E(7) and E(8) are the anaerobic pathway [Path
(IV)]. To discuss characteristic structures of the chemical
species found on the PES, additional character codes were used.
The superscripts (eq) and (*) denote the equilibrium and excited
structures, respectively, whereas (‡) and (§) represent the tran-
sition structure and structure at the S1/T1 intersection, respec-
tively. Characteristic structures on the PES are labeled as St-[n]eq

and St-[n]‡, where n is the structure number. St-[8]eq and St-[6]eq

in E(8) represent the equilibrium structures on the S0 PESs. n =

8 and 6 correspond to structures in Fig. 1b.
Because S0 / T1 is spin forbidden, the excited-state PES

calculations focused on the reaction occurring on the S1 PES,
which was calculated using the TD-DFT/B3LYP/def2-TZVP
method. The S0 / S1 vertical excitation energy (DES0/S1) was
evaluated, identifying the key structures on S1 PESs, S1/S0 and
S1/T1 intersections, and S1 / S0, S1 / T1 and T1 / S0 deacti-
vation energy. The structures on S1 PESs were primarily scanned
with 3 = 1 using the double-ended structure method,37,38 which
relies on self-consistent PES optimization. Approximately 7–8
structures on PESs were optimized at the TD-DFT/B3LYP/def2-
TZVP level of accuracy. The calculations with 3 = 1 were per-
formed using the TURBOMOLE 7.80 soware package.

To study the effect of the local dielectric environment
(solvent polarity) on the excited-state PESs, the structures on S1
PESs, obtained based on the double-ended structure method
with 3 = 1, were used in TD-DFT/B3LYP/def2-TZVP calculations
with 3 = 33. These single-point S1 PESs with 3 = 33 were rened
using the nudged elastic band (NEB) method implemented in
the ORCA 6.0 soware package,39,40 for which approximately 10
structures along the S1 PESs were reoptimized with 3 = 33 at the
same level of accuracy. To verify the TD-DFT/B3LYP/def2-TZVP
results with the reported experimental data, the excited-state
equilibrium structures and structures at the S1/S0 and S1/T1

intersections were used in the calculations of uorescence and
phosphorescence wavelengths, and the IC and ISC rates, using
the ORCA 6.0 soware package.39,40

Kinetics and thermodynamics of the reaction pathways

To investigate the kinetics of the rate-determining elementary
reactions, quantized vibrational rate constants (kQ-vib) were
evaluated over the temperature range of 273–573 K. kQ-vib was
determined using eqn (1),41 where the zero-point energy-
corrected barrier (DE‡,ZPC) was obtained by adding the zero-
point correction energy (DEZPE) to the energy barrier (DE‡) on
the PES.

kQ-vibðTÞ ¼ kBT

ħ
Q‡;ZPC

QR;ZPC
e�DE

‡;ZPC=kBT (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
where QR,ZPC and Q‡,ZPC represent the partition functions of the
precursor and transition state structures, respectively, while kB
and ħ denote the Boltzmann and Planck constants,
respectively.

As several elementary reactions in the proposed photo-
decarbonylation mechanism entail proton/hydrogen transfer,
the crossover temperature (Tc) was determined using eqn (2). Tc
represents the threshold temperature below which quantum
mechanical tunneling predominates in the transition states.42,43

Tc ¼ ħU‡

2pkB
(2)

where U‡ is the imaginary frequency of the transition structure.
The activation Gibbs free energy (DG‡) was obtained using
eqn (3).

DG‡ ¼
�
ln

�
kBT

ħ

�
� lnkQ-vibðTÞ

�
RT (3)

The activation enthalpy (DH‡) was calculated using eqn (4).

lnkQ-vibðTÞ ¼ lnAþ DS‡

R
� DH‡

RT
(4)

DS‡ and R are the activation entropy and gas constant, respec-
tively. DH‡ was determined from the linear correlation between
ln kQ-vib and 1000/T.

The important thermodynamic properties were Gibbs free
energy (DG°) and the equilibrium constants of the elementary
reactions (KE(n)). Based on the assumption that the heat released
during S1 / S0 (or T1 / S0) is directly transferred to successive
elementary reactions in the S0 state, DG° was computed from
DG‡, as represented schematically in Fig. 2b [eqn (5)–(7)].

DG
� ;Eð7Þ ¼ DG‡;11A-½1�/TS

‡

1 � DG‡;St-½8�eq/TS
‡

1 (5)

DG
� ;Eð8Þ ¼ DG‡;St-½8�eq/TS

‡

2 � DG‡;St-½6�eq/TS
‡

2 (6)

DG˚,(IV) = DG˚,El(7) + DG˚,El(8) (7)

Here, DG°,E(7), DG°,E(8), and DG°,(IV) are the Gibbs free energies
of E(7), E(8) and Path (IV), respectively. KEl(n) was calculated
from the rate constants in the forward and reverse directions

(kQ-vibf/r ). KEð7Þ ¼ k
Q-vib;11A-½1�/TS‡1
f =k

Q-vib;St-½8�eq/TS‡1
r and

KEð8Þ ¼ k
Q-vib;St-½8�eq/TS‡2
f =k

Q-vib;St-½6�eq/TS‡2
r for E(7) and E(8),

respectively. All the kinetic and thermodynamic properties were
computed using the DL-FIND program44 included in the
ChemShell soware package.45
NVE-MDSH simulations

To study the effect of the excitation energy, energy released from
nonradiative relaxation processes and the impact of molecular
dynamics on deactivation rates, NVE-MDSH simulations were
performed in the S1 state using TD-DFT/B3LYP/def2-TZVP.
Based on the Wigner distribution, initial congurations with
different S0 / S1 excitation energies were generated and used
as starting congurations in NVE-MDSH simulations over time
RSC Adv., 2025, 15, 46981–46995 | 46985
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spans of >2.5 ps. Herein, NVE-MDSH simulations were per-
formed using the NEWTON-X46 interfaced TURBOMOLE 7.80
soware package.

In NVE-MDSH simulations, Newton's equations of motion
were integrated using the Verlet algorithm with a 0.5 fs time-
step. These optimum simulation conditions were validated in
our earlier study for examining photochemical reactions.28 The
characteristic structures and dynamics occurring in S1 and S0
were classied, and the selected representative NVE-MDSH
results were analyzed. To explore the possibility to enhance
S1/S0 IC, S1/T1, and T1/S0 ISC, dynamic properties such as
intramolecular motion, temperature, and the likelihood of
S1 / S0 and T1 / S0 deactivation were emphasized.
Results and discussion

Additional symbols are used to discuss the energies of the
characteristic structures on PES: DES0/S1 andDES1/S0 = S0/ S1
vertical excitation and S1 / S0 relaxation energies, respectively;
DE‡ = energy barrier on PES; DES1/T1 = energy gap between S1
and T1 at the intersection. (.)S0/S1, (.)‡, and (.)S1/T1 are the
corresponding energies in the represented gures.
Equilibrium structures

The equilibrium structures of Flavonol-1 obtained from DFT
and TD-DFT/B3LYP/def2-TZVP geometry optimizations, energy,
and photophysical properties are presented in Table S1. As the
results in the gas phase and methanol are not signicantly
different, the discussion is primarily focused on 3 = 1 and the
properties with 3 = 33 are given in square brackets ([.]). The
equilibrium structures of Flavonol-1 in the ground (S0) and
excited electronic (S1 and T1) states are slightly different. In S0,
structure 11Aeq (acid form) is characterized by a propeller
structure with u = 11° [16°] and DES0/S1 = 3.17 [2.95] eV (lS0/S1

= 391 [420] nm). The value with 3 = 1 is in good agreement with
the second outstanding peak obtained in the experiment [DEex

= 3.09 eV (labs = 401 nm)] in methanol.20

The equilibrium structure of the intramolecular proton-
transferred product of 11Aeq in S0 is 11Zeq (base form) (Table
S1), characterized by a planar structure [:O1–C2–C10–C20 (u) =
∼0°] and ∼53 [47] kJ mol−1 less stable than 11Aeq. The energy is
comparable with that obtained using the DFT/B3LYP/TZVP
method (50 kJ mol−1).20 The PES of 11Aeq / 11Zeq isomeriza-
tion obtained using DFT/B3LYP/def2-TZVP and double-ended
structure methods (Fig. S1a) indicates DE‡ = 59.5 [50.3] and
6.4 [2.9] kJ mol−1 in the forward and reverse directions,
respectively.

The DE‡ for this acid–base reaction is in accordance with the
reported experimental ndings for Flavonol.24 The low DE‡ for
the reverse proton/hydrogen transfer in the ground electronic
state of Flavanol, obtained using transient absorption and two-
step laser-induced uorescence, is 3.6 kJ mol−1 in n-heptane,24

with the lower rate limit of 60 fs in matrix-isolated argon at 30
K.47 The TD-DFT/B3LYP/def2-TZVP method yields DES0/S1 =

2.49 [2.25] eV (lS0/S1 = 498 [551] nm) for 11Zeq. The theoretical
46986 | RSC Adv., 2025, 15, 46981–46995
result with 3 = 1 is slightly lower than the experimental value in
methanol, DEex = 2.62 eV (labs = 472 nm).20

In the S1 state, the equilibrium structures 11Aeq,* and 11Zeq,*
are represented by planar structures (u = ∼0°) with DES1/S0 =

−2.87 [−2.66] eV (lS1/S0 = 432 [466] nm) and DES1/S0 = −2.31
[−2.12] eV (lS1/S0 = 537 [585] nm), respectively. The lS1/S0 of
11Aeq,* with 3 = 33 is close to the weak uorescence (lmax

F = 472
nm) observed in the nanosecond time-resolved spectroscopy
experiment.20 The TD-DFT/B3LYP/def2-TZVP results (Table S1)
predict the uorescence rate constants of 11Aeq,* and 11Zeq,* to
be kF = 8.58 × 107 [1.45 × 108] and 9.30 × 107 [1.36 × 108] s−1,
respectively. The lS1/S0 and kF values of

11Zeq,* calculated with 3

= 33 agree with the intense uorescence band (lmax
F = 595 nm)

and lifetime (sF = 5.1 × 10−9 s or kF = 1/sF = 1.96 × 108 s−1)
measured in methanol.20

The equilibrium structure 31Zeq,* in the T1 state (Table S1)
closely resembles 11Zeq,*, with DET1/S0 = −0.79 [−0.93] eV
(lT1/S0 = 1569 [1333] nm) and the phosphorescence rate
constant, kP = 1.27 × 101 [2.14 × 10−1] s−1. The slow phos-
phorescence rate of 31Zeq,* supports that Flavonol in the triplet
state accounts for the experimentally observed slow reverse
proton/hydrogen transfer.24 These photophysical properties are
discussed again in the excited-state PES of Path (II).
Potential energy surfaces

Photoinduced acid–base reaction and singlet-oxygen gener-
ation. The S1 PESs for E(1)−E(4) with 3 = 1 are shown in
Fig. 3a–c, with the characteristic structures and energies
included in Table S2. To discuss the solvent effect, the energies
with 3= 33 were computed using the geometries of S1 PESs with
3 = 1, included in square brackets. When 3 = 1, the S1 PES
(Fig. 3a) shows that the S0 / S1 vertically excited structure 11A*
[E(1) in Path (I)] can relax without any DE‡ to the equilibrium
structure (11Aeq,*) in the S1 state (u = 0°).

The S1 PES (Fig. 3b) suggests a possibility that the rotational
(librational) motion of u in 11Aeq,* (0° < u < 11°) induces two
consecutive ESIPTs with small DE‡. The energy barriers for O3–

H3 / O4 and C60–H60 / O3 ESIPTs in
11Z* and 11Z‡,* are DE‡ =

6.8 and 9.4 kJ mol−1, respectively. Structure 11Z* (the basic form
of 11Aeq,*) is similar to the Stoke-shied emitting photo-
tautomer (zwitterionic form) of Flavonol.20 The PESs (Fig. 3b)
also reveal that the consecutive ESIPTs signicantly decrease
the energy gaps between the electronic states (DES1/T1 and
DET1/S0) and eventually form 11Z§,*, 31Z§,*, and 11Z§ at the S1/T1

and T1/S0 intersections with kISC = 1.40 × 109 [2.94 × 107] s−1

for the S1/T1 ISC (11Z§,*/ 31Z§,*). The fast ISC rates are in good
agreement with the experimental results. The femtosecond
time-resolved spectroscopy results show kISC = 3.94 × 109 s−1 in
methanol.20

Based on the hypothesis that the structures at the S1/T1 and
T1/S0 intersections [31Z§,* and 11Z§ in E(2)] are the reactive
precursors for successive aerobic and anaerobic pathways,
several low DE‡ deactivation reactions can be suggested from
the PES analysis. The PESs (Fig. 3c) reveal that aer S1/T1 ISC,
the C60 ) H60–O3 reverse proton/hydrogen transfer occurs and
31Z§,* can further relax on a barrierless T1 PES to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The PESs for the relaxation of the S0 / S1 vertically excited structure 11A* with 3 = 1 obtained from the TD-DFT/def2/TZVP method. The
solid lines represent the PESs, whereas the dashed lines denote the PESs calculated using the geometries on the S1 or T1 PES. The symbols used
are explained in the text. (a) Formation of the equilibrium structure 11Aeq,* in the S1 state via 11A* / 11Aeq,* [E(1) in Fig. 1b]. (b) Formation of the
tautomer 11Z§,*, 31Z§,* and 11Z§ at the S1/T1 and T1/S0 intersections via successive ESIPTs and ISC [E(2) in Fig. 1b]. (c) The PESs for the relaxation of
31Z§,* at the S1/T1 intersection to 31Zeq,* in the T1 state [E(3)] and the T1 / S0 relaxation to transfer energy to the 3O2 / 1O2 reaction [E(4) in
Fig. 1b]. DERel = relative energy with respect to the precursor in the S0 state in kJ mol−1; (.)S0/S1, (.)S1/S0 and (.)T1/S0 = excitation and
relaxation energies in eV; (.nm)= excitation or relaxation electronic energy in nm; (.)Rel and (.)‡= relaxation energy and energy barrier on PES
in kJ mol−1; / = proton/hydrogen transfer direction.
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equilibrium structure in the T1 state (
31Zeq,*), followed by the T1

/ S0 phosphorescence (P). Because T1 / S0 relaxation energy
of 31Zeq,* (DET1/S0 = −0.79 [−0.93] eV) is close to the energy
required for experimentally observed 3O2 / 1O2 (DET1/S0 =
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.97 eV),6 the hypothesis that the aerobic pathway to generate
1O2 via E(4) in Path (II) is validated.

Comparison of the S1 and T1 potential energy proles of
E(1)–E(4) with 3 = 1 in Fig. 4 and with 3 = 33 in Fig. S1b reveals
RSC Adv., 2025, 15, 46981–46995 | 46987
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similar trends of the relative energy, with a considerably higher
energy barrier for the second ESIPT (C60–H60/O3) with 3 = 33
(DE‡ = [83.7] kJ mol−1). As S1 and T1 energies with 3 = 33
(Fig. S1b) were computed using the geometries with 3 = 1
(Fig. 4), the single-point S1 potential energy prole with 3 = 33
(Fig. S1b) was veried using the NEB method included in the
ORCA 6.0 soware package. The S1 PES with 3 = 33 (Fig. S2a)
exhibits similar structural and energetic features with a slightly
higher energy barrier for the second ESIPT (DE‡ =

[91.3] kJ mol−1).
The high DE‡ conrms that E(2) is kinetically more favorable

with 3 = 1. Because the second ESIPT (11Z‡,*,3) precedes the S1/
T1 ISC (Fig. S1b), the high DE‡ with 3 = 33 can result in an
increased likelihood for S1 / S0 uorescence of

11Z*,3 (lS1/S0 =

585 nm) and decreased likelihood for T1 / S0 relaxation, where
the relaxation energy promotes 3O2 / 1O2 [Path (II)]. This
conjecture is supported by the intense uorescence band of the
basic form (11Z*,3) observed via nanosecond time-resolved
spectroscopy (lmax

F = 595 nm).20

The analysis of the photophysical properties (Table S1)
suggests that while the phosphorescence rates (kP = 1.27 × 101

[2.14 × 10−1] s−1) of 31Zeq,* (T1 / S0) are slow, the 11Z§,*/
31Z§,* ISCs are extremely fast (kISC = 1.40 ×109 [2.94 × 107] s−1).
These ndings conrm the potential application of Flavonol-1
as a photosensitizer in photodynamic therapy (photoCORM);5

a fast ISC rate with a slow phosphorescence rate are two desir-
able properties for an effective photosensitizer in photodynamic
therapy.

Aerobic decarbonylation pathway. To study E(5) and E(6) in
Path (III) in the aerobic decarbonylation pathway to generate
salicylic acid ester and CO (Fig. 1c), the intermediate and
product (St-[7]eq and St-[5]eq; Fig. 1b) were primarily optimized
using the DFT/B3LYP/def2-TZVP method. Structure St-[7]eq

features a peroxide bond bridging C4 and C2 atoms and the
hydroxyl (O–H) group at the C4 atom (base form), whereas St-
[5]eq is represented by the salicylic acid ester interacting with
Fig. 4 The S1, T1 and S0 potential energy profiles for the successive ESIPTs
[E(3)–E(4) in Path (II)] with 3= 1. The solid lines represent the energies obta
energy with respect to the precursor in the S0 state in kJmol−1; (.)S0/S1, (
= excitation or relaxation energy in nm; (.)Rel and (.)‡ = relative energ
intersections of two electronic states in eV.

46988 | RSC Adv., 2025, 15, 46981–46995
CO through van der Waals interaction, DEvdW = −1.29
[4.19] kJ mol−1.

Based on the hypothesis that the structures at S1/T1 and T1/S0
intersections are the precursors to generate St-[7]eq in E(5), the
equilibrium structure of 11Z§ interacting via van der Waals force
with an O2 molecule (11Z-O2

eq; Fig. 5a)24,48 was optimized and
used in the PES calculation. The double-ended structure scan
(Fig. 5a) shows that 11Z-O2

eq / St-[7]eq is highly exothermic
(DERel = −190.8 [−188.4] kJ mol−1), which proceeds with a low
energy barrier (DE‡ = 5.3 [3.6] kJ mol−1). Similar results were
obtained for the decarbonylation reaction. The St-[7]eq / St-
[5]eq reaction (Fig. 5b) occurs on a barrierless potential with
DERel = −394.8 [−400.0] kJ mol−1. The overall potential energy
proles obtained with 3 = 1 and 33 (Fig. 5c) reveal that for the
photodecarbonylation on the aerobic pathway [Path (III)], E(5)
and E(6) are kinetically and thermodynamically favorable.

Anerobic decarbonylation pathway. A similar approach was
used to study E(7) and E(8) in Path (IV) for the photo-
decarbonylation on the anaerobic pathway. Aer the T1/S0 ISC,
the S0 PESs of

11Z§/ St-[8]eq (Fig. 6a) show high energy barriers
(DE‡ = 116.3 [105.0] kJ mol−1) for E(7). The St-[8]eq / St-[6]eq

decarbonylation to generate lactone and CO (Fig. 1b) possesses
lower energy barriers (DE‡ = 37.9 [43.2] kJ mol−1) for E(8) with
DEvdW = −1.94 [2.36] kJ mol−1. As E(7) and E(8) were the
exclusive rate-determining processes (Fig. 6a and b), the energy
barriers obtained based on the double-ended structure method
were rened via transition state (TS) optimizations. The rened
transition states obtained with only one imaginary frequency
are 11A-[2]‡ and 11Z-[2]‡,3 (Fig. 6c), with the energy barrier
signicantly lower for E(7) with 3 = 33 (DE‡ = 71.7
[7.7] kJ mol−1), whereas E(8) proceeds on barrierless PESs both
in 3 = 1 and 33 via St-[9]eq.

The discrepancies between the energy barriers calculated
with 3 = 1 and 33 (Fig. 6c) arise because 11Z§ / 11Aeq (3 = 1) is
characterized by double proton/hydrogen reverse transfers (O4–

H3 / O3 and O3–H60 / C60), whereas
11Z§ / 11Zeq,3 (3 = 33) is
[E(1)–E(2) in Path (I)] and the energy transfer to the 3O2/
1O2 reaction

ined from the double-ended structuremethod in 3= 1. DERel= relative
.)S1/S0 and (.)T1/S0 = excitation and relaxation energies in eV; (.nm)
y and energy barrier on PES; (.)S1/T1 and (.)T1/S0 = energy gaps at the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a and b) The S0 PESs for formation of salicylic ester and CO on the aerobic pathway with 3 = 1 and 33, E(5) and E(6) in Path (III),
respectively. (c) The S0 potential energy profiles for formation salicylic ester and COon the aerobic pathway in the S0 state [Path (III)]. The symbols
used are explained in the text. DERel= relative energy with respect to the precursor in the S0 state in kJmol−1; (.)Rel and (.)‡= relaxation energy
and energy barrier on PES in 3 = 1; [.] = energy with 3 = 33.
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represented exclusively by single reverse transfer (O3–H60 /

C60), and both lead to six- to ve-membered ring contraction (St-
[8]eq). Comparison of the potential energy proles reveals that
for photodecarbonylation, the aerobic pathway [Path (III);
Fig. 5c] is kinetically and thermodynamically more favorable
than the anerobic pathway [Path (IV); Fig. 6c], and the formation
of the intermediate St-[8]eq on the anerobic pathway [E(7)] is the
only rate-determining reaction.

To further discuss the effect of the solvent polarity, addi-
tional S0 PESs for 11Z§ / St-[8]eq in different local dielectric
environments were computed and compared (Fig. S2b): the gas
phase (3 = 1), ethanol (3 = 24), methanol (3 = 33), and aqueous
solutions (3 = 80). The adiabatic potential energy proles
(Fig. S2c) illustrate that DE‡ vary from 71.7 kJ mol−1 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
6.1 kJ mol−1 within this range. Because the intracellular (e.g.,
the cell membrane, cytoplasm medium, and enveloping
nucleus) dielectric constants are reported in the range of ∼30
and ∼60,49 the DE‡ for the intracellular decarbonylation on the
anaerobic pathway [Path (IV)] is anticipated to be low (approx-
imately 7.7–6.1 kJ mol−1) as shown in Fig. 6d. A schematic
diagram summarizing all the aerobic and anaerobic pathways
involved in the photodecarbonylation process is shown in Fig. 7.
Thermodynamics and kinetics of elementary reactions

The kinetics and thermodynamics of elementary reactions were
analyzed to suggest general experimental conditions for effec-
tive photodecarbonylation. The adiabatic potential energy
RSC Adv., 2025, 15, 46981–46995 | 46989
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Fig. 6 (a and b) The S0 PESs for formation of lactone and CO on the anaerobic pathway with 3 = 1 and 33, E(7) and E(8) in Path (IV), respectively.
(c) The S0 potential energy profiles for formation lactone and CO on the anaerobic pathway [Path (IV)] computed with 3 = 1 and 33. (d) Energy
barrier (DE‡) of the rate-determining step in the anaerobic pathway [E(7) in Path (IV)] as a function of the dielectric constant in the intracellular
environment (3 = 1–80). The symbols used are explained in the text. DERel = relative energy with respect to the precursor in the S0 state
in kJ mol−1; (.)Rel and (.)‡ = relaxation energy and energy barrier on PES; [.] = structure and energy with 3 = 33, respectively; / = proton/
hydrogen transfer direction.
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proles reveal the anaerobic pathway as the rate-determining
reaction. Hence, our study focused only on Path (IV). Because
the Tc for the elementary reactions are far below human body
temperature, the quantum effects do not play important roles,
Fig. 7 Schematic representation of the aerobic and anaerobic pathways
proton/hydrogen transfers in the S1 state and the S1/T1/S0 intersections.

46990 | RSC Adv., 2025, 15, 46981–46995
and it is reasonable to use kQ-vibf/r in the thermodynamic and
kinetic analysis. All the kinetic and thermodynamic properties
obtained from TST calculations are summarized in Tables S3–S7.
involved in the photodecarbonylation process, highlighting the double

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ib

Fig. 8 (a and b) Examples of the time evolutions of the single and consecutive ESIPTs, obtained from NVE-MDSH simulations with 3 = 1,
respectively. (c) Correlation plot between the average temperatures in the S1 and S0 states for single and consecutive ESIPTs, obtained fromNVE-
MDSH simulations, sS1/S0

MDSH ¼ S1/S0 surface hopping time; hTiS1 = average temperature in the S1 state; hTiS0 = average temperature in the S0
state; Tr (n) = NVE-MDSH trajectory number n.
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For the aerobic pathway to generate salicylic acid ester and
CO, the barrierless potential energy proles (Fig. 5c), kQ-vf/

r (Table S4), and total Gibbs free energies {DG°,Tot,(III) = −615.6
[−635.9] kJ mol−1 at 307 K (Table S7a)} conrm that E(5) and
E(6) in Path (III) are kinetically and thermodynamically favor-
able. Whereas the energies (Fig. 6c), kinetic and thermody-
namic properties (Tables S5 and S6) anticipate that E(7) and E(8)
to generate lactone and CO via the anaerobic pathway in Path
(IV) are considerably less favorable {DG°,Tot,(IV) = −89.7
[−178.5] kJ mol−1 at 307 K (Tables S7b and c)}. These results
qualitatively support the experimental ndings that the chem-
ical yields obtained via the aerobic pathway are considerably
higher than those obtained via the anaerobic pathway in
methanol.20

The adiabatic potential energy proles (Fig. 6c) suggest that
E(7) via the anaerobic pathway [Path (IV)] is exclusively sensitive
to the local dielectric environment and kinetically less favorable
with 3 = 1. This might be because E(7) with 3 = 1 involves the
acid form (11Aeq), which is more stable than the basic form
(11Zeq,3) with 3= 33. The highest Gibbs free energy barriers (DG‡

= 70.5 [4.8] kJ mol−1) in E(7) involves the six- to ve-membered
ring contraction {kQ-vibf = 6.24 × 100 [1.29 × 1011] s−1 at 307 K
(Tables S5 and S6)}.
Surface hopping dynamics

To characterize the double ESIPTs, and estimate the S1 / S0
surface hopping time ðsS1/S0

MDSH Þ, and nonradiative (vibrational)
relaxation temperatures in E(1) and E(2), ve representative
NVE-MDSH trajectories with the surface hopping times of
110 fs\sS1/S0

MDSH \2109 fs were selected for the in-depth
dynamic analysis. The S1 potential energy prole with 3 = 33
shows a considerably high DE‡ for the second ESIPT (11Z‡,*,3;
Fig. S1b). Hence, the results with 3 = 1 are emphasized. The
time evolutions of the total energies of S0, S1, and T1, charac-
teristic H-bond distances, dihedral angle u, and temperatures
© 2025 The Author(s). Published by the Royal Society of Chemistry
were plotted (Fig. S3). The characteristic results are summarized
in Table S8 and two samples are presented in Fig. 8.

Analysis of the initial congurations (Table S8) reveals that
the vertically excited structures inducing S1 / S0 surface
hopping exhibit DES0/S1 within a substantially narrow range
[3.06–3.07 eV (lS0/S1 = ∼404 nm)] with :O1–C2–C10–C20 (u)
varying in a wide range of −17° < u < 39°. The absorption
wavelength (lS0/S1) is in excellent agreement with the second
outstanding peak obtained in the experiment (labs = 401 nm).20

The structures before and aer S1 / S0 nonradiative relaxation
are dominated by single O3–H3/O4 ESIPT (Fig. 8a). Among the
ve NVE-MDSH representatives (Fig. S3a–e), only one (Fig. 8b)
exhibits consecutive ESIPTs. The low probability might arise (i)
from the presence of DE‡ = 23.0 kJ mol−1 preceding the second
ESIPT (Fig. 4) and (ii) geometrical constraints, where copla-
narity of O3–H3/O4 and C60–H60/O3 H-bonds is likely
a prerequisite for the occurrence of the second ESIPT (11Z‡,*
with u = 0°).

Dynamic analyses generally show higher average deactiva-
tion temperatures in S0 than in S1 (Fig. S3a–e). Because the
second ESIPT is anticipated by the PESs to be the key step for
the successive aerobic and anaerobic pathways, to assess the
factors promoting the second ESIPT, the correlation between
the average temperatures in S1 and S0 states was plotted. The
correlation plot presented in Fig. 8c shows that for the second
ESIPT, the ultrafast sS1/S0

MDSH of 110 fs (Fig. 8b) reects correla-
tions between the average temperature in S1 (hTiS1) and S0 (hTiS0)
of 1158 ± 131 K and 1494 ± 168 K, respectively, implying that
the kinetic energies in the S1 (hKEiS1) and S0 (hKEiS0) states of
466 ± 53 and 600 ± 65 kJ mol−1, respectively (Table S8), coop-
eratively facilitate the second ESIPT. Thus, the second ESIPT
arises from the synergistic effect of vibrational relaxations in the
S1 and S0 states.

It is worth noting the exothermic photo-to-thermal energy
observed in the S0 state. Because thermal energy is by-product of
E(1) and E(2), the integration of photothermal therapy (PTT)
RSC Adv., 2025, 15, 46981–46995 | 46991
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into PDT appears feasible. PTT generally uses nanoparticles or
photosensitizers that convert NIR light into heat, increasing
local temperature to kill cancer/tumor cells. Herein, luminal A
breast adenocarcinoma or MCF-7 (Michigan Cancer
Foundation-7), a standard breast cancer cell model, was used as
an example. Because thermal necrosis (irreversible cell and
tissue death caused by excessive heat) requires intracellular
temperature in the range of T = 315–333 K50 and the average
volume of MCF-7 is VMCF-7 = 1.76 × 10−12 L,51 the thermal
energy requires to increase the intracellular temperature from T
= 310 (human body temperature) to 333 K (DT = 23 K) could be
calculated from the thermal energy released from the photo-to-
thermal process; for example, for the photoexcited Flavonol-1 in
Fig. 8b, hTiS0 = 1494 ± 168 K and hKEiS0 = 600 ± 65 kJ mol−1

(Table S8).
Assuming that 80% of the MCF-7 cell volume is cytosolic

liquid (or liquid water),52 VH2O = 1.41× 10−9 cm3,mH2O = 1.41×
10−9 g and sH2O = 4.184 J (g K)−1, and QH2O =mH2OsH2ODT= 1.35
× 10−7 J. Therefore, the amount of Flavonol-1 (photosensitizer)
required to increase the intracellular temperature of a single
MCF-7 cell is 2.26 × 10−13 mol. The calculated value is
reasonable compared with the average intracellular concentra-
tion of doxorubicin (a widely used chemotherapy drug used to
treat breast cancer and others) in MCF-7 cells, approximately
0.5–1 mM aer 168 hours of the cellular exposure,53 corre-
sponding to 7.5 × 10−19–1.41 × 10−18 mol in the same cytosolic
liquid volume (1.41 × 10−9 cm3). These theoretical ndings
indicate that Flavonol-1 may possess characteristics consistent
with a potential photosensitizer capable of contributing to both
PDT and PTT processes.

Conclusion

PDT, a promising medical treatment for various human
diseases, is effective based on the efficiency of the photosensi-
tizer to transfer photon energy to target molecules. The intrinsic
toxicity of CO can have therapeutic applications in cancer
treatment. Hence, photoCORMs represent a new technology for
releasing and managing CO in cancer cells via photochemical
reactions, controlling CO release in the target location and
timing.

Herein, complementary theoretical approaches were used to
systematically investigate the elementary reactions involved in
the proposed photodecarbonylation mechanism of Flavonol-1,
an organic photoCORM. To examine the mechanisms under
low (3 = 1; gas phase) and high (3 = 33; methanol) dielectric
environments, DFT and TD-DFT/B3LYP/def2-TZVP methods
were rigorously tested. The reliability of these methods was
conrmed by successfully benchmarking against all reported
theoretical and experimental photophysical properties.

The proposed photodecarbonylation mechanism was delin-
eated into four pathways, encompassing eight elementary
reactions under aerobic and anaerobic conditions: (i) E(1) and
E(2) are photoexcitation and acid–base reactions to generate an
intermediate in the triplet state [31Z* in Path (I)], (ii) E(3)–E(6)
are the aerobic pathways [Paths (II) and (III)], and (iii) E(7) and
E(8) are the anaerobic pathway [Path (IV)]. Because the singlet
46992 | RSC Adv., 2025, 15, 46981–46995
/ triplet excitation is spin forbidden, the photoexcitation and
acid–base reactions [Path (I)] were primarily assumed to occur
in the lowest singlet excited electronic state.

The S1 PESs obtained from TD-DFT/B3LYP/def2-TZVP
calculations showed for the rst time that S0 / S1 vertical
excitation and librational motion of u promoted the acid–base
reaction with two consecutive ESIPTs. The second ESIPT
induced S1/T1 and T1/S0 electronic state intersections. The S1
PES with 3 = 1 exhibited low DE‡. Hence, the acid–base reaction
(the O3–H3/O4 proton/hydrogen transfer) along Path (I) was
likely favored in nonpolar solvents. In contrast, when 3 = 33,
owing to high DE‡ for the second ESIPT (the C60–H60/O3

proton/hydrogen transfer), the S1/ S0 uorescence of the basic
form of Flavonol-1 is highly favorable, which is supported by the
intense uorescence band of the basic form observed via
nanosecond time-resolved spectroscopy.

Based on the hypothesis that the structures at the S1/T1, S1/S0
and T1/S0 electronic state intersections are reactive precursors
for successive aerobic and anaerobic pathways in the S0 state,
several low DE‡ deactivation processes were observed. The S1/T1

ISC rate is fast, whereas the T1 / S0 (phosphorescence) rate is
slow, with the energy release comparable with the energy
required for 3O2 /

1O2. Hence, formation of the singlet oxygen
proceeds favorably via E(1) / E(4) [Path (I) and (II)].

For the photodecarbonylation along the aerobic pathway
[Path (III)], analysis of S0 PESs revealed that formation of sali-
cylic acid ester and CO from the intersection structures pro-
ceeded without DE‡, rendering the process thermodynamically
and kinetically favorable. In contrast, along the anaerobic
pathway forming lactone and CO [Path (IV)], the elementary
reaction involving the contraction of the six-membered ring to
a ve-membered ring exhibited high DE‡ in the gas phase (3= 1)
but low DE‡ in the intracellular dielectric environment (3 = 30–
60). Together with the kinetic and thermodynamic analyses,
these ndings qualitatively support the experimental observa-
tion that chemical yields in the aerobic pathway are higher than
those in the anaerobic pathway.

To investigate the characteristic dynamics of ESIPTs and
assess the potential of Flavonol-1 for dual-mode phototherapy
integrating PDT and PTT, the photo-to-thermal conversion was
estimated from NVE-MDSH results. The thermal analysis sug-
gested that irradiation of 2.26 × 10−13 mol of Flavonol-1 could
increase the cytosolic liquid temperature in anMCF-7 cell to 333
K, corresponding to the local temperature required for thermal
necrosis. Because efficient photosensitizer delivery to target
cells is a key determinant of PDT and PTT efficacy, our forth-
coming theoretical study will investigate the photodynamic
behavior of Flavonol-1 embedded within a specic nano-
structure. The outcomes will provide a basis for future theo-
retical and experimental efforts aimed at optimizing or
designing highly effective PDT/PTT photosensitizers.
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