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Photoinduced electron transfer in a
bilirubin–oxygen complex: the triplet-reactant
computational challenge

Lukáš Peterka, Jiřı́ Janoš and Petr Slavı́ček *

Although bilirubin photochemistry is central to neonatal jaundice phototherapy, the mechanism of

bilirubin photooxidation remains unclear. Here, we use a comprehensive computational approach to

investigate whether this mechanism might be initiated by photoinduced electron transfer (PET) to

molecular oxygen (O2), generating superoxide (O2
��). For this purpose, we employed a simplified

bilirubin model compound—tetramethyldipyrrinone (TMD). We use a combination of multireference,

coupled cluster methods, and density functional theory techniques to assess the feasibility of the TMD–

O2 complex formation and PET from TMD to O2. Our results support the feasibility of PET in the TMD–

O2 complex and suggest that PET could potentially initiate bilirubin photooxidation. Beyond the bilirubin

case, this work underscores the need for efficient and accurate protocols to compute binding free ener-

gies of weak O2 encounter complexes with organic chromophores in solution, and it highlights the

broader challenge of modeling triplet photochemistry with dense manifolds of near-degenerate states,

crossings, and strongly state-specific solvent response.

1 Introduction

The bilirubin molecule (Fig. 1) is a product of heme catabolism
in mammals.1 Its accumulation in newborns causes neonatal
jaundice, which can be treated with phototherapy, serendipi-
tously discovered already in 1956.2 However, the understanding
of the underlying molecular mechanism remains incomplete.3

The primary degradation mechanism of bilirubin is its photo-
isomerization, yielding products with solubilities that differ
from the native pigment. This process occurs on a sub-
picosecond timescale and has been investigated multiple times
using classical photochemical techniques,4 femtosecond
spectroscopies,5–10 as well as ab initio methods.10,11 In addition,
photocyclization has been examined as an alternative light-
induced degradation pathway of bilirubin.3,7,12

There is, however, another possible reaction that has
recently come to the forefront: photooxidation, specifically
the light-induced reaction between bilirubin and molecular
oxygen. Oxygen is ubiquitous in mammalian organisms and
is known to bind strongly to some biomolecules, notably
porphyrin-based proteins.13 Provided that oxygen is present
in close proximity to bilirubin, new reaction pathways may
open. Two mechanisms have been proposed (Fig. 2): (i) reaction
with singlet oxygen generated via bilirubin–oxygen triplet–triplet

annihilation.14 This pathway is most likely inefficient because
it requires formation of triplet bilirubin, which is improbable
given bilirubin’s very short excited-state lifetime.3 (ii) Photo-
induced electron transfer (PET) from excited bilirubin to triplet
oxygen, yielding the superoxide radical O2

��.14 The charge-
transfer route might be plausible as superoxide formation upon
photoexcitation is well documented for other biomolecular
chromophores,15 and superoxide generally plays important
roles in biological redox networks.16 PET to oxygen was also
recently proposed as a relaxation mechanism of excited cyanine
dyes.17

To investigate the bilirubin photooxidation reaction, a
bilirubin model compound, tetramethyldipyrrinone (TMD),
was recently synthesized,14 and its photooxidation was studied
in solution. Upon irradiation of TMD in methanol in the
presence of triplet oxygen, a hydroperoxide product forms (Fig. 3).

Fig. 1 Stereochemical formula of 4Z,15Z-bilirubin.
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The same product was observed in reactions with singlet
oxygen, yet no singlet oxygen was detected during direct photo-
oxidation.14

These experimental observations raise a key mechanistic
question: Could the reaction proceed via electron transfer from
the S1 state of TMD to triplet O2? The S1 state is expected to
have a lifetime of only a few picoseconds (a similar bilirubin
model compound, (Z)-vinylneoxanthobilirubic acid methyl
ester, exhibits an S1 lifetime of approximately 6 ps7). Therefore,
the electron transfer from the S1 state of TMD has to be very fast
if it plays any role, and the oxygen molecule must already be in
close proximity to TMD at the moment of excitation since the
diffusion is much slower compared to the S1 lifetime.

Because the PET mechanism has not yet been verified,
neither experimentally nor theoretically, the following ques-
tions must be addressed: (i) How probable is it that oxygen
appears in close proximity to the bilirubin chromophore so that
the photochemical reaction can take place? (ii) Is the photo-
induced electron-transfer reaction energetically allowed? (iii) Is
the photochemical reaction kinetically feasible on the relevant
excited-state timescales?

In this work, we aim to provide new insight using techniques
of computational photochemistry and photodynamics, focus-
ing on the plausibility and efficiency of the PET mechanism.
A central underlying issue is the suitable choice of electronic-
structure methods18 and the efficient inclusion of environ-
mental effects,19 which are crucial for charge-transfer reactivity.
The present system is relatively large and requires treatment
of multiple electronic states, which constrains the choice of
feasible methods. We therefore employ efficient local coupled-
cluster theory (DLPNO-CCSD(T)20), correlated multireference
theory (NEVPT221), constrained density functional theory
(CDFT22) and time-dependent density functional theory
(TDDFT23). It is the combination of these approaches that
allows us to report results with increased confidence despite
individual methodological limitations.

Beyond the bilirubin case, understanding the reactivity of
excited organic molecules with O2 is a general problem: such
reactions can yield multiple pathways and products, with out-
comes shaped by subtle electronic and environmental factors.24

Understanding PET is also crucial for photovoltaics and
photocatalysis.25 However, modeling photochemical processes
in large triplet systems, where multiple excited states of differ-
ent character (such as charge-transfer and locally excited) are
involved and state-specific solvation effects are important,
restricts the range of applicable methods and remains a chal-
lenge for computational chemistry.

2 Methods
2.1 Free energy calculation of the TMD–O2 complex formation

We used a similar procedure to that successfully applied to
association free energies of noncovalently bound host–guest
complexes:26 (i) we calculated electronic energies with the
accurate DLPNO-CCSD(T) method extrapolated to the complete
basis set and pair natural orbital space. (ii) We obtained
thermostatistical corrections from energy to Gibbs free energy
in vacuum at the oB97X-D3/6-31+G* level. (iii) We included a
solvent correction using B3LYP/6-31G* and the SMD solvent
model as implemented in Q-Chem v6.1.27 (iv) In addition, we
considered multiple possible oxygen binding sites (optimized
at the oB97X-D3/6-31+G* level), which contribute to the con-
figurational entropy.28 We performed all calculations in ORCA
v6.029 unless stated otherwise. Further details of the computa-
tional protocol are provided in the SI.

2.2 Modeling electronic absorption spectra

The ground state of the TMD was sampled with adiabatic
molecular dynamics in the ABIN v1.1 code.30 The electronic
structure was described at the OM3 level in vacuum. Tempera-
ture was maintained at 298.15 K with the Nosé–Hoover thermo-
stat. The dynamics were propagated for 100 000 steps with the
velocity Verlet integrator and a time step of 10 a.u. (E0.24 fs).
The first half of the trajectory was discarded as a thermal
equilibration period. The ground state density was mimicked
with 100 configurations selected from the second half of the
trajectory at constant intervals of 500 steps. To model the
spectrum, we used the nuclear ensemble approach.31 We
employed coupled-cluster, multireference, and TDDFT electro-
nic structure methods. Further computational details are pro-
vided in the SI.

2.3 Ionization energies and electron affinities

We calculated ionization energies (IEs) as the difference
between the energies of ionized TMD and neutral TMD, either
at the neutral ground-state geometry (vertical IE) or allowing
relaxation to the optimized ionic geometry (adiabatic IE).

Fig. 2 Proposed two types of bilirubin (BR) photooxidation mechanism.

Fig. 3 Proposed mechanism of the hydroperoxide formation by photooxidation. The investigated electron-transfer step from the S1 state of TMD to the
contact radical ion pair (CRIP) is depicted in red.
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Similarly, the vertical and adiabatic electron affinities (EAs)
were calculated as the differences in the electronic energies of
neutral triplet oxygen and the superoxide radical anion with or
without the geometry relaxation. The water environment influ-
encing IEs and EAs was modeled with the integral equation
formalism polarizable continuum model (IEFPCM32). For the
vertical ionization energy, only the fast component of polariza-
tion was included (non-equilibrium IEFPCM), while for the
adiabatic ionization energy both the fast and slow components
of the polarization were considered (equilibrium IEFPCM).33,34

Calculations were done at oB97X-D3/6-31+G* level in the
Q-Chem v6.2 code.27

2.4 Mapping the potential energy surface

We optimized the ground-state geometries of TMD (S0) and the
TMD–O2 complex (T1) with DFT using oB97X-D3/6-31+G*. The
locally excited state was optimized with TDDFT at the oB97X-
D3/6-31+G* level (for TMD as S1 and for the complex as T6), and
the electron-transfer state with constrained density functional
theory (CDFT) using B3LYP/6-31G*. We performed the DFT and
TDDFT calculations in ORCA v6.0,29 and the CDFT optimiza-
tions in NWChem v6.8.35

To estimate the reaction coordinate between the critical
points on the PES, we used the geodesic interpolation, as an
efficient alternative to the linear interpolation in internal
coordinates (LIIC), implemented in the Python package
geodesic-interpolate.36

The choice of electronic structure method was dictated by
the molecular size and the presence of multiple excited states of
different character which require computationally efficient
approaches, particularly for dynamical simulations.

As a reference method, we used the multireference quasi-
degenerate NEVPT2 (QD-NEVPT2)/aug-cc-pVDZ with an active
space of 6 electrons in 5 orbitals and 14 electronic states, as
implemented in ORCA v6.0.29 The active space comprised the p
orbitals (HOMO�1 and HOMO) of TMD, two p* orbitals of O2,
and the p* orbital (LUMO) of TMD (orbital plots are provided in
Fig. S2). This setup provided an accurate description of both
the bright LE state and the CT state. Along the geodesic
coordinates, we additionally evaluated the ground-state curve
in vacuum with DLPNO-CCSD(T)/aug-cc-pVDZ using TightSCF
and TightPNO in ORCA v6.029 to provide an accurate single-
reference reference for the ground-state energetics. For
comparison, we also employed XMS-CASPT2(6,5)/6-31G* in
OpenMolcas v24.06,37 CDFT/B3LYP/def2-TZVPD and CDFT-CI/
B3LYP/def2-TZVPD in Q-Chem v6.2,27 and TDDFT with oB97X-
D3/def2-TZVPD in ORCA v6.0.29 as a faster method suitable for
subsequent simulations.

Because state-specific solvation is not available for QD-
NEVPT2 in ORCA, we incorporated solvent effects by adding
state-specific solvent shifts computed at lower levels to the QD-
NEVPT2 vacuum energy profiles. Nonequilibrium shifts were
taken from TDDFT oB97X-D3/def2-TZVPD calculations in
ORCA v5.03 using CPCM water with eopt = 1.78. Equilibrium
shifts for the ground and charge-transfer states were obtained
from CDFT/B3LYP/def2-TZVPD with PCM water using estat = 78.39,

while the equilibrium shift for the LE state was computed with
TDDFT oB97X-D3/def2-TZVPD in ORCA v5.03 using CPCM with
estat = 78.39. This additive scheme provides an approximate
description of solvation effects on the multireference reference
curves used for the PET energetics.

2.5 Nonadiabatic simulations

To model the nonadiabatic transitions following the photoex-
citation, we used the Landau–Zener surface hopping algorithm38

in the ABIN v1.1 code.30 The simulations were performed on time-
dependent density functional theory (TDDFT) potential energy
surfaces within the Tamm–Dancoff approximation (TDA) at the
oB97X-D3/def2-TZVPD level. The use of TDDFT for excited state
simulations is questionable for multiple reasons: (i) poor descrip-
tion of bond breaking39 (ii) possible appearance of spurious
charge transfer states40 (iii) issues with topology and topography
of S0/S1 intersections.41,42 We have partially mitigated the pro-
blems by using range-separated functionals and benchmarking
them against the QD-NEVPT2 method. Still, the results have to be
interpreted with caution.

We generated the initial conditions for the nonadiabatic
dynamics from a ground-state adiabatic molecular dynamics
simulation of the complex in vacuum using the OM3 method,
as implemented in the ABIN v1.1 code.30 The simulation
was propagated for 100 000 steps with a time step of 10 a.u.
(E0.24 fs) using the velocity Verlet integrator and the quantum
thermostat based on generalized Langevin equation (GLE)43 at
298.15 K. We selected 400 geometries and velocities along the
trajectory at constant intervals of 250 steps and discarded the
first 100 to ensure thermal equilibration, which resulted in a
set of 300 initial conditions. Finally, we randomly selected
35 initial conditions for launching the simulations.

The nonadiabatic dynamics were started in the state with
highest oscillator strength (local HOMO–LUMO excitation on
TMD) mimicking the experimental conditions. The excited-
state index corresponding to the local state was highly sensitive
to the complex geometry. We had to consider 9 excited states.
A time step of 5 atomic units (approximately 0.12 fs) was used
throughout the simulations. The simulations were complicated
by the presence of spin-contaminated states. We classified a
state as spin-contaminated when hŜ2i 4 2.2.

3 Results and discussion

The results are organized according to the sequence of elemen-
tary steps in the proposed PET mechanism: (i) we examine the
feasibility of TMD–O2 complex formation, and (ii) we assess the
feasibility of electron transfer from the bright excited state of
TMD to O2.

3.1 TMD–O2 complex formation

We estimate the feasibility of TMD–O2 complex formation by
calculating the Gibbs free energy of complex formation. To do
so, we first need to perform a conformational analysis of TMD
and the TMD–O2 complex.
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3.1.1 Conformational analysis of TMD. The presence of a
methine bridge in the TMD molecule leads to two types of
isomers: Z and E configurations relative to the double bond and
s-cis, s-trans conformers arising from the rotation around the
single bond (Fig. 4).

Calculations at the oB97X-D3/6-31+G* level of theory indi-
cate that the s-cis Z has the lowest energy (Fig. 4) and therefore
we study the PET only on this isomer. Thermal populations of E
configurations are negligible at 298 K.

To confirm the stability of the s-cis Z conformer, we ran a
24-ps-long molecular dynamics simulation in vacuum at
298.15 K, employing a quantum GLE thermostat. The molecule
remains in its s-cis Z conformation throughout the whole
simulation, validating our choice of conformer.

Note that under irradiation, a photostationary state contain-
ing an approximately 1 : 1 mixture of the Z and E isomers is
formed in experiments.14 However, for simplicity we decided to
focus solely on the s-cis Z conformer.

3.1.2 Conformational analysis of TMD–O2 complex. We
have identified 29 unique local minima on the TMD–O2

ground-state potential energy surface at the oB97X-D3/6-31G*
level, corresponding to different O2 binding positions and
small variations in the TMD geometry (details of the procedure
in the SI). The lowest-energy conformation is shown in Fig. S7
in the SI, with O2 located above the pyrrole ring. Several similar
minima share this binding motif. In these structures, the O� � �H
distance to the NH group in the lactam ring is 2.6–2.7 Å, and
together they account for about 39% of the population at 298 K
(Boltzmann distribution). In other conformations, O2 is located
further above the pyrrole ring or on the opposite side of the

pyrrole or lactam ring relative to the lowest-energy structure.
The energies of the local minima relative to the global mini-
mum and corresponding populations calculated from the
Boltzmann distribution are presented in Table S4 in the SI.
Overall, the conformational analysis shows that O2 can bind at
several positions, but it preferentially interacts with the aro-
matic ring. In particular, conformations with O2 located above
the pyrrole ring are the most favorable.

The calculations with implicit solvent models imply that the
solvent effects are not significant. The calculated solvation
Gibbs energies with implicit solvent models are small, see
Table S3 in the SI. We also located minimum geometries in
water and methanol at the PCM level, and the differences
relative to the vacuum geometry were negligible. However,
implicit models may not capture all relevant interactions, and
the energetics and population could still differ, for example in
water, where oxygen might hinder hydrogen bond formation.

3.1.3 Gibbs free energy of complex formation. The calcu-
lated Gibbs free energy of TMD–O2 complex formation is
9.24 kJ mol�1 in methanol and 8.22 kJ mol�1 in water (methods
used for the calculation are in Section 2.1). These values can be
decomposed into the following contributions: electronic inter-
action energy in vacuum of �10.11 kJ mol�1, thermostatistical
correction in vacuum of 27.90 kJ mol�1 (including the
standard-state correction), a configurational entropic term of
�8.77 kJ mol�1, and solvation reaction Gibbs energies of
�0.80 kJ mol�1 in water and 0.22 kJ mol�1 in methanol. The
sum of these contributions yields the final Gibbs energies. A full
benchmark of the electronic interaction energies and solvation
Gibbs energies is provided in the SI (Tables S2 and S3).

To estimate the equilibrium constant and the fraction
of the complex, we assume concentration of TMD cTMD =
10 mmol dm�3 (concentration used in experiments with a
similar compound9), concentration of oxygen coxygen =
1 mmol dm�3 corresponding to oxygen solubility in water44

and 10 mmol dm�3 for oxygen solubility in methanol.45

Solving the equilibrium equations yields the complex frac-
tions 0.004% in water and 0.024% in methanol (Table 1). The
photooxidation quantum yield of a similar compound—the
bilirubin subunit (Z)-isovinylneoxanthobilirubic acid methyl
ester—is reported to be between 0.0011 and 0.0014, depending
on the wavelength.9 This suggests that at least approximately
0.1% of TMD molecules must form the complex for the photo-
oxidation to be explainable only with the PET, considering that
the ET efficiency would be 100% assuming the most favorable
case. However, since the calculation is approximate—due to the
sensitivity of the exponential function and several other

Fig. 4 Configurations and conformations of the TMD with their relative
energies (s-cis Z serving as a reference) and estimated Boltzmann popula-
tions at 298 K. Groups relevant for different types of isomers are
highlighted: red color for E/Z isomerization, blue color for s-cis/s-trans
interconversion. All calculations were performed at the oB97X-D3/
6-31+G* level.

Table 1 Calculated binding Gibbs energies of TMD to oxygen in water
and methanol at 298 K with the corresponding equilibrium constant and
the fraction of the complex

Solvent DGbinding (kJ mol�1) K fcomplex (%)

Water 8.22 0.036 0.004
Methanol 9.24 0.024 0.024
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limitations (details in the SI)—the reaction channel remains
feasible if the efficiency of the electron transfer is high.

3.2 Photoinduced electron transfer from TMD to oxygen

We assess the feasibility of electron transfer from the S1 state of
TMD to O2 by comparing the energies of bright and charge-
transfer states, first for the isolated molecules and then for the
complex. Finally, we perform exploratory nonadiabatic dyna-
mical simulations to estimate the quantum yield of PET.

3.2.1 Calculations on the isolated molecules. We first
study PET based on the properties of isolated TMD and oxygen
molecules: the energy of the bright S1 state and the asymptotic
charge-transfer state.

3.2.1.1 Position of bright excited state. Excitation to the bright
state of TMD is the first step in the PET process. The excitation
corresponds to the S0 - S1 transition. It is mainly described by
the HOMO–LUMO transition with a p- p* character, as shown
in Fig. 5. At the DLPNO-STEOM-CCSD/def2-TZVP level,
the vertical excitation energy at the minimum S0 geometry is
3.63 eV in vacuum and 3.44 eV in water, with high oscillator
strengths around 0.6. The minimum S1 state geometry is
structurally very similar to the S0 minimum (Fig. S1). The
adiabatic excitation energy is 3.20 eV in vacuum and 3.08 eV
in water. The vertical excitation energy at the S1 minimum is
2.75 eV and 2.60 eV, respectively.

The experimental absorption spectrum in methanol has a
maximum around 3.1 eV. We calculated linear electronic
absorption spectrum of s-cis Z-TMD with different electronic
structure methods and compared them with the experimental
spectrum, see Fig. 5. The highly correlated DLPNO-STEOM-
CCSD method provided the best agreement with the experi-
mental spectrum in terms of the position, intensity of the
absorption maximum, and the peak width. Unfortunately, the
DLPNO-STEOM-CCSD method in its present implementation

does not allow the calculation of triplet excited states and is
therefore not applicable to the complex.

The DLPNO-NEVPT2 method reproduces the experimental
band position well but clearly overestimates the peak intensity
of the main peak on the absolute scale. This discrepancy is
most likely related to the limited active space and to the fact
that only a single excited state was computed. Because of its
multireference character and its ability to describe local and
charge-transfer excitations on the same footing, NEVPT2 is
suitable for the further description of the states in the TMD–
O2 complex.

Among the density functional methods, the B3LYP func-
tional reproduces the experimental spectrum well. However,
global hybrids such as B3LYP generally perform poorly for
charge-transfer excitations, predicting their positions to be
artificially low.40 Within range-separated functionals, oB97X-
3c (o = 0.1a0

�1) performs best, with a blue-shift around 0.1 eV
compared to the experiment. Its computational cost is low, but
excited-state gradients are not available. We therefore also
tested the oB97X-D3 functional with the default range-
separation parameter o = 0.25a0

�1 which gives a larger blue
shift compared to the experiment. We still use the oB97X-D3
functional with the o = 0.25a0

�1 later in the exploratory
molecular dynamics simulations because the vacuum calcula-
tions yield LE and CT energetics similar to the NEVPT2 results
in water.

The MRCISD/OM3(16,16) method provides us with a peak
that is blue-shifted by 0.4 eV relative to the experiment even
with this large active space. A limitation of this benchmark is
that excited-state calculations were performed near the Franck–
Condon region, so the comparison is restricted to a small part
of configuration space. Further details of the benchmark are
provided in the SI.

3.2.1.2 Position of charge-transfer state. We determine the
asymptotic position of CT state from the ionization energy of
TMD and the electron affinity of O2.

The experimental adiabatic electron affinity (AEA) of O2 in
the gas phase is 0.45 eV.46 The DLPNO-CCSD(T) method with
extrapolation to the complete PNO space and complete basis
set (DLPNO-CCSD(T)) yields an AEA of 0.41 eV, in good agree-
ment with experiment. We therefore adopt this method as a
reference. At the DLPNO-CCSD(T) level, the adiabatic CT energy
calculated as AIE–AEA (Table 2) is 6.59 eV. The vertical charge-
transfer (CT) energy at infinite separation, calculated as VIE–
VEA, is 7.48 eV.

The IE and EA values in water were calculated with the
oB97X-D3/6-31+G* functional, which performed well for the
vacuum IE/EA (Table 2) and allows nonequilibrium solvation
for vertical quantities, using a PCM description of bulk water.
The corresponding vertical CT energy at infinite separation in
water is 5.14 eV, and the adiabatic CT energy is 1.36 eV.
Solvation stabilizes both the oxidized donor and the reduced
acceptor.

Finally, we estimated the vertical CT energies in the complex
by adding a Coulomb stabilization term to the asymptotic value

Fig. 5 Comparison of experimental absorption spectrum of Z-TMD in
methanol (digitized from ref. 14) and calculated spectra with DLPNO-
STEOM-CCSD, DLPNO-NEVPT2(2,2), MRCISD/OM3(16,16), LR-TDDFT/
TDA/B3LYP, LR-TDDFT/TDA/oB97X-3c (o = 0.1a0

�1) and LR-TDDFT/
TDA/oB97X-D3 (o = 0.25a0

�1) methods. See Table S1 for the employed
basis sets. The Gaussian broadening parameter was set to 0.11 eV for
DLPNO-STEOM-CCSD, 0.27 eV for TDDFT, 0.15 eV for MRCISD/OM3, and
0.049 eV for NEVPT2. Methanol solvent was included with CPCM apart
from MRCISD/OM3 where the calculation was done in vacuum. Orbitals
contributing to the S0 - S1 transition responsible for the main absorption
band were calculated at the DLPNO-STEOM-CCSD/def2-TZVP level.
Isovalue was set to 0.2.
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in vacuum obtained at the DLPNO-CCSD(T) level and in water
obtained at the oB97X-D3 level. The coulombic term was
calculated in a point-charge approximation using an effective
separation of 3.4 Å (the distance between the geometry centers,
defined as the arithmetic mean of atomic coordinates, of TMD
and O2 in the minimum-energy T1 complex geometry). The
Coulomb term is �4.24 eV in vacuum and �2.38 eV in water.
This yields vertical CT energies of 3.24 eV (vacuum) and 2.76 eV
(water) at the T1 minimum geometry.

3.2.1.3 Comparing bright state and charge-transfer state ener-
getics. The comparison of vertical and adiabatic quantities
provides a first energetic estimate of the PET process. At the
T1 minimum of the complex, the vertical CT state lies below the
bright S1 state of TMD in both vacuum and water, indicating
that PET is energetically feasible (Table 3). Formation of fully
separated ions, however, is only favorable in solution: in water,
the energy of the separated, relaxed ions (1.36 eV) is lower
than the estimated vertical CT energy at the complex geometry
(2.76 eV), whereas in vacuum the opposite holds (6.59 eV vs.
3.24 eV, Table 3). The quantitative values in water must be
interpreted with caution, since the EA of O2 is described here by
a continuum solvent model; more accurate solvation energies
would likely require a cluster–continuum treatment or explicit
solvent.47 Finally, this analysis assumes that the S1 state of
TMD is not strongly perturbed by the presence of oxygen, which
is confirmed by calculations of the full complex in the following
section. A concise summary of the PET energetics is provided in
Table 3.

3.2.2 Calculations on the complex. We then study PET by
calculating the excited states of the complex at critical geo-
metries, interpolating between them to obtain an approximate

reaction coordinate, and finally performing exploratory non-
adiabatic dynamical simulations to estimate the quantum yield
of PET.

3.2.2.1 Potential energy surface mapping and interpolations.
We first benchmark the methods capable of describing the
CT state in the complex by comparing the energies with the
coupled cluster asymptotic value 7.48 eV. The quasi-degenerate
(QD)-NEVPT2(6,5)/aug-cc-pVDZ (14 states) provided the best
agreement with the DLPNO-CCSD(T) method, giving a vertical
CT energy of 7.58 eV at a separation of 700 Å. The XMS-
CASPT2(6,5)/6-31G* method overestimates the CT energy
(8.69 eV), independent of the choice of IPEA and imaginary
shift (Table S5 in the SI); adding diffuse functions lowers the
energy by about 0.5 eV which still leads to a significant over-
estimation. The CDFT/B3LYP/def2-TZVPD calculation con-
verged only at a separation of 7.5 Å; the CT state energy at
this distance is 5.23 eV, subtracting the Coulomb interaction
between molecules estimated from Mulliken charges gives an
asymptotic vertical CT energy of 7.03 eV. The TDDFT/TDA
approach with oB97X-D3/def2-TZVPD functional places the
CT state at 6.64 eV at 700 Å. Summary of the results is provided
in Table 4.

Then, we calculate the triplet excited states in the ground-
state minimum geometry of the TMD–O2 complex in vacuum.
The nature of the excited states was analyzed to identify the
locally-excited (LE) donor state and the intermolecular CT
states. Note that there are two nearly-degenerate CT states
corresponding to a charge transfer excitation from TMD to
the two nearly-degenerate p* orbitals of O2.

The position of the LE state appears between 3.6 and 4.0 eV,
depending on the method used. QD-NEVPT2 gives an energy of
about 3.6 eV, while other methods overestimate its position
slightly, up to B4.0 eV. The LE state always has a large
oscillator strength. Its energy is close to the S0 - S1 transition
of isolated TMD, so the presence of O2 predictably has only a
minor effect on the donor excitation. In contrast, the CT states
have very small oscillator strengths (on the order of 0.002).
Their excitations populate the p* orbitals of O2, consistent with
charge transfer.

We used the same electronic-structure methods as for the
asymptotic calculations. Their energies are strongly method
dependent, in line with the asymptotic calculations. QD-
NEVPT2 places the lowest CT state at about 4.0 eV at the
ground-state minimum. CDFT predicts a similar value, but this

Table 2 Vertical ionization energies (VIE) and adiabatic ionization ener-
gies (AIE) of TMD, and vertical (VEA) and adiabatic (AEA) electron affinities
of oxygen. Geometries were optimized at oB97X-D3/6-31+G* in vacuum,
and single-point energies were evaluated with DLPNO-CCSD(T) extrapo-
lated to CBS and complete PNO space. The oB97X-D3 calculations in
water (PCM) are also shown, using nonequilibrium solvation for vertical
and equilibrium solvation for adiabatic quantities

Method Solvent VIE (eV) VEA (eV) AIE (eV) AEA (eV)

DLPNO-CCSD(T)/CBS Vacuum 7.27 �0.21 7.00 0.41
oB97X-D3/def2-TZVPD Vacuum 7.02 �0.19 6.75 0.28
oB97X-D3/6-31+G* Vacuum 7.03 �0.15 6.76 0.42
oB97X-D3/6-31+G* Water 6.35 1.21 5.00 3.64

Table 3 Summary of PET energetics (eV) in vacuum and water. VCT(N) =
VIE–VEA and ACT(N) = AIE–AEA, obtained at the DLPNO-CCSD(T)/CBS
level in vacuum and at oB97X-D3/6-31+G*/PCM in water using the IE/EA
values from Table 2. VCT(T1 min) is the vertical CT energy at the T1

minimum geometry, estimated from these IE/EA values plus a point-
charge Coulomb term. VEE(S1) is the vertical excitation energy of the
bright S1 state at the DLPNO-STEOM-CCSD/def2-TZVP level

Environment VCT(N) ACT(N) VCT(T1 min) VEE(S1)

Vacuum 7.48 6.59 3.24 3.63
Water 5.14 1.36 2.76 3.44

Table 4 Asymptotic vertical charge-transfer (CT) energies. DLPNO-
CCSD(T) values are obtained as IE(TMD)–EA(O2). Other methods use the
ground-state-to-CT energy gap at a TMD–O2 separation of 700 Å (7.5 Å
for CDFT with an electrostatic correction)

Method Vertical CT energy (eV)

DLPNO-CCSD(T)/CBS 7.48
QD-NEVPT2(6,5)/aug-cc-pVDZ 7.58
XMS-CASPT2(6,5)/6-31G* 8.69
CDFT/B3LYP/def2-TZVPD 7.03
oB97X-D3/def2-TZVPD 6.64
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agreement is probably due to error cancellation, because at
infinite separation CDFT underestimates the CT energy by
B0.5 eV relative to QD-NEVPT2. CDFT-CI lowers the CT energy
to about 3.5 eV, consistent with this expected shift. TDDFT
methods place the CT state around 3.0 eV. XMS-CASPT2 gives
the highest CT energy, close to 5.0 eV, as expected from its
behavior in the CT benchmark. The CASPT2 and TDDFT curves
are provided in Fig. S3 in the SI.

The minima of the LE and the CT states are key points on
the PES for the PET mechanism. The minimum of the LE state
is geometrically very similar to the ground-state complex mini-
mum (Fig. 6). The geometry of TMD in the complex closely
resembles the S1 minimum of isolated TMD, indicating that the
O2 molecule has only a minor influence on the LE-state
structure.

The CT minimum was optimized with CDFT, which provides
a convenient way to optimize a state with explicit charge
separation (Fig. 6). In this geometry, the O2 molecule is located
between the two NH groups of TMD, and the rings of TMD are
essentially coplanar. A similar CT-state geometry was also
found at the TDDFT level.

These three stationary points (ground state minimum, LE
minimum, and CT minimum) define the endpoints of the
geodesic interpolations36 used below to construct approximate
relaxation pathways for PET. The interpolation between these
points allowed us to understand the relaxation of the TMD–
oxygen complex after photoexcitation, representing a first esti-
mate of a reaction coordinate for PET. We assume that, after
excitation to the LE state, the system initially relaxes toward the
minimum of this state. Along such a path, close approach of
the LE and CT states would be a first indication that PET is
feasible and potentially fast.

We therefore interpolated energies along the two coordi-
nates in a subsequent fashion: (i) between the ground-state (GS)
minimum and the LE minimum, and (ii) between the LE
minimum and the CT minimum (Fig. 6). As a reference
method, we used QD-NEVPT2(6,5) with 14 states, which

reproduces both the bright LE state and the CT state well
compared to experiment. The resulting energy profiles in
vacuum are shown in Fig. 6. The CT state remains above the
LE state along the entire GS–LE path, indicating that PET is
unlikely to be feasible in the gas phase.

The GS curve in vacuum can be computed accurately with
DLPNO-CCSD(T) (Fig. 6). The curve agrees with QD-NEVPT2 at
the GS–LE part of the coordinate, however it diverges at the LE–
CT part of the coordinate. In DLPNO-CCSD(T), the GS energy
rises at the end of the LE–CT coordinate, yet this behavior
might be related to increasing spin contamination of the
DLPNO-CCSD(T) calculations observed in this region as high-
lighted by T1 diagnostics (Table S7, SI). Nevertheless, CDFT and
CDFT-CI yield GS curves comparable to DLPNO-CCSD(T), see
Fig. S4 in the SI.

Solvent effects were considered in two limiting regimes. In
the equilibrium regime, the solvent is assumed to fully relax to
the electronic state of the solute; in the nonequilibrium regime,
only the fast electronic polarization of the solvent responds,
while the nuclear configuration of the solvent is frozen.
Because state-specific solvation is not available for the NEVPT2
method in the ORCA code, we added state-specific solvent
shifts obtained from TDDFT and CDFT calculations to the
QD-NEVPT2 vacuum curves. Nonequilibrium solvation was
modeled with the CPCM approach using the optical dielectric
constant of water (eopt = 1.78), and equilibrium solvation with a
PCM model using the static dielectric constant (estat = 78.39).

The resulting profiles in water are shown in Fig. 6. One
limiting pathway corresponds to excitation into the non-
equilibrium-solvated LE state, rapid relaxation on this LE sur-
face, crossing to the nonequilibrium-solvated CT state, and
subsequent relaxation to the CT minimum on the equilibrium-
solvated surface as the solvent reorganizes. The CT state
eventually crosses the ground state and becomes the lowest
state. Note that the GS/CT crossing likely occurs even closer to
the LE minimum geometry because the reference DLPNO-
CCSD(T) GS curve rises more than the QD-NEVPT2 curve.

Fig. 6 QD-NEVPT2(6,5)/aug-cc-pVDZ energies of the ground state (GS), locally excited (LE) state, and charge-transfer (CT) state of the TMD–O2

complex along geodesic interpolation coordinates connecting the GS and LE minima and the LE and CT minima in vacuum (left figure) and in water (right
figure). We also show the DLPNO-CCSD(T) ground-state curve in vacuum. Note that there are always two nearly-degenerate CT states shown,
corresponding to a charge transfer to the two nearly-degenerate p* orbitals of O2.
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A second limiting mechanism would involve solvent relaxa-
tion on the LE state (transition from nonequilibrium- to
equilibrium-solvated LE), followed by a crossing to the CT state
and subsequent relaxation as above. In reality, the dynamics
will likely lie between these two extremes, sampling partially
equilibrated solvation environments. In all cases, the presence
of an LE/CT crossing near the GS minimum in water provides
an indication that PET could be feasible.

Note that we have also calculated singlet charge-transfer
state energies along the geodesic interpolation coordinate in
addition to the triplet excited states manifold (Fig. S5 in the SI).
The energies of the singlet and triplet CT states are almost
degenerate due to the weak interaction between TMD and O2.
However, we do not expect the singlet CT state to be involved in the
mechanism since bilirubin has a very short excited-state lifetime.

3.2.2.2 Nonadiabatic simulations. To estimate the efficiency
of the PET process, we performed nonadiabatic Landau–Zener
surface hopping simulations with TDDFT in vacuum. We chose
the oB97X-D3/def2-TZVPD functional (o = 0.25a0

�1) because it
provides energies comparable to the NEVPT2 reference results
in water. In particular, the LE state lies at about 4 eV in both
descriptions (Fig. 6 and Fig. S3). The CT state positioned about
3 eV is also in reasonable agreement with the NEVPT2 value in
equilibrated water (about 2.2 eV). Note that such an approach is
necessarily very approximate and its sole goal is to confirm the
feasibility of the charge-transfer reaction.

The initial conditions were generated from the long OM3
simulation in the singlet multiplicity. The reason for using a
singlet instead of a triplet multiplicity stems from a benchmark
of minimal geometries on both OM3 and DFT levels of theory
presented in the SI. The singlet OM3 geometry resembled the
triplet DFT minimal geometry better than the triplet OM3
minimal geometry, which placed oxygen too far from TMD. A
direct DFT sampling of initial conditions was hindered by a
lack of computational resources. Since the subsequent TDDFT-
LZSH simulations are intended as exploratory feasibility tests
rather than quantitatively converged yield calculations, we
believe that the OM3 sampling is acceptable.

We conducted 35 exploratory TDDFT-LZSH trajectories. We
quantified CT formation at 110 fs, when 24 trajectories were
still running. At this time, 12 of the 24 trajectories were in the
CT state. The remaining trajectories evolved into states with a
high spin contamination, exhibiting an average total energy
drift of 0.43 eV. The drift was linked to the propagation on the
spin-contaminated states; therefore, we did not consider these
trajectories relevant and excluded them from the analysis.

We therefore also analyzed the trajectories at 50 fs, where
the average drift was 0.09 eV. At 50 fs, 20 of 32 trajectories were
already in the CT state, while the remaining trajectories were
spin-contaminated. These numbers correspond to a CT conver-
sion yield of 0.63 at 50 fs and 0.50 at 110 fs. Again, these
numbers are only indicative that the process is feasible, rather
than providing an accurate estimate of reaction yields.

Despite the known limitations of TDDFT and the presence
of spin-contaminated states in these trajectories, the results

support that PET is feasible and can occur on a femtosecond
timescale.

4 Conclusions

In this work, we investigated the photoinduced electron trans-
fer (PET) from a bilirubin model compound, TMD, to molecular
oxygen as a plausible contribution to bilirubin photooxidation
during neonatal jaundice phototherapy. The central objective
was to assess, using computational chemistry, whether this
pathway is thermodynamically and kinetically viable in an
aqueous environment and whether it can compete with other
pathways on ultrafast timescales.

Our results support the feasibility of PET in water. The CT
state is stabilized relative to the LE state at the NEVPT2 level
(evaluated for the minimum geometry of the ground-state
encounter complex), consistent with a driving force for electron
transfer. Interpolations between key points on the PES at the
NEVPT2 level revealed (i) LE–CT crossing in the vicinity of the
minimum ground state complex geometry and (ii) a CT-ground
state crossing near the minimum of the CT state, both support-
ing a physically consistent reaction scenario in which popula-
tion transfer to the CT manifold can occur and subsequently
relax toward the ground state.

Complementary to this, the TDDFT/Landau–Zener surface-
hopping simulations indicate that the LE - CT conversion can
be efficient and ultrafast, yielding a CT population of about 0.6
within 50 fs. While the simulations are necessarily approximate,
their purpose here is not to provide an accurate reaction yield but
to demonstrate that an efficient electron-transfer channel is
compatible with the computed electronic-state topology.

At the same time, our equilibrium estimate for the fraction
of the pre-reactive TMD–O2 encounter complex suggests weak
binding in solution (Table 1). Because the predicted fraction
depends exponentially on the binding free energy and because
DGbinding was obtained using approximate statistical-
thermodynamic models, a small calculated bound fraction
does not by itself exclude PET as a relevant pathway. It rather
highlights the sensitivity of this ingredient and the need for
improved free-energy methodologies for weak, open-shell
encounter complexes in solution.

To further support our results, future experimental valida-
tion is crucial. Ultrafast spectroscopic techniques such as time-
resolved Raman spectroscopy could directly probe the occur-
rence and timescale of PET and its competition with the
possible alternative pathways involving singlet oxygen genera-
tion.14 Detection of superoxide would serve as a strong indica-
tor of the electron transfer.

Beyond the specific conclusions drawn for the present
bilirubin–oxygen system, several more general observations
emerge.

First, photochemical interactions of dissolved O2 with
organic chromophores are closer to a rule than an exception.
In solution, O2 efficiently perturbs excited-state dynamics
through (i) triplet–triplet energy transfer leading to singlet
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oxygen48,49 and (ii) photoinduced electron transfer leading to
superoxide50 and related reactive oxygen species. At the same
time, systematic theoretical descriptions and benchmarks for
ground-state O2 encounter complexes and the ensuing local/
charge-transfer manifolds in condensed phase remain scarce,
with most studies focusing on small prototype complexes.51,52

Second, the present system highlights a broader methodo-
logical need for robust and efficient protocols to compute
binding free energies of weak O2 encounter complexes in
solution. In contrast to classical tight complexes, O2 association
with organic chromophores is often characterized by multiple
shallow minima and substantial orientational degeneracy, so
that DGbinding depends critically on configurational sampling,
solvent reorganization, and the precise definition of the bound
ensemble and standard state. Related difficulties are well
known in the bioinorganic context of hemoglobin.53

Third, the present problem is challenging not because of a
single bottleneck, but because several of them coincide: local
and CT states are energetically close, the intersections between
ground and excited states are important, solvent response is
essential and state-dependent and the ground state of the
system lies in the triplet electronic manifold. This combination
pushes the limits of widely used excited-state protocols. In
particular, standard linear-response TDDFT is known to strug-
gle for CT excitations, and the description of near-degeneracies
and crossings in open-shell manifolds calls for methods that
remain balanced across spin and multiconfigurational regimes.
Advancing such approaches is also practically important for
predicting transient absorption spectra and other time-resolved
observables in oxygenated environments.

Finally, it is encouraging that modern locally correlated wave-
function methods now make it feasible to treat oxygen–chromo-
phore complexes beyond functional-dependent DFT at realistic
system sizes. In particular, DLPNO-based coupled-cluster appro-
aches provide a systematic route toward high accuracy at a manage-
able cost for complex molecules, making them a natural backbone
for future benchmarks of O2 binding, CT energetics, and the
coupled role of solvation and state crossings in photochemistry.
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7 J. Janoš, D. Madea, S. Mahvidi, T. Mujawar, J. Švenda,
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18 J. Janoš and P. Slavı́ček, What controls the quality of
photodynamical simulations? Electronic structure versus
nonadiabatic algorithm, J. Chem. Theory Comput., 2023,
19, 8273–8284.

19 J. M. Toldo, M. T. Do Casal, E. Ventura, S. A. Do Monte and
M. Barbatti, Surface hopping modeling of charge and
energy transfer in active environments, Phys. Chem. Chem.
Phys., 2023, 25, 8293–8316.

20 Y. Guo, C. Riplinger, U. Becker, D. G. Liakos, Y. Minenkov,
L. Cavallo and F. Neese, Communication: An improved
linear scaling perturbative triples correction for the domain
based local pair-natural orbital based singles and doubles
coupled cluster method [DLPNO-CCSD (T)], J. Chem. Phys.,
2018, 148, 011101.

21 C. Angeli, R. Cimiraglia and J. P. Malrieu, n-electron valence
state perturbation theory: A spinless formulation and an effi-
cient implementation of the strongly contracted and of the
partially contracted variants, J. Chem. Phys., 2002, 117,
9138–9153.

22 B. Kaduk, T. Kowalczyk and T. Van Voorhis, Constrained
Density Functional Theory, Chem. Rev., 2012, 112, 321–370.

23 M. A. Marques and E. K. Gross, Time-dependent density
functional theory, Annu. Rev. Phys. Chem., 2004, 55, 427–455.

24 R. Schmidt, Photosensitized Generation of Singlet Oxygen,
Photochem. Photobiol., 2006, 82, 1161–1177.

25 D. Escudero, Revising intramolecular photoinduced elec-
tron transfer (PET) from first-principles, Acc. Chem. Res.,
2016, 49, 1816–1824.

26 R. Sure and S. Grimme, Comprehensive benchmark of
association (free) energies of realistic host-guest complexes,
J. Chem. Theory Comput., 2015, 11, 3785–3801.

27 E. Epifanovsky, A. T. Gilbert, X. Feng, J. Lee, Y. Mao,
N. Mardirossian, P. Pokhilko, A. F. White, M. P. Coons
and A. L. Dempwolff, et al., Software for the frontiers of
quantum chemistry: An overview of developments in the Q-
Chem 5 package, J. Chem. Phys., 2021, 155, 084801.

28 H. X. Zhou and M. K. Gilson, Theory of free energy and entropy
in noncovalent binding, Chem. Rev., 2009, 109, 4092–4107.

29 F. Neese, F. Wennmohs, U. Becker and C. Riplinger, The
ORCA quantum chemistry program package, J. Chem. Phys.,
2020, 152, 224108.

30 D. Hollas, J. Suchan, J. Janoš, M. Ončák and P. Slavı́ček,
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