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ABSTRACT

Theoretical and computational simulations, particularly Density Functional Theory (DFT), play a crucial
role in optimizing the performance of materials used in renewable energy technologies, ranging from
simple organic dyes to complex molecular triads. While initial quantum-chemical calculations are
commonly performed in the gas phase, solvent effects must be considered to reflect experimental
conditions better. This is typically achieved through implicit solvation models, such as the Polarizable

Continuum Model.
This research focuses on two main areas:

1. Investigation of the origin of discrepancies in the photocatalytic activity of BODIPY dyes.
The study examines 2,6-iodine-substituted BODIPY dyes bearing —phenyl, —phenylOH, and —
phenylINO; substituents at the 8-position of the BODIPY core, with emphasis on the influence of
substituents and solvent effects on electron-transfer pathways. Previous studies have proposed
a two-cycle framework to describe the mechanism underlying hydrogen generation. In this
context, time-dependent DFT (TDDFT) calculations were performed for both neutral and reduced
BODIPY dyes. The TDDFT results were benchmarked against high-level DLPNO-STEOM-CCSD
calculations to assess the reliability of the employed exchange—correlation functional in
predicting excitation energies. Finally, photophysical properties, including rate constants
described within the Jablonski framework, were evaluated using adiabatic and vertical Hessian
models.

2. Analysis of the electronic structure of down-conversion films used in semitransparent
perovskite solar cells (ST-PSCs).

This part of the study focuses on the light absorption and emission properties of down-conversion
films, with theoretical results validated through close collaboration with an experimental
research group.
The computational results indicate that (i) the population of charge-transfer states significantly
promotes deactivation of the hydrogen production process in both neutral and reduced forms,
whereas the population of long-lived triplet states and doublet bright states correlates with high
catalytic turnover; and (ii) aggregation-induced photophysical properties enhance emission efficiency,

thereby contributing to improved performance of down-conversion films.
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Chapter 1: Introduction

1.1 Study context and motivation

The global energy crisis presents one of the arduous challenges of the twenty-first century. Global
fossil fuel reserves encounter supply constraints in the face of growing demand [1-3]. In response
to this imbalance, governments have enacted urgent political and economic policies, including tax
incentives and restrictions on energy use, to rationalize consumption. However, these measures
are insufficient to address this issue on a permanent basis. Simultaneously, CO, emissions increase
sharply, escalating greenhouse concerns. This energy hardship has spurred interest in clean and

renewable energy technology.

Although the period 2020-2024 witnessed significant growth in renewable energy deployment,
reflecting an unprecedented shift toward investment in solar technologies—as highlighted in
Figure 1.1 by the increasing share of solar power in electricity generation—the annual total
electricity generation from fossil fuels remains predominant globally. Nevertheless, the increase in

renewable energy continues to offer a promising outlook for a sustainable global energy transition

[4].

Nuclear others
8% 5%

Solarcell
47%

wind

17%

Figure 1.1: Growth in global electricity generation by source, 2000-2024 (%) [4, 5].
Solar energy and water are inexhaustible and abundant resources, considered among the most
promising alternatives for generating synthetic fuel and hydrogen, which enables decentralized
and resilient power systems. In contrast to hydrogen produced by steam methane reforming, a
process that depends on natural gas and emits carbon dioxide [6—8], and to nuclear power, which
is susceptible to radioactive leakage and waste storage challenges, light-driven water splitting
systems offer a sustainable and pollution-free energy source [9, 10]. The photocatalytic water

splitting process relies on two half-reactions:



2H,0 - 0, + 4H* + 4e” (water oxidation)
4H* + 4e~ - 2H, (water reduction)

However, the efficiency of hydrogen production via the water-splitting mechanism remains below
expectations compared to conventional methods, preventing large-scale applications. This casts

light on the pressing need for ongoing intensive research within this scope.

One of the earliest attempts to develop a water-splitting system employed a titanium dioxide (TiO,)
single-crystal semiconductor electrode. The material harnessed photon energy to drive chemical
reactions, ultimately producing hydrogen molecules [11], analogous to the way chlorophyll
absorbs light and initiates charge separation through subsequent electron transfer steps [12].
Later, more refinements were made to improve their dye-sensitized photocatalyst structure;
however, these structures are very sensitive to environmental factors such as charge carrier
concentration, temperature, and the complexity of interfacial charge transport [13-15]. These
drawbacks prompted the exploration of partially semiconductor-free alternatives, namely

supramolecular and multicomponent molecular photocatalytic systems [16, 17].

Effective optimization of single-component or multi-component water-reduction systems requires
the fulfillment of several key criteria:

1. The photosensitizer (PS) must exhibit broad absorption across the entire visible spectrum and
the near-infrared region, functioning as a “black dye.” These properties can be tuned through the
attachment of suitable substituents.

2. Upon irradiation, the excited state of the photosensitizer should possess sufficient energy to
generate a charge-separated state (CS) and enable unidirectional electron transfer from the donor
(photosensitizer) to the acceptor (catalytic center).

3. The lifetime of the charge-separated state should be sufficiently long to ensure compound
stability and to outcompete charge recombination (CR), i.e., back electron transfer.

4. The photosensitizer must exhibit adequate stability under light, heat, and electricity.

In the supramolecular assembly (Figure 1.2.1), the photosensitizer and the catalytic center are
covalently linked to ensure a rapid intramolecular electron transfer and to reduce diffusion. A
classic example of such a one-component system is the Ru(ll)—Pt(Il) complex reported by Sakai et
al [18], which was described as the first effective molecular device capable of producing H, from
water under visible light irradiation. In this molecular system, the tris(bipyridine)ruthenium(ll)

moiety functions as the photosensitizer and absorbs light through metal-to-ligand charge transfer



excitations, leading to the reduction of the bridging 2,6-bis(pyrazol-1-yl)pyridine (bpp) ligand.
Subsequently, an electron is transferred via the bpp ligand to the catalytically active platinum
center. Upon accumulation of two electrons at the catalytic site, proton reduction occurs, resulting
in hydrogen evolution. Meanwhile, the Ru(ll) center is regenerated by ethylenediaminetetraacetic
acid, which serves as a sacrificial electron donor (SED). On the other hand, multi-component water
reduction systems (Figure 1.2.2) involve a light absorber, a catalytic center (CatC), and an electron
donor, linked via intermolecular forces in a synergistic way within the same solution phase. This
approach enables independent tuning and optimization of the performance of the photosensitizer
and the photocatalyst. However, such assemblies face challenges due to high diffusion rates, which
can introduce kinetic bottlenecks and promote faster CR. For instance, [Ru(bpy)3]Cl, absorbs light
and transitions to a long-lived excited state, which, due to its favorable redox potential, is capable
of donating an electron to the mediator [MV]** (methyl viologen). The mediator subsequently
shuttles the electron to the catalytic center. The oxidized [Ru(bpy)s]3* species is then regenerated

by accepting an electron from a sacrificial donor, such as triethanolamine [19].
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Figure 1.2: Two different water-splitting hydrogen systems.
These structures can be implemented within either homogeneous architectures, which require
long-lived excited states (microseconds to milliseconds) to facilitate electron transfer during
diffusion [20], or heterogeneous architectures, where CS states exhibit shorter lifetimes
(picoseconds to nanoseconds) due to the rapid transfer of electrons to another phase (e.g., a solid)

[21].



The electronic properties of the various molecular subunits and their coupling should be precisely
tuned to meet the aforementioned criteria. In addition, a fundamental theoretical understanding
of photo-induced processes is essential for the development of photocatalytic hydrogen
production systems. Since the 1970s, transition-metal complexes, particularly those based on
ruthenium, platinum, and iridium, have been widely employed as photosensitizers in both
homogeneous and heterogeneous systems, demonstrating high turnover frequencies of up to
50,0007 [22]. However, these metals are expensive, scarce, and toxic. They also exhibit a narrow
absorption window and are susceptible to degradation by water and buffer anions, leading to
irreversible decomposition under photocatalytic conditions. These issues have led researchers to
investigate metal-free compounds. Multiple studies [23—-25] have demonstrated that organic dyes
are flexible and tunable, offering numerous possibilities for modifying and enhancing their
properties, such as broadening the absorption spectrum, tuning molecular energy levels,
improving charge separation, and optimizing inter- or intramolecular interactions. Organic dyes,
such as xanthene and cyanine derivatives, are frequently employed as photosensitizers due to
their strong absorption and efficient formation of triplet states [26—28]. Dyes based on a boron-
dipyrromethene (BODIPY) core share similar advantages but additionally offer higher

photostability, chemical versatility, and low toxicity [29, 30].

Recently, BODIPY dyes for two-component systems were investigated both theoretically and
experimentally as photosensitizers [31]. The experimental system in this study is a quasi-
homogeneous assembly composed of halogenated BODIPY dyes as the photosensitizer, embedded
within a poly(dehydroalanine)-graft-poly(ethylene glycol) (PDha-g-PEG) matrix. Ascorbic acid is
employed as the sacrificial electron donor, and the ammonium thiomolybdate cluster,
(NH4)2[Mo0sS:3], serves as the hydrogen evolution photocatalyst. Two major results were observed:
Firstly, the cyclic voltammetry (CV) data indicate that electron transfer from the BODIPY dye to
[Mo03S43]?” is thermodynamically favorable, according to their respective oxidation and reduction
potentials. Secondly, the 2,6-diiodo meso-phenyl-substituted BODIPY dye (BOB-Ph)
photosensitizer exhibits the highest catalytic activity, whereas the introduction of either electron-
donating (EDG) or electron-withdrawing (EWG) groups at the para position of the meso-phenyl

ring is accompanied by a decrease in hydrogen evolution.

Two photocatalytic cycles have been proposed to elucidate the mechanism of hydrogen

production. In the first cycle, photoexcitation in the Franck—Condon region populates a bright



singlet excited state. Afterward, spin-orbit coupling, enhanced by relativistic effects due to the
presence of iodine atoms, facilitates intersystem crossing (ISC) to a triplet excited state. At this
stage, two hypotheses have been proposed. The first (Figure 1.3.1) suggests that the triplet state
involved is a long-lived state localized on the BODIPY core [32]. This state undergoes intermolecular
electron transfer to the catalyst, a process that outcompetes the intramolecular charge transfer
from the BODIPY core to its substituents, a deactivation pathway [25]. In contrast, the second
hypothesis (Figure 1.3.3) indicates that ISC directly populates a triplet charge-separated state, in
which the electron density is partially transferred toward the phenyl substituent region. Then, an
electron transfer occurs via intramolecular interactions (within a supramolecular structure) or
intermolecular interactions (between multicomponent structures) toward the catalytic center [33].
Finally, the transferred electron is replenished by the SED. Experimental evidence indicates that
the first photocatalytic cycle is associated with a low fluorescence quantum yield, which indicates
efficient population of non-emissive (triplet) states.

Conversely, in the second cycle, the reduction of the BODIPY dye by the SED precedes electron
transfer to the catalytic center. Depending on the pathway, the SED initially reduces either the
lowest triplet state of the BODIPY dye [32] (Figure 1.3.2) or the lowest singlet excited state [33]
(Figure 1.3.4), leading to two different hypotheses via internal conversion (IC) after the formation
of the reduced BODIPY species: an electron is transferred to the catalytic center either from the
reduced bright state (Figure 1.3.2) or from the reduced charge-separated state (Figure 1.3.4),
leading to hydrogen evolution. The thermodynamic feasibility of this pathway is supported by
cyclic voltammetry measurements of redox potentials and by Gibbs free energy calculations based

on experimental and theoretical data [33].

A major difficulty in understanding these processes lies in determining whether the reduction and
non-reduction steps occur sequentially, simultaneously, or whether one cancels the other. These

guestions remain unresolved.
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Figure 1.3: Hypothesized photocatalytic activity cycles.
In general, no universal photocatalytic cycle can be considered valid for all photophysical
situations. Indeed, the latter is governed by multiple factors; for example, the pH of the
homogenous structure can affect the protonation state of the SED, while the polarity of the solvent

can modulate the stability of reactive intermediates (PS, CatC) involved in the catalytic cycle.

Several endeavors were undertaken through experimental work to design and characterize
compounds involved in hydrogen production, such as solubility, integrity, photostability, and
toxicity experiments, as well as tuning absorption and emission margin or controlling the
degradation of the compound. Nevertheless, theoretical studies are required to give insight into

the underlying photophysical properties governing these compounds and rationalize their



properties. Despite many computational investigations, the electronic state properties of BODIPY

dyes are not yet fully elucidated, and the accuracy of these calculations remains challenging.

1.2 Research goals
In this context, the thesis addresses the following points:

1. Understanding the activation and deactivation pathways upon photoexcitation of BODIPY dyes,
and determining the correlation between the differences in catalytic activity among different
BODIPY dyes by evaluating the relaxation pathways along the total energy profiles in both the
neutral and reduced BODIPY dye cycles.

2. Conducting a theoretical study about the photophysical properties of the BODIPY dye regarding
the relaxation rates associated with IC, ISC, and radiative emission, and disentangle the
different physical factors that influence these processes.

In the last chapter, the thesis diverges to a different application under the scope of renewable

energy: namely, down-conversion materials for perovskite solar cells. This involves the

investigation of the electronic structure of the corresponding materials and the simulation of the
photophysical spectra (absorption and emission), vertical excitation energies, in order to

understand the underlying aspects that affect their efficiency and interpret the experimental data.






Chapter 2: BODIPY: Photophysical Properties and
Role in H, Production

2.1 BODIPY scaffold and substituent effects

Figure 2.1: Unsubstituted BODIPY moiety.
The BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) core (Figure 2.1) has attracted
considerable attention in research due to its exceptional chemical plasticity, which allows
synthesis through various strategies and tailoring of its properties for specific functions.
Substituents, for example, can modulate its aromatic character, resulting in bathochromic or
hypsochromic spectral shifts, while others can reduce sensitivity to environmental factors
such as temperature and viscosity. As a result, the photophysical behavior of BODIPY
derivatives can be precisely tuned, facilitating processes including charge (electron) transfer,
energy transfer, and triplet-state population. In other words, through a rational molecular
design approach, BODIPY derivatives can be tailored to meet the specific requirements of
applications involving organic dyes. Substituents play a crucial role not only in maintaining
stability, for instance, by extending the lifetime of electronic states, but also in preventing

photodegradation of the molecule.

The potential of such structural modifications is well illustrated in renewable energy
applications. For example, a study [34] demonstrated that the performance of dye-sensitized
solar cells is strongly influenced by both the position of donor-group substitution and the
strength of their electron-donating ability. These factors enhance intermolecular charge
transfer (CT) by lowering the LUMO energy level. In particular, an N-methoxyphenyl carbazole
unit conjugated to a 2-cyanoacrylate BODIPY module exhibited the highest photovoltaic
performance, which was attributed to its broader absorption profile and improved light-

harvesting capacity in the visible region when adsorbed onto the TiO, surface. Francis D’Souza



et al. [35] demonstrated that incorporating BODIPY into a supramolecular triad (Ceolm—ZnP—
BODIPY) significantly enhances photoinduced electron transfer (PET). In this system, the
BODIPY unit acts as an efficient energy donor due to its strong spectral overlap with zinc
porphyrin, enabling rapid and high-yield energy transfer (kent = 9.2 x 10° s *1; the rate constant
for singlet—singlet energy transfer from BODIPY to ZnP, with @t = 0.83) to generate the
singlet-excited ZnP. This excited state subsequently transfers an electron to the fullerene
acceptor, producing a long-lived CS state (lifetime = 5 ns) with desirable absorption in the
near-infrared (~1000 nm). These results highlight how structural modification of BODIPY, by
integrating it with porphyrins and fullerenes, optimizes electron transfer, thereby improving
light-harvesting efficiency and enabling effective charge separation across the solar spectrum.
Another example [36] is the substitution of polydisperse polymers with soluble, conjugated
BODIPY derivatives, which enables independent tuning of key photovoltaic parameters such
as light absorption, open-circuit voltage, and hole transport. The control of these parameters
facilitates the fabrication of bulk heterojunction solar cells with broad absorption profiles and
smaller energy-level gaps. However, the efficiency achieved with BODIPY-based devices is still
outperformed by a cell employing an oligothiophene donor containing diketopyrrole, which

reached a power conversion efficiency of 3.0%.

BODIPY dyes are well known for their strong fluorescence across various solvents, attributed
to their rigid, planar, and aromatic structure as well as small Stokes shift (5-20 nm) [37], with
the first singlet excited state (S4) at 2.44 eV in ethanol [38]. The introduction of a phenyl
substituent at the meso position significantly reduces fluorescence (®f = 0.035 in
dichloromethane, 0.018 in methanol, S1 at 2.47 eV in dichloromethane, 2.49 eV in methanol)
[39]. The mechanism behind this fluorescence quenching has been explored through
semiempirical computations. This study [40] reveals the formation of metastable states and
non-radiative conformers from the optimized S state, leading to a biphasic lifetime decay. The
topology of the potential energy surface (PES) indicates that non-emissive behavior is
favorable, as a low-lying conical intersection between the ground state and the relaxed S;
state is accessible. Furthermore, the rotational energy barrier for the phenyl ring is small,
permitting free rotation together with a bending of the BODIPY core. Another study [41] has
reported that the optimal ground-state (So) geometry of this system features a phenyl ring

twisted by approximately 55° relative to the core. In contrast, the first excited-state (S)
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geometry is nearly planar, with the core-ring dihedral angle approaching 0°. The constrained
PES of the S state along the torsional coordinate in the gas phase was found to be significantly
flatter than that of So, with only a small barrier near 55°, suggesting that relaxation from
different excited-state conformations is possible. In methanol, the S; PES is red-shifted and
exhibits only two minima, located close to the So minima. This solvent-dependent behavior
has been interpreted as favoring nonradiative deactivation pathways over radiative decay in
polar environments. In contrast, in solvents of lower polarity, the influence of solvation on the
excited-state PES appears weaker, and the balance between radiative and nonradiative
processes is less well defined. The absorption spectrum computed with time-dependent
density functional theory (TDDFT) (BLYP, CAM-B3LYP) using the 6-311++G(2d,2p) basis set is
blue shifted compared to experimental data. The deviation originates from the incomplete
description of electron correlation with DFT; however, the long-range corrected functional
CAM-B3LYP performs better than the generalized gradient approximation functional BLYP
[41]. The attachment of methyl groups at the positions C1 and C7 of the BODIPY core or at the
para-positions of the phenyl group increases the quantum vyield of fluorescence (®f = 0.65 in
methanol, 0.93 in toluene) [38], leading to relatively long fluorescence lifetimes (>1 ns) [38].
The methyl substituents prevent the rotation of the phenyl, reducing the loss of energy
through non-radiative decay; however, it does not enhance the spin-orbit coupling (6.3 x 10*
cm) [42]. The inclusion of iodine at positions 2 and 6 induces a bathochromic shift (from 2.47
eV to 2.31 eV in toluene) and promotes ISC (kisc = 4 x 10° s!) [43]. The addition of further
iodine on para-phenyl decreases the fluorescence lifetime from 3.80 ns to 0.21 ns. The Kohn-
Sham orbitals for these molecules calculated with CAM-B3LYP reveal that S; and T1 correspond
to m-m* transitions, which indicates that an El-Sayed spin-orbit coupling (SOC) is not
considered as a possible ISC pathway in these systems. The optimized excited state geometries
of S; and Ti differ significantly near the meso-carbon for iodine-substituted BODIPY
compounds, in particular with a BODIPY-phenyl rotation angle going from 61.51° to 79.81°.
Moreover, a decrease in adiabatic energy difference between the S; and T states (from 1.57

eV to 1.45 eV) is also observed.

The introduction of heteroatoms such as nitrogen or sulfur into the BODIPY core via
electrophilic substitution has been shown to reduce fluorescence efficiency by activating PET

pathways. However, when these substituents interact with metal ions or under certain pH
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conditions, the PET process can be suppressed, thus maintaining the strong fluorescence
characteristic of BODIPY dyes [44]. An earlier investigation [45] reported that BODIPY
substituted with a phenyl-nitrogen dioxide group at the meso position exhibits strongly
guenched fluorescence in protic polar solvents (Or = 0.035 in ethanol, 0.014 in methanol, and
0.38 in tetrahydrofuran). The higher emission in tetrahydrofuran was attributed to
fluorescence from the locally excited state of the BODIPY core. In contrast, in highly polar
methanol, fluorescence is strongly quenched owing to stabilization of a weakly emissive

charge-transfer state, which facilitates nonradiative deactivation pathways.

For push—pull type BODIPY compounds [45], comparison of the frontier orbital energies of
donor and acceptor units is crucial for rationalizing electron transfer during the oxidative PET
pathway. In meso-phenyl-NO,-substituted BODIPYs, the nearly orthogonal arrangement of
the BODIPY and nitrophenyl units (dihedral angle = 88°) allows them to behave as independent
chromophores. Following photoexcitation of the BODIPY core, electron transfer from the
BODIPY LUMO to the nitrophenyl LUMO can generate a CS state, which either undergoes CR
or ISC via back electron transfer with spin inversion (radical-pair ISC mechanism). DFT
calculations, however, indicate that E(LUMOph-no2) > E(LUMOsgop), making the back electron
transfer energetically unfavorable, which explains the inefficient singlet oxygen (O,)
generation observed. Hu et al. [46] confirmed that the inclusion of NO, closer to the BODIPY
core increases the red-shift of the maximum absorption Ass. However, the increase in solvent
polarity causes a slight blue shift (S1 at 2.47 eV in acetonitrile, 2.45 eV in n-hexane) and
stabilizes the CS state. Moreover, the assessment of PET thermodynamic driving force reveals
some requirement for triplet state formation. However, these requirements are not satisfied
for BODIPY derivatives bearing EWG, since Egap(BODIPY) > Egap(EWG) and Eiumo(BODIPY) >
ELumo(EWG) upon photoexcitation of the BODIPY core [46]. The insertion of EDG (OMe, 1) on
the para phenyl does not affect the extinction coefficients; however, it induces a slight blue
shift and destabilizes the LUMO of the compounds, which increases the fluorescence quantum
yields and singlet oxygen production. DFT calculations, performed using PBE1PBE/6-
31+G(d,p), show an increase in the HOMO-LUMO gap going from EDG-BODIPY dyes to EWG-
BODIPY dyes by 0.2-0.6 eV (Figure 2.2). This in turn inhibits the electron transfer from the
LUMO of the excited BODIPY fluorophore to the LUMO of the benzene moiety and therefore

switches on the fluorescence of the BODIPY moiety [47].
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Figure 2.2: Energy level of substituted BODIPY dyes [48].
Computational studies at the M06-2X/6-31G(d,p) level indicate that the unpaired electron in
the reduced BODIPY core is primarily localized at the 8-position (= 32%) and to a lesser extent
at the 1,7-positions (= 24%) [37]. Substitution with either methyl or chloride groups has only
a minor influence, with spin density variations below 1%. The presence of a methyl group
makes the dye more difficult to reduce, shifting the reduction potential by roughly 100-150
mV toward more negative values. Systematic investigations into substitution effects on
BODIPY reduction potentials revealed that modification at the 3-position produces the largest
negative shift, followed by substitution at the 8- and 1-positions. In general, EWGs stabilize
the LUMO and thereby facilitate reduction, while EDGs destabilize the LUMO and impede
reduction. Bard and colleagues [49] demonstrated that the introduction of a cyano group at
the 8-position, through its inductive electron-withdrawing effect, lowers the reduction
potential by approximately 300 mV compared to a methyl-substituted analogue. In contrast,

strongly donating substituents such as diethylamine induce the reverse effect.

2.2 Halogenated BODIPY compounds

The ground state of the majority of organic molecules is a singlet, while the excited states are
either singlets or triplets. In theory, transitions between states with the same spin value are
permitted, but transitions between states with opposing spin values are forbidden. During
fluorescence, the spin-permitted radiative process deactivates S;1 to So and competes with
internal conversion and with intersystem crossing. As BODIPY dyes are fluorescent
compounds, they usually have relatively weak SOCs and, consequently, a low population rate

of the lowest triplet state.
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Several factors can be tuned in order to increase the SOCs and ISCs between singlet and triplet
states:
1. The SOC is proportional to Z* where Z is the atomic number. Therefore, the
introduction of heavy atoms will increase the SOCs (i.e., heavy atom effect).
2. If the singlet-triplet non-radiative transition is accompanied by a change in the orbital
characters (e.g., frmt* > 3nit*) the SOCs will likely be large (i.e., EI-Sayed rule).
3. The energy gap between the triplet and singlet states should be small (i.e., energy gap

law).

Organic photosensitizers with efficient ISC and stable triplet excited states play an essential
role in a variety of applications such as triplet-triplet annihilation upconversion, photodynamic
therapy, and hydrogen production. A prevalent strategy in the creation of such dyes is the
incorporation of heavy atoms (e.g., transition metals or halogens) that increase ISC through
SOC interactions. In recent years, other ISC enhancement strategies have emerged and are
actively investigated. Among them, exciton coupling and singlet fission, as well as the
production of triplet excited states by PET in heavy-atom-free molecules, have garnered
special interest since they permit the construction of photosensitizers with adjustable triplet

state and fluorescence quantum yields [50].

In theory, non-radiative processes may create a triplet state through either radical-pair ISC
due to exchange interaction corresponding to antibonding orbital overlap [51] or spin-orbit
CT. The latter happens if the system is compact and the donor and acceptor moieties involved
in CT are orthogonal. This leads to a change in orbital angular momentum during the
transition, which can be compensated by an electron spin-flip in order to satisfy the rule of
total angular momentum conservation. The radical-pair ISC is likely to take place in natural
photosynthetic reaction centers and in various electron donor-acceptor complexes with large
separation distances (e.g., > 15 A) and weak electronic coupling between the donor and
acceptor subunits. During this process, upon photoexcitation, a singlet CT state is created that
decays to an intermediate singlet CT state, followed by a triplet CT state [52]. For strong
electronic coupling, hyperfine structure is favored, leading to a direct conversion to the lowest
CR triplet state. Related to this concern, Wang et al. [53] compared two BODIPY-TEMPO dyads
with different linkers. The study reveals that the fluorescence of the BODIPY unit was

quenched in the dyads. The quantum yield for dyad 1 attained 29%, while for dyad 2 it is
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limited to 5%. The triplet-state lifetimes of the dyads were 190 and 62 ps, respectively.
Quantum yields of singlet oxygen formation for dyads 1 and 2 were estimated to be 14% and
56%, respectively. These results indicate that the second linker length is optimal for achieving

both efficient ISC and a stable triplet state [53].

For halogenated compounds, the presence of a high—atomic-number atom induces a
significant enhancement of spin-forbidden processes. In particular, incorporation of iodine at
the 2,6-positions of a BODIPY dye bearing a phthalimido or amino substituent on the
phenoxyoctyl group at the meso position leads to a marked increase in singlet oxygen
generation (OPa ~ 0.76), whereas unsubstituted BODIPY exhibits weak singlet oxygen
production (®a ~ 0.06) [54]. Another systematic study [55] has documented the increase of
the ISC rate constant for BODIPY scaffolds, incorporating iodine at the 2 and 6 positions to
reach a rate of 18.3 x 108 s, surpassing its equivalents with H, Kr, and Cl. This value is
approximate since it is assumed that vibrational, rotational, or collisional deactivation of the
S1 state is negligible in frozen matrices (T = 77 K). A correlation between the heavy atom effect
and the rate of generation of singlet oxygen was noticed, which is perfectly in line with
theoretical predictions for the halogenation effect [55]. This correlation has also been shown
to enhance hydrogen production in an experimental investigation [25] that aimed to assess
the effectiveness of BODIPY compounds as photosensitizers. The study unveiled an increase
in oxidation potential for iodinated dyads, which makes them active for H, production in acidic

aqueous solutions [25] compared to BODIPY compounds bearing hydrogen as a substituent.

In 2005, Nagano synthesized 2,6-diiodoBODIPY [56] as a photosensitizer for photodynamic
therapy, which can be considered one of the first investigations of the 2,6-diiodoBODIPY
compound. The latter was characterized by strong visible light absorption (molar absorption
coefficients € = 110 000 M~".cm™ at 535 nm) and a low fluorescence quantum yield (®¢ = 0.02
in methanol). Even though the triplet formation was not explicitly measured using nanosecond
transient absorption spectroscopy, the previous results and the high singlet oxygen (*0,) yield
indicate that the ISC process is efficient. Moreover, this compound exhibits low susceptibility

to being oxidized, which reflects good stability compared to Rose Bengal.
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Figure 2.3: 2,6-DiiodoBODIPY as the organic triplet photosensitizer [56].

2.3 BODIPY dyes in photocatalytic H, evolution

Several studies have reported the integration of BODIPY dyes as photosensitizers in solar-to-
hydrogen conversion systems; while some demonstrated good performance of the

architecture, others observed poor or negligible efficiency:

Previous investigations [25] showed H; production of about 930 and 622 umol after 6 hours
of irradiation from halogenated BODIPY scaffolds bearing 8-hydroxyl-quinoline or
phenylamine moiety at the meso-position, with cobaloxime as the catalyst and ascorbic acid
as the electron donor in the acidic aqueous solutions. It reveals that in basic conditions,
phenylamine functions as a donor and quenches the singlet or triplet BODIPY state
intramolecularly, which relaxes to the ground state and hinders electron transfer to the
catalyst, whereas in acidic solution, the protonation of the donor restricts intramolecular
electron transfer and promotes an intermolecular pathway from phenylamine to the catalyst.
This output exemplifies the effect of experimental conditions on H, formation. Similarly, Pat
Sabatini [57] reported a turnover number of ~700 for a homogeneous photocatalytic system,
with a BODIPY dye as the photosensitizer and triethanolamine (TEOA) as the SED in aqueous
organic media. Such systems are likely to operate via the reduction of the excited state of PS,
in which PS* is reduced by TEOA to form PS-, followed by oxidative quenching involving
electron transfer from PS™ to the catalyst. Quantum calculations reveal that the introduction
of halogen stabilizes the HOMO and LUMO levels, which also prolongs the lifetime of the

triplet states.

Dura et al. [58] succeeded in designing iodinated BODIPY dyes as photosensitizers in
multicomponent catalytic systems with comparable activity to organometallics, very long-
term stability by the introduction of a mesityl substituent, and maintaining functionality for
more than 10 days. This compound exhibits a transition at 550 nm and an overall volume of

H, produced higher than [{Pd(PPhs)Cl}.] [58].
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In reference [59], the incorporation of BODIPY units into a conjugated polymer backbone via
intramolecular connection alters their excited-state behavior. Indeed, while the unsubstituted
BODIPY unit has a conventional high fluorescence, the polymerized BODIPY dyes produce
wider and red-shifted absorption with quenched fluorescence, where electron transfer occurs
via a non-radiative process, manifested by high ISC quantum yield (®isc = 0.91) and long-lived
triplet state (lifetime = 61 ps). Measurements reveal that this process is mediated by a single
CT intermediate between the BODIPY chromophores and the conjugated backbone, which is
stabilized in polar solvents and facilitates triplet formation. The resulting long-lived triplet
state does not have a pure CT character; however, it is populated via a CT pathway. Under
visible-light irradiation (A > 420 nm), the BODIPY-based polymer acts as an efficient
chromophore and exhibits a redox potential sufficient to transfer electrons to the catalyst

(cobaloxime), thereby generating H, rates up to 319 pumol h™' g7'in THF/H,O mixtures.

Another study [60] examines two assemblies for photocatalytic H, generation. Assembly 1 is
a benzofuran[b]-annulated BODIPY bearing a thienyl-cyanoacrylic acid anchoring group,
whereas assembly 2 is a non-fused cyanoacrylic acid—substituted BODIPY. Both function as
photosensitizers in a heterogeneous system comprising TiO, as the electron conductor and
platinum nanoclusters as catalytic sites for proton reduction. The fused structure of assembly
1 stabilizes the HOMO and LUMO levels and results in a red-shifted absorption (Amax = 605
nm). TDDFT analysis assigns Amax to a HOMO-LUMO transition from the BODIPY core to the
binding group, which ensures an efficient electron transfer to TiO, and enhances

photostability. In contrast, assembly 2 undergoes rapid photobleaching.

The authors of reference [61] reported that the BODIPY—cobaloxime complexes, in which the
chromophore (BODIPY dye) and the cobaloxime catalytic unit are linked via a Co—N(pyridyl)
coordination bond, showed no photocatalytic turnover for H,. TDDFT calculations explained
this: upon photoexcitation, the 8th singlet excited state (Sg) is populated, corresponding to a
BODIPY-centered transition with electron density shifting from the BODIPY core to the pyridyl
fragment. However, this state rapidly undergoes non-adiabatic decay into dissociative states,
leading to rupture of the Co—N(pyridyl) bond. As a result, the complex falls apart instead of

transferring electrons to cobalt, and no H, is produced photochemically.
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Chapter 3: Literature Review on Quantum
Methods

3.1 Basic concepts in quantum mechanics

The foundations of quantum physics were established around the turn of the 20th century,
following a period during which macroscopic phenomena were sufficiently elucidated by
classical physics. The dynamics of mechanical systems were successfully interpreted using
Newton’s equations, while phenomena such as diffraction and interference were described in
terms of Maxwell’s equations of electromagnetism. However, inconsistencies began to
emerge when classical theories failed to align with certain experimental observations and
their theoretical predictions. The first major theoretical failure was the inability to explain the
spectral distribution of thermal radiation emitted by heated solids, a phenomenon commonly
modeled as blackbody radiation [62]. To address the problem of energy divergence at high
frequencies, Max Planck in 1900 proposed an empirical formula, assuming that
electromagnetic energy could only be emitted or absorbed in discrete quanta E = nhv, where
h = 6.626x1073* J.s is Planck's constant [63]. Building on Planck’s work, Albert Einstein
proposed that light itself consists of discrete energy packets, later termed photons. This
hypothesis successfully explained the photoelectric effect, the energy of electrons ejected
from a metal surface upon photoexcitation depends on the frequency of the incident light
rather than its intensity [64]. Einstein demonstrated that quantization applies not only to light
but also to atomic vibrations [65]. He employed this concept to explain the temperature-
dependent behavior of the specific heat of solids, thereby emphasizing the fundamental
significance of energy quantization within crystalline structures [66, 67]. Soon after, Niels Bohr
introduced the concepts of quantized energy levels and angular momentum to explain the
discrete spectral lines observed in the hydrogen atom [68]. His model addressed both the

stability of atomic orbits and the observed line spectra by postulating that angular momentum
is quantized, given by L. = nA, where i = % and n is a positive integer [69]. Later, Wilson and

Sommerfeld extended Bohr’'s model by imposing semiclassical quantization conditions on
each periodic degree of freedom through action integrals, known as the Wilson—-Sommerfeld

guantization conditions [70]. This extension enabled the description of electron motion as
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elliptical orbits and incorporated special relativistic effects, resulting in a more accurate

description of the fine structure in the hydrogen spectrum [71].

In modern quantum mechanics [72], the first postulate asserts that every classical observable
is represented by a Hermitian operator. When the latter acts on a wavefunction, it yields an
eigenvalue that corresponds to a measurable physical quantity, which is inherently
probabilistic. Operators that commute with the Hamiltonian are associated with conserved

quantities.

In the non-relativistic Schrodinger picture for hydrogen-like systems [72], the relevant
operators include the Hamiltonian H, the orbital angular momentum operator L2the spin
operator S2, and their projections L, and S, correspond to measurements of energy, orbital
angular momentum, spin, and angular momentum projections along the z-axis. To elaborate
further, the Schrodinger equation for hydrogen is analytically solvable due to the central
Coulomb potential. The wavefunction can be separated into an independent set of second-
order differential equations using spherical coordinates, which are: the radial part, which
ensures the quantization of the energy levels, while the angular and azimuthal parts describe
the shape and the orientation of the atomic orbitals [73]:
27r 1
Wy (5,0, §) ~ ¢ 1o (%r) 2 (%i) 3.)

The radial equation, solved using associated Laguerre polynomials, determines the
distribution of the electron’s probability density with distance from the nucleus and imposes
the condition 1 < n, where n is the principal quantum number, which determines the total
number of nodes of the wavefunction W, m, (1,8, ). The which determine

the shape of the atomic orbitals (s, p, d...) involve Legendre polynomials and impose the
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quantum condition |m; | <l. In equation (3.1), Z is the nuclear charge, a,= with p the

reduced mass of the electron-nucleus system, 1 is the orbital angular momentum quantum

number and m,; the magnetic quantum number.

For 1 # 0, the hyperfine perturbation, arising from the interaction between the electron's
magnetic moment and either an external magnetic field or the magnetic dipole moment of

the nucleus, leads to a splitting of the energy levels and thus effectively lifts their degeneracy.
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When spin—orbit interaction is included as a perturbation, the total angular momentum
operator ] = L + S becomes relevant and the observables L and S are no longer associated
with conserved quantities, thus new good quantum numbers are introduced ] and m;,
corresponding to the eigenvalues of j2 and J,. Indeed, when Lorentz invariance is imposed in
the relativistic formalism, the symmetry structure is extended from rotational invariance to

full Lorentz symmetry, so that only the total angular momentum T is conserved [74].

While the Schrodinger equation provides exact solutions for hydrogen in the form of single-
electron spin orbitals, these solutions also serve as a cornerstone for modeling the electronic
configurations of multi-electron atoms. Indeed, the quantum numbers n I, m; and mg remain
valid descriptors of atomic orbitals in polyelectronic atoms. However, these quantum
numbers are only approximate, because in real atoms the instantaneous electron—electron
interactions break the spherical symmetry of the Coulomb potential assumed in the non-

interacting model.

Electron configurations describe the distribution of electrons in an atom or molecule as a set
of filled orbitals. At this stage, all orbitals characterized by the same quantum number n and 1
remain degenerate regardless of the quantum number m;. The primitive intuition for
determining the ground state orbital is provided by the Aufbau principle [75], which proposes
that orbitals are filled in order of increasing n, with electrons with higher 1 (within the same n)
occupying the slightly higher sublevel. This rule takes into consideration the Pauli exclusion
principle, which asserts that fermions that have an identical set of quantum numbers cannot
occupy the same orbital sublevel. The Madelung rule introduces an improvement by assuming
that the orbitals are filled in increasing n + 1 order, starting from the smallest value of n.
However, some cases [76] are not handled by the Madelung rule, such as chromium and
copper, whose 3d levels are filled with 5 and 10 electrons, respectively. This anomaly is due
to the overlooking of spin-orbit coupling, which arises from relativistic effects where n and |
are no longer good quantum numbers (they do not commute with the total Hamiltonian).
Another shortcoming of the Madelung rule is that it does not account for the stability of the
structure, whereas Hund’s rule addresses this by predicting that, within a given subshell,
electrons are primarily distributed singly among the degenerate orbitals with parallel spins,
then paired up. This configuration tends to maximize spin multiplicity. For configurations with

parallel spins, the spatial wavefunctions are antisymmetric; hence, electrons avoid each other
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and the electron—electron repulsion decreases [77]. However, a recent study emphasizes that
the key factor for this decrease is increased electron—nuclear attraction caused by orbital
contraction and enhanced penetration toward the nucleus in the high-spin state [78], which
leads to a more stable electronic configuration. In the case of molecular oxygen (0;), the
presence of two unpaired electrons in antibonding orbitals explains its paramagnetism, a
feature predicted by Hund'’s rule. These principles not only determine atomic ground states
but also underpin the arrangement of the elements in the periodic table and provide a
foundation for theories of chemical bonding [79].

In general, the electronic configuration can be expressed using a mathematical formalism
known as the Slater determinant [72, 80]. This formalism ensures an antisymmetric
construction with respect to the exchange of electrons, thereby satisfying the Pauli exclusion
principle. Each Slater determinant corresponds to a unique electronic configuration; however,
the reverse is not necessarily true. Indeed, electronic configurations that exhibit degeneracy,
such as those with partially filled orbitals, must be described by a linear combination of single
Slater determinants in order to provide an accurate representation of the system.

LIJ1(X1) l|12(>(1) '~|JN(X1)
1 ¢1(X2) lIJZ(Xz) ‘~|JN(X2)_ (3.2)

W(xy, ) XN) = il : .
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While Hund’s rules provide a fundamental understanding of electron spin configurations and
multiplicity in atomic and simple molecules, particularly for determining the ground state,
they are insufficient for predicting the physical properties of molecular structures such as
orbital energies and electron delocalization. The Hiickel Molecular Orbital theory offers a first
step beyond Hund’s qualitative framework by introducing a tight-binding approximation
specific to m-electrons in conjugated planar molecules. By entirely neglecting electron—
electron interactions due to their intractable nature and applying the variational method,
Hiickel effectively reduces the many-electron Schrodinger equation to a one-electron
eigenvalue problem for m molecular orbitals [62]. Despite its simplicity, the Hlickel method
successfully captures key qualitative features of conjugated systems, offering insight into
aromaticity, m-electron delocalization, and the resonance character of the molecule. To refine
this approximation, the Pariser—Parr—Pople method extends the Hickel framework by

partially incorporating electron—electron repulsion [81]. This is achieved by including the

influence of inner-shell electrons through an effective core potential, analogous to the
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concept of screening in atomic structure, wherein the valence m-electrons move within a
smeared-out potential generated by both the nucleus and inner electrons. All of these
approximations, including more sophisticated extensions, are formulated within the

framework of the Born—Oppenheimer approximation.

3.2 Born—Oppenheimer approximation

The fourth postulate of quantum mechanics states that the time-dependent Schrodinger

equation describes how the quantum state of a system evolves over time. It is written as,

0 - . L =
ih~ |¥(t % R)) = H|¥(t % R)) (3.3)
where H is the hermitian Hamiltonian operator corresponding to the exact total energy of
the system, accounting for all particles and their interactions. The state vector lP(t, T, ﬁ)
represents the time-dependent wavefunction of the system, containing all information about
the quantum state as a function of time t, of electronic coordinates T and of nuclear

. —_
coordinates R.

In molecular systems, the wavefunction evolves in a stationary manner, multiplied by a time-
dependent phase factor that does not affect observable quantities such as position,
momentum, or energy. Consequently, the time-independent Schrédinger equation can be

expressed as:

H|W(%R)) = Eror| ¥(%. R)) (3.4)
In equation (3.4), E;,: denotes the total energy of the system.
The non-relativistic Hamiltonian for a system of electrons and nuclei can be expressed in

atomic units as:

H=T. + Ty + Ve + Ve + Vi
=T, +T,+VER)
N Moo N oMo NN M M
BRI SDIDI DI DIPIE e 3
im1 AmL O S Aaa TS Al fsa NaB

In the preceding equation (3.5), Z, denotes the atomic number of nucleus A and M, its mass
as a ratio to the electron mass. The operators V4 and V? are Laplacians with respect to the
coordinates of the A-th nucleus and the i-th electron, respectively. The Hamiltonian consists

of five terms, listed from left to right: Te, the kinetic energy operator of the electrons; Tn, the
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kinetic energy operator of the nuclei; V.., the Coulomb attraction between electrons and
nuclei; and V,,, V., represent the Coulomb repulsion between electrons and between nuclei,

respectively.

The Born-Oppenheimer approach (BO) [82] aims to provide an approximate solution to the
Schrodinger equation for systems with multiple degrees of freedom. The BO ansatz introduces
a separation between nuclear and electronic motion, based on the fact that electrons move
much faster than nuclei. As a result, the electronic configuration adjusts instantaneously to

changes in nuclear positions. The total wavefunction is expanded in terms of a complete,
orthogonal set of electronic eigenstates ljji(F, ﬁ) that depend parametrically on the nuclear
coordinates R. The expansion coefficients are proportional to the nuclear wavefunction

CDn,i(_R)), which describes vibrational and rotational motion.

|9 (& R)) = Z |®05(R)) i (2 K)) (3.6)

For a stationary nuclear position ﬁ, the electronic Hamiltonian can be solved by treating the

nuclear kinetic energy as a constant.

(T + V@& B)|Wi(E R)) = E®) | (B R) ;i = 1,2, ..., 00 (3.7)
E,(ﬁ) corresponds to the electronic energy of the system in the state labeled by the electronic

guantum number i.

This relation ensures the orthogonality of the electronic states, expressed as:

At this stage, the total wavefunction expression is plugged into the Schrédinger equation in

order to determine the nuclear equation:

D @t Ty + VG R @i (RN R)) = Bror ) [@05(R)) (7 ) 3.9)
i=1 i=1

The nuclear Laplacian with respect to nucleus A distributes over the product q)n,i(ﬁ)llji(ﬁ ﬁ)

as follows:

V% (@ni(R)Wi(7.R)) = ©43(VaW) + 2(Va®s,) - (Vat) + (Va0 )W (3.10)
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We multiply equation (3.9) from the left by Lbf(?,ﬁ) and integrate over the electronic

coordinates. Taking into account the orthonormality of the wavefunctions, this yields:

Ta®nj + Ej®p; + Z Uy = Eror@nj (3.11)

i=1
The term Ulll’j describes the coupling between electronic wavefunctions. These couplings are
known as the first (2(;|Val;)(Va®Py;)) and second ((y;|V4|w;) @, ;) non-adiabatic matrix

elements, corresponding to the cases where i # j.

Within the adiabatic approximation, each molecular wavefunction is confined to a single
potential energy surface. Thus, only the diagonal terms (i =j) of the coupling matrix
contribute, which implies that the first-order non-adiabatic coupling terms vanish, assuming

no spatial degeneracy between the electronic states.

(T + E + (U] VA| i) )®nj = Ecor®n; (3.12)
In the BO approximation, the nuclei are much heavier than the electrons. As a result, the
second derivative of the electronic wavefunction with respect to the nuclear coordinates R is

neglected.

The resulting nuclear Schrédinger equation is:

(Ta + Ei(R)) @ (R) = Ecor®(R) (3.13)
This equation describes the motion of the nuclei on a restricted PES associated with the
electronic state j. The function @, ; represents the nuclear wavefunction, and its solutions
correspond to quantized vibrational and rotational energy levels of the molecule; typically,
the vibrational states are obtained within the harmonic oscillator approximation near the
equilibrium geometry. The electronic Schrédinger equation determines the electron

distribution and the PES at each stationary position R.

Despite being a foundational paradigm for variational and approximate quantum chemical
methods, facilitating the calculation of molecular properties such as structural optimization,
vibrational frequencies, and excited-state characteristics for modern chemistry and enabling
the determination of the exact Schrédinger solution for H and one electron system [83], the
BO approximation has inherent limitations. The adiabatic approach begins to fail when two

electronic states (i.e., solutions to the electronic Schrédinger equation) become degenerate,
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resulting in an intersection or near-intersection of their corresponding PES. This breakdown,
often observed in regions of strong non-adiabatic coupling, can be mitigated through the use
of diabatic representations, such as the Mulliken—Hush diabatization scheme [84].
Furthermore, the BO approximation encounters significant challenges when applied to
continuum states, where the assumptions underlying the separation of nuclear and electronic

motion no longer hold [85].

3.3 Hartree-Fock method

Hartree—Fock theory (HF) is a variational approach that typically yields moderately reliable
electronic-structure predictions [86] and serves as a baseline for more advanced electronic
structure methods [87, 88]. However, it is generally outperformed by Density Functional

Theory in terms of accuracy and computational demands [62, 89].

3.3.1 Variational method

The variational approach [82] is a fundamental method in quantum mechanics [90], although
it is not universally applicable to all approximation schemes (MP2, CC). It states that the
energy of a trial wavefunction should be higher than or equal to the exact ground state energy,
regardless of whether the ground state is degenerate or non-degenerate. This principle
ensures that the estimated energy does not diverge to unphysical values, such as infinity. In
contrast to perturbative methods, wherein the correction of the reference state in highly
perturbed systems can be problematic, the bound nature of the variational method enables a

systematic improvement of the wavefunction to obtain a better estimation of the energy.
3.3.2 Hartree-Fock methodology

Whereas Hickel theory [82, 88] neglect electron-electron interactions to solve the
Schrédinger equation, the Hartree approximation includes these interactions in an average
way. It simplifies the many-electron wave function into a product of spin orbitals with

decoupled degrees of freedom, where each electron moves in an average potential field

created by the other electrons i # j:

pHartree (v Xa, o Xn) = Wi xO)W;(x2) -+ Pe(xn) (3.14)

26



In the first step, a non-interacting system is considered, in which the total Hamiltonian can be
separated into a sum of single-electron Hamiltonians. This approximation ensures the

feasibility of the Hartree method:

N
H= H®) (3.15)
2

Here, the spin orbitals {1 (x;)} form a set of eigenfunctions of the one-electron Hamiltonian

H(i), such that :

HOY; (1) = & (x;) (3.16)

Thus, the total energy of a system with N electrons is given by: Etgr = Z]N g

A key weakness of equation (3.14) is that it violates the Pauli exclusion principle, which
requires the total spin—orbital wavefunction to be antisymmetric with respect to the exchange
of any two electrons. While the spatial part of the wavefunction may be symmetric, the full
wavefunction, including spin, must be antisymmetric to accurately describe fermions such as

electrons, equation (3.2).

Although the HF method is generally formulated for multi-electron systems, it is often first
illustrated using the hydrogen molecule (H,) due to the simplicity of the Slater determinant in
this case [91]. In this context, we consider only electronic motion, under the BO approximation

in atomic units,

=H1) +H®) + 1 (3.17)
Iz

where H(1) is the operator related to the kinetic energy of electron 1 and its electrostatic

. . . . 1. .
interaction with nuclei, and — s the electron—electron repulsion operator.
12

The first step is the evaluation of the average energy in the ground state (¥, |H|¥,):
<1p0|ﬁ(1)|lp0> = <lp0|ﬁ(2)|lpo)

R 1 3.18
(9 etz 2) = W G 62))| LCD) |5 (4 Gt ) = WG ) (318)

1
= [ dx,dx, [\/_f
Evolving the expression and integrating over x, results in the elimination of some terms

(either 1 or 0) due to the orthogonality of the orbitals. Thus:
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<qjo|ﬁ(1)|q’0> = [ dxq i ) HY; (x1) + [ dxq 5 ) HD W, (x,) (3.19)

The evaluation of the expectation value of the operator ry; yields:

* 1
(lpo|r1_21|lpo) = f dx, dx, (4’1 EDW2(x2) — W (X)W (Xz))] 1'1_21 [\/_i (Llh GOW2(xz) — U, (X1)¢1(X2))]

[L
N
1
= Ef dxy dx, {5 (%) W5 ()17 Wg (xOW2 (X2) + W3 (X)W (X117 W (x5 (X2)
—Ui(x)W5 (Xz)rlelljz X1 (xz) — Wz (x W1 (Xz)r1_21‘~|11 )2 (x2)}-

(3.20)

Since the electrons are indistinguishable and r;, = r;,, interchanging the integration
variables x; and x, demonstrates that the first and second terms are equal, as are the third

and fourth terms. This results in a simplification of the equation (3.20):

<Lp0|r1_21|kp0> = f dx;dx, 3 (X1)¢§ (Xz)rleqh (X1)¢'2 (Xz)

* * -1 (3'21)
_f dxq dx, P () ()15 o (x4 g (x2)

The first term, |,,, is the Coulomb integral, which represents the classical electrostatic

repulsion between the charge distributions of electrons 1 and 2, while the second term K, is

the exchange integral, which arises from the exchange of electrons in the Slater determinant

expansion. It enforces that two electrons with the same spin cannot occupy the same spatial

orbital, serving as a correction to the Coulomb interaction due to the Pauli exclusion principle.

Thus, the total energy of the H, molecule can be expressed as:

E= 2H11 + ]12 - Klz (3.22)

This expression can be extended to a closed-shell molecule with 2n electrons:

n n n
i=1 i=1 j=1

For a doubly occupied spatial orbital I, 2H;; is the sum of the electronic kinetic energy and
the electron—nucleus potential energy contributed by the two electrons of opposite spin (a
and B) in that orbital. The factor 2Jj; is the Coulomb repulsion between the charge densities
of the electrons (1 and 2) occupying the spatial orbitals ;(1) and ;(2). The energy

expression does not sum over individual electron pairs; instead, it integrates over continuous
electron densities, so each electron interacts with the averaged charge cloud of the other

occupied orbital, equation (3.21). Kj; represents the exchange energy that arises from the

antisymmetric character of the many-electron wavefunction; it has no classical analogue.

A quantum system naturally favors stability, with its electronic configuration filled from the

lowest energy state upwards. Since the total energy of an approximate wavefunction is
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typically too high, minimizing the expectation value of the Hamiltonian provides an upper
bound for the exact ground state energy. The average energy is minimized with respect to the
molecular orbitals { or the atomic orbital coefficients, under the constraint that orbital
orthogonality is preserved [62]. This can be achieved by introducing Lagrange multipliers,
where §;; represents the overlap between orbitals i and j (i.e., Sjj, typically 0 or 1 for

orthonormal orbitals). The constraint is expressed in the Lagrangian formalism as:

n n
L=E+ z z Li]-(Si]- - 81]) = constant. (3.24)

i=1 j=1
Upon performing the variational minimization with respect to the molecular orbitals and then
diagonalizing the resulting matrix, the calculation yields a set of pseudo-eigenvalue equations.
These are referred to as pseudo-eigenvalue equations because the Hartree-Fock operator
depends on the orbitals upon which it acts, making the problem inherently nonlinear and self-

consistent.

Fy; (1) = g (1) (3.25)
The Fock operator F(1) in the HF formalism acts on the spin orbital y;;(1), where (1) refers
to the coordinates of electron 1, which occupies the orbital ;. It can be expressed in terms

of the one-electron Hamiltonian h(1), the Coulomb operators jj(l), and the exchange

operators K]-(l).

F(OY;(1) = h(Dy; (D) + Z [J; (DW; (1) = Ky (D (1)] (3.26)
=
The operators are explicitly written as:
(DY) = (—%V% -> rZ—A> e (3.27)
. Taa
O = [ 4@ @] ) .28
RO = [ )@k | i) (3.29)

In principle, the molecular orbitals and their energies can be determined iteratively, based on
equation (3.26). The process begins with an initial guess for the orbitals, which serves as the

zeroth approximation. The Fock operator is applied to this guess to calculate the
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corresponding energy, from which improved orbitals are obtained. These updated orbitals are
then reintroduced into the Fock operator to yield successive values of the energies ¢ and

orbitals ;. This cycle continues until the values of € and { no longer change.

In the restricted configuration approach, there are n molecular orbitals used to describe 2n
electrons, where each molecular orbital can be expressed as a linear combination of m atomic
orbitals. These atomic orbitals are typically centered on the nuclei, normalized, and linearly

independent, but they are generally not orthogonal to one another.

Each molecular orbital Y is written as:

m

i = z CsiPs (3.30)

s=1
Substituting the molecular orbital expansion into the set of Fock equations, and then
multiplying each resulting equation on the left by ¢y forr = 1, ..., m, followed by integration

over all electronic coordinates, yields a set of m*m equations,

m

m
z Csikrs = z CsnSrsEi (3.31)

s=1 s=1
where i =1, ..., m corresponds to each molecular orbital level.

The Fock matrix elements and overlap integrals are given by:

Frs = | ®iFdpgdx, and Sy = [ Diddx, (3.32)
Given a well-defined atomic-orbital basis set, solving the HF equations provides the molecular
orbital coefficients (and their associated orbital energies), and then the resulting

wavefunction can be used to calculate various molecular properties.

A key drawback of the generalized eigenvalue equation is that it does not follow the standard
form. Since the atomic basis functions are not orthonormal (being centered on different

nuclei), the overlap matrix S must be orthogonalized,

orthogonalization

HC = SCe - H'C' =(C's (3.33)

1 1 1 1
with C' = SzCand S 2HS 2 = H'. However, computing S™ 2 directly is non-trivial. Instead, S is

diagonalized as S = PDP~1, where P is the eigenvector matrix and D is diagonal.

30



The Fock matrix elements F.; depend on the molecular orbitals y;, and thus on the

coefficients C and the atomic basis functions ¢,.. The explicit form is:

= (e (D[H (D)5 (D) + Z [2{:D[J; D[ (D) = (e DI D] ps(D)]  (3.39)
j=1

The first term is not changed since it contains only the kinetic energy operator, the nuclear
charges, and the coordinates of the electron, whereas the second and the third terms can be
extended by replacing each molecular orbital Y5 by its linear combination of atomic orbitals

¢; (equation (3.30)) in equations (3.28) and (3.29), this yields:

SR (Db (Db (2) by (2

(& (Df;(D]bs(D) :z Z cicul DL (r)jt( SO 4, (3.35)
t=1 u=1

<¢r(1)|K (1)|¢s(1) ; UZ cé‘jcu]-ff cl)?(l)cl)u(lr)lj)é‘(Z)d)s(Z) dx,dx, (3.36)

These terms (3.35) and (3.36) are called two-electron integrals over molecular orbitals and

involve four basis functions centered on the nuclei.

By substituting the latter terms into expression (3.31), one obtains the Roothaan equation
(3.37), which serves as the principal framework for optimizing molecular structures and
estimating the system's minimum total energy. After supplying the program with a proposed
set of basis functions, each integral in the Fock matrix F.g is computed. Subsequently, the
orthogonalization of the overlap matrix is performed, leading to the formulation of the
standard eigenvalue problem F[; (equation (3.33)). Diagonalizing F.¢ yields an initial
approximation of the energy eigenvalues and the corresponding eigenvectors. If the resulting
density matrix differs from the initial guess, the procedure is iterated until self-consistency is

achieved and convergence is reached.

F.o = HEO™e (1) + Z Z P, [(rsltu) —%(rults) (3.37)

t=1 u=1

In equation (3.37), P, is the density matrix.

Geometry optimization can yield misleading results when a saddle point on the PES is
mistakenly identified as a minimum. To correctly characterize stationary points, it is essential
to evaluate both the gradient (e.g., root-mean-square force) and the Hessian matrix. At the

HF level, this involves differentiating the Roothaan equations with respect to nuclear
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coordinates or expansion coefficients, using the Hellmann—Feynman theorem to compute the
forces.

0F s

H-F _ 1_p|
& < 9R,

Lp> (3.38)

Equation (3.38) yields the contribution to the force acting on nucleus A, while the second

derivative,

90%F,
H= BT{>0 (3.39)

It enters the electronic part of the total Hessian matrix. This second derivative is critical for
vibrational analysis and for verifying that a stationary point corresponds to a true energy
minimum rather than a saddle point.

Several iterative methods exist to update nuclear coordinates for energy minimization on the
PES [82]. The Quasi-Newton method (QN), often implemented within a Raphson-type
framework, is a prominent example. It constructs an approximate local quadratic model of the
PES around the current geometry using data from previous iterations (energy, gradient and
often an approximate Hessian matrix). This model predicts the step displacement AR, =
—Hj;1gH~F towards the estimated minimum. While QN methods are highly efficient in terms
of convergence rate near the minimum and generally more accurate than simpler methods
due to their use of curvature information, they are computationally more expensive per
iteration than the Steepest Descent method. This expense arises primarily from the need to

build, update, and invert (or solve linear equations involving) the Hessian approximation.

3.4 Basis set

A molecule consists of atoms bonded together. When isolated, atoms occupy atomic orbitals,
and their electron configurations follow Hund’s rule and the Aufbau principle. When atoms
combine, their atomic orbitals overlap and interact. This interaction leads to constructive
interference (forming bonding molecular orbitals) and destructive interference (forming
antibonding molecular orbitals). The wavefunctions of atomic orbitals, which describe the
electronic behavior of electrons within a specific physical system, are explicitly represented
by mathematical functions known as basis sets. The latter are used to approximate the

molecular orbitals.
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The earliest basis sets in quantum chemistry were the eigenfunctions of the hydrogen-atom
Hamiltonian, chosen for their analytical simplicity. For elements in the first and second rows
of the periodic table, these basis functions typically consist of hydrogen-like s and p orbitals
[92]. One of the simplest models, the Hiickel basis set, employs only p-type orbitals to

construct m orbitals [82]. These functions, known as Slater-type orbitals, scale as:

P(r) o e~¢r-Ral (3.40)
where ( is the Slater orbital exponent and |r — R,| is the distance of the electron from

nucleus.

Although physically accurate, STOs functions present significant computational challenges,
particularly in evaluating two-electron integrals. In 1950, Boys proposed replacing Slater-type

orbitals with Gaussian-type orbitals of the form [93]:

P(r) o e r-Ral® (3.41)
The product of two Gaussians centered on different nuclei is itself a Gaussian, which simplifies
the evaluation of molecular integrals. To overcome the limitations of Gaussian orbitals in
describing the correct radial behavior, contracted Gaussian functions were introduced. These
are linear combinations of primitive Gaussian functions with carefully chosen contraction
coefficients, optimized to approximate the shape of Slater-type orbitals. For example, a single
STO can be represented using several 1s Gaussian primitives with suitable contraction
coefficients. These basis sets combine the computational efficiency of Gaussians with the

physical accuracy of Slater orbitals.

The performance of a basis set attains high accuracy when it satisfies two conditions: (1)
completeness to describe atomic orbital structures correctly, and (2) the ability to capture all

physical effects influencing molecular orbitals (e.g., polarizability, electron affinity).
Basis sets can be classified into several groups:

STO-3G [62, 94] is a minimal basis set in which chemical bonding is described by a contracted
Gaussian basis set formed from primitive Gaussian functions, all weighted with the same «
exponent for both core and valence shells. Minimal basis sets lack the accuracy and flexibility
to represent electron density distribution between nuclei in chemical bonds. To improve the

self-consistent field (SCF) flexibility, the valence shell can be split into inner and outer
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components with different orbital exponents. For example, the STO for a 2s atomic orbital is

written as:

W5 (1) = Y330 (1, §) + A3 (1, §,) (3.42)

where A consists of the weight of the contribution.

Similarly, in a double-zeta basis set, each valence atomic orbital is represented by two basis
functions with different orbital exponents: one more contracted and one more diffuse. This
splitting increases the flexibility of the orbital description while still allowing a linear
parametrization of the basis functions [56]. Beyond this, polarized basis sets are constructed
by adding orbitals with higher angular momentum quantum numbers (1) to account for the
distortion of electron density caused by bonding with other atoms. For example, adding a set
of d functions to the 6-31G(d) basis set for carbon and oxygen improves the representation of

molecular properties in alcohol-based molecules [95].

Moreover, species such as anions, hydrogen-bonded dimers, weakly bound supramolecular
assemblies, and molecules containing lone electron pairs exhibit pronounced electron density
at large distances from the nuclei [96]. To compute this, additional Gaussian functions with
small exponents are included to slow the decay of the wavefunction far from the nuclei. This
is indicated by “+” for heavy atoms only, and “++” for both heavy and hydrogen atoms (e.g.,
6-31++G) [97]. For structures containing elements from the third row of the periodic table,
evaluation of two-electron repulsion integrals can be tedious due to the large number of
electrons. To simplify the simulation, a one-electron Fock operator is used to account for the
average effect of core electrons on the valence electrons; this is known as an effective core

potential basis set [98].

Large basis sets of triple- or quadruple-zeta type, such as def2-TZVP or def2-QZVP, offer
superior accuracy by incorporating extensive polarization and diffuse functions, which allow
for more precise modeling of electron distribution effects. However, they come with a
significant increase in computational cost. Thus, their use is most justified when high precision

is required [99].

3.5 Correlation energy

The HF method treats each electron as moving in the mean Coulomb field generated by all

other electrons. While the exchange interaction, arising from the Pauli exclusion principle,
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incorporates correlation between electrons of the same spin (the Fermi hole), it omits the
correlated motion of electron pairs, particularly those with opposite spin. The correlation

energy can be defined as follows:

Ecorr = Eexact — Enr (3.43)
The impact of electron correlation can vary substantially depending on the electronic
structure. For the N, molecule, it accounts for only about 0.5% of the total electronic energy
at the ground-state equilibrium geometry, yet it contributes nearly 50% of the binding energy
[100]. Improving upon the HF method requires understanding the distinct forms of correlation

underlying these discrepancies.

Dynamical correlation stems from instantaneous Coulomb repulsion between electrons, and
its magnitude decreases exponentially with increasing bond length [101]. Static correlation
occurs when multiple quantum states have the same electronic energy but different quantum
numbers (degenerate states). In such cases, HF cannot determine which state should be
occupied, and its single-determinant description fails. Therefore, a multideterminant
treatment is required. Static correlation commonly appears in bond dissociation [102], in d/f-
block elements, block metallic elements [103] and the equilibrium geometries of systems such

as acenes [104].

Transitioning from a closed-shell to an open-shell description via the unrestricted Hartree—
Fock (UHF) method improves the treatment of near-degenerate systems and singlet diradicals.
UHF allows a and [ electrons to occupy different spatial orbitals, capturing correlation effects

absent in restricted Hartree—Fock (RHF).

In the RHF approach, the electrons in H, are restricted to occupy the same bonding orbital, an
assumption that works reasonably well near the equilibrium geometry but fails at dissociation,

where strong static correlation becomes significant.

In the ground state of H,, the paired electrons occupy the bonding molecular orbital,

1
o= NG [ba + P (3.44)

where ¢, and ¢y are the 1s type function on hydrogen A and B, respectively. The HF ground-
state wavefunction s, is then constructed as a product of two such o orbitals (one for each

electron) and the singlet spin function:
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Yo = % 6o [a(DB2) - Ba(2)] (3.45)

The spatial molecular part expands as:

1 da()Pa(F2) + da(F)dp(Fs)
2 +pp () da(Fr) + dp (T Pp(Fy)

The ionic terms ¢ (F)da(F,) and ¢pg(F)Pg(F,) do indeed represent both electrons

o(to(ry) = (3.46)

localized on the same atom, while the covalent terms ¢, (F)dpg(¥,) and dg(F)da(T,)
represent electrons on different atoms. Upon bond dissociation, the ionic terms become
unphysical, leading to an overestimation of the energy within the HF approximation.

The correct dissociation limit of the singlet wavefunction is:

1
5 [0a(Dbp(2) + dp(F) P2 N[a(DB(2) — B(Da(2)] (3.47)

In the UHF approach for H,, the occupied orbitals for o and 3-spin electrons are expressed as

linear combinations of the RHF bonding and antibonding molecular orbitals [91]:

Y* = —sinBo, +cosBo_

3.48
Y# =sinBo, +cosBo_ ( )
Here O is a variational parameter that determines the optimal mixing of bonding and

antibonding orbitals to minimize the total UHF energy.

The orbital mixing described above allows UHF to capture static correlation effects,
particularly in the dissociation limit. However, the resulting UHF wavefunction is generally not
an eigenfunction of the total spin-squared operator S2, where S is the total spin angular
momentum. As a result, the expectation value < S2 > is typically larger than the value for a
pure spin state, a phenomenon known as spin contamination. This contamination arises from
the mixture with higher-spin components. To address this problem, projection operator
techniques can be applied to the UHF wavefunction, yielding a spin-adapted form whose <

S2 > more closely matches the exact S(S + 1)#A2 result for the pure spin state [73].

3.6 MP2 correction

One of the earliest methods developed to account for dynamical electron correlation was
introduced by Mgller and Plesset in 1934 [105]. This approach, known as Mgller—Plesset
perturbation theory (MPn), applies Rayleigh—Schrodinger perturbation theory to the

electronic Hamiltonian. The index n denotes the order of the perturbation, typically ranging
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from 2 to 6. In this framework, electron correlation is treated as a perturbative correction to
the HF reference, allowing electrons to be excited from occupied to virtual molecular orbitals.
These excitations enable a more accurate description of the electronic structure, as they
reduce the electron-electron repulsion and stabilize the system. The total Hamiltonian is thus
expressed as the sum of the unperturbed HF Hamiltonian, defined by the Roothaan equations,

and a perturbative correction that captures correlation effects.

H=H, +2AH, (3.49)
where 1 is a scaling factor for the perturbative Hamiltonian H;. The zeroth order Hamiltonian
operator FIO is considered to be the sum of one-electron Fock operators for non-interacting

system:

N N
Ho = z H;; + z VHE (1) (3.50)
i i

When applied to the unperturbed HF wavefunction FIO yields the sum of the occupied orbital
energies, equal to:

occ

How© = z &P (3.51)
i
The zeroth-order energy, E(()O), corresponds to the sum of the one-electron energies

associated with the occupied spin orbitals.

occ

E® = z & (3.52)

i
However, this summation counts the electron—electron repulsion twice and therefore
requires correction when evaluating the total HF energy.

In general, the perturbative correction can be expressed as:

ﬁl = ﬁ - ﬁo
occ occ 1 occ occ
o 3.53
H, = E E T é § (]ij - Kij) ( )
=1 &= 1jj - -
i g>i i j

The first-order correction to the energy is written as:

ESY = (WoHy W)

0CC occ

=% Z ri” Fo| =1%o Z Z (i — Kij) | %o (3.54)
T 5

i<j
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Using the Slater—Condon rule for the exact electron—electron repulsion operator, the equation

becomes:
1
B =5 Cilil = i - ) (il - L)
T . T
= -2 (il = [iljiD (3.55)
ij
1

— _ _yHF

— 2\/
where [ii|jj] is the Coulomb integral and [ij|ji] is the exchange integral.

Thus, the first-order energy correction in HF theory accounts for the electron—electron

repulsion in a way that avoids double counting.

To account for electron correlation beyond the mean-field approximation, the method
employs second-order Mgller—Plesset (MP2) perturbation theory, which describes the
contribution of configurations generated by the excitation of one or more electrons. In this
framework, an excited Slater determinant is formed by substituting one or more occupied
orbitals in the HF determinant with virtual orbitals. The second-order energy correction is then
given by:

KA

2 _
E() - E(O) _ EéO)

(3.56)

a*0

where ‘P(EO) is a Slater determinant representing an excitation relative to ¥,,.

According to Brillouin’s theorem, the off-diagonal elements of the Fock matrix between the
reference determinant and any singly excited determinant vanish. This occurs because the HF
determinant is an eigenfunction of the Fock operator, and the molecular orbitals are

orthonormal. Thus:

(Wo|Hy|W2) =0 (3.57)
Consequently, MPn theory does not include contributions from singly excited configurations
(whether singlet or triplet), as their coupling with the HF reference vanishes by Brillouin’s
theorem. In MP2, the first-order correction to the wavefunction, and thus the second-order
correction to the energy, arises solely from doubly excitations, corresponding to simultaneous

electron transitions from occupied orbitals i, j to virtual orbitals 1, s.

The excited-state wavefunction is represented as a sum over doubly excited configurations:
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=D > |usl (3.58)

a*0 i<j I<s

where the summation is restricted such that each electron is counted only once.

Thus, the second correction is expressed as:

occ vir lS Is
‘P Hy | ‘P Hq|W
E(Z) 5 § 0| | Elsl | 0) (3.59)
i<j I<s

where E}]S = g + & — & — ¢ denotes the orbital energy difference associated with an

electronic transition from occupied orbitals i, j to virtual orbitals 1, s, as approximated by

Koopmans’ theorem.

Using Dirac bra—ket notation for the antisymmetrized two-electron integrals, the second-

order energy correction can be written as:

. . . . 2
@ |< lilsj > —< lj|si > |
Bo” = z (3.60)
i<] I<s &t & ~ & — §
The overall MP2 energy is:
Eg/lpz — E(()O) + E(()l) + E(()Z)
(3.61)

1
_ @
— EVHF +E,

A key limitation of MPn theory is its poor treatment of static correlation, such as the energy
associated with homolytic bond dissociation into two radicals [88]. In such cases, the
reference wavefunction is strongly multiconfigurational, and the correlation cannot be
treated as a small perturbation. Even the description of dynamical correlation in open-shell
systems can lead to significant spin contamination [106]. Moreover, because MPn methods
are non-variational, the computed total energy may fall below the exact ground-state energy,
yielding positive rather than consistently negative corrections. Finally, the computational cost
increases steeply with perturbation order, rendering higher-order MPn methods

computationally demanding.

3.7 Coupled cluster method

Coupled cluster (CC) theory was first developed in nuclear physics and later extended to
guantum chemistry. Its key advantage is the ability to capture all types of electron correlation

(single, double, triple, quadruple, etc), analogous to full configuration interaction (FCI) when
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all excitations are included. In CC theory, the wavefunction is expressed as an exponential
expansion of a reference wavefunction, ensuring size extensivity with respect to the number
of electrons[89], in contrast to FCl, which employs a linear combination of electronic

configurations.

Wee = €T, (3.62)
The cluster operator is T a non-Hermitian excitation operator expressed using creation (at)

and annihilation (a) operators within the second quantization formalism, analogous to the

harmonic oscillator framework.

occ vir
To =) ). ol

oc:: vii (3.63)
To=) > dhuf

i<j I<s

In equation (3.63), t% and tlls are the amplitudes for single and double excitations, respectively.
It can be extended to higher excitation order in a similar way.

The eT operator is given by the Taylor series:

T34... = z
k=0

| =

el =1+T+-T2+ Tk (3.64)

N| =
N =

=

It can be expanded as :

T Gy Gy 1A2 o 1A3
e = 1 +T1 +<T2 +_T1) + <T3 +T2T1 +_T1)
2 6 3.65
(Tt BT 45 TR 4T 45T + e
4 311 2 2 2 211 24 1
The first term yields the reference HF state, while the second term accounts for all singly
excited configurations. "f‘z and le correspond to simultaneous two-electron excitations and to
disconnected doubly excitations arising from the product of two single excitations,
respectively. T, and T,T{ generate triple excitations, whereas T, and T;T; correspond to

connected and disconnected quadruple excitations, respectively.

The time-independent Schrodinger equation, when applied to the coupled-cluster (CC)

wavefunction, can be written as:

HeTy, = EeTy, (3.66)
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To determine the excitation amplitudes, the average total energy can be obtained through

the variational principle, similar to the conventional HF approach.

var _ <chc|ﬁ|lpcc) _ (eTlljolﬁleTllJO)
T (WeelWec) (eToleTwo)

(3.67)

However, the calculations are tedious and complex for higher orders, involving many non-
vanishing terms. An alternative way to simplify the expression is to project the coupled-cluster

wavefunction onto the reference wavefunction and multiply by {rg:

<1+T1+T2+ T1)

o)
—~ ~ —~ 1 —
Ece = (WolH|Wo) + (o |HITywo) + (o |H| T W) + E(‘~|10|H|T12‘~|Jo)

Ecc = <¢o
(3.68)

According to Brillouin’s theorem equation (3.57), the HF matrix elements between occupied
and virtual orbitals vanish; hence, all term containing singly excitation (W, |H|W?) are zero.
Moreover, expansions beyond TZZ terminate due to the Slater—Condon rules. Although the
singly excited contribution does not appear explicitly in Ec, it is implicitly included through
orbital relaxation effects [107].

Thus, the remaining contributions are the non-correlated energy and the correlation from

double excitations.

occ vir

Ecc = E + z z (3% + €262 — 26 (Wo |H|WEP) (3.69)

i<j a<b
Even after simplification, the excitation amplitudes remain unknown. To determine their
values, Jifi Cizek [108] proposed projecting the Schrédinger equation onto the complete set of

excited determinants, encompassing all types of excited states. Prior to this, the HF energy is

—~

assumed to be an eigenvalue of the similarity-transformed hermitian Hamiltonian e~ THeT

This procedure leads to a set of linear algebraic equations:

(Wole THeT[Wo) = EdWolo) = E
(®2]e~THeT|®o) = E(WE [y} = 0
(Cbab|e‘THeT|<D0) = E(i’|wo) = 0 (3.70)

(@Fhcle THeT| Do) = E(WR:|Wo) = 0
(LIJ le~THeT|[Yo) = E(U* W) = 0
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CC theory is recognized as one of the most accurate methodologies for predicting excitation
energies, often outperforming Time-Dependent Density Functional Theory calculations.
However, the high computational cost and time requirements have motivated the
development of truncated CC methods. The most common truncated model is CCSD, which
neglects excited determinants of order higher than doubles; it remains highly accurate but is
primarily efficient for small molecular systems. Methods such as CC2 compute single
excitation energies at the CC level while treating double excitations with an MP2 correction to
reduce computational demands. CC2, in particular, offers improved results compared to MP2
by lowering spin contamination [109]. Additional efficiency and accuracy can be achieved by
incorporating techniques such as Spin-Component Scaling, Scaled Opposite Spin, Domain-

based Local Pair Natural Orbitals, and/or the Resolution of Identity approximation [110-112].

3.8 Density functional theory

In contrast to molecular modeling methods based on the spring model and to ab initio
approaches that approximate the electronic wavefunction, density functional theory (DFT) is
formulated in terms of the explicit dependence of the total energy on a functional of the
electron density p(i). The latter represents the probability distribution of electrons in a
system and constitutes a physically observable quantity that can be reconstructed from
experimental techniques such as X-ray or electron diffraction [113]. Notably, it depends only
on three spatial coordinates, regardless of molecular size. These properties enable DFT to
achieve accuracy comparable to that of ab initio methods, often with greater computational
efficiency for large systems such as biomolecules and polymeric materials. Moreover, DFT can
be extended to treat more complex scenarios, including spin-polarized systems [114] and

electronic band-structure calculations [115].

p(t) = N W@y, Py, ..., Ty) | 2dPpdT -+ diy. (3.71)
Equation (3.71) gives the probability of finding an electron with arbitrary spin in the volume

element around ¥, with N as the normalization factor (i.e., number of electrons).

3.8.1 The Thomas-Fermi model

The first density-functional description of matter traces back to the independent works of
Thomas and Fermi (1927) [73], who used quantum-statistical methods to relate the local

electron density to a local Fermi momentum. In the Thomas—Fermi (TF) model, an atom is
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treated as a locally uniform electron gas and it was formulated as a “tiny cubic of side L”, each
containing several electrons N from the total Ne. These electrons are assumed to be
homogeneously distributed and behave like particles in a 3D box, with quantized energy given

by:

h%m?
= (n? + n% +n2%),n;,n,,n; €N. (3.72)

En1n2n3 = m
e

where ny,n,,n; are quantum numbers. The total number of quantum states with energy
below a certain value corresponds to the volume of a sphere of radius n,.x in (n4,n3,n3)
space. At T = 0 each state is occupied by up to two electrons (Pauli principle), and the highest
occupied level defines the local Fermi energy. Passing to the continuum and imposing local
homogeneity yields the familiar uniform-electron-gas relations:
1 3 2 h2 5
ke(®) = [31p ()3, tF) = 15 (317 = p3(®) (3.73)

where kg (F) is the Fermi wave number and t(T) is the kinetic-energy density of a uniform
electron gas. Integrating t(f) and adding electron—nucleus attraction and classical electron—

electron repulsion yields the Thomas-Fermi functional:

E — - - - - 1 (F (F’ > 127/
Erplp] = CeJ p3(R)dF + [ Vet Mp@di +5 [ %drdr (3.74)
. 3 INZp 2D 5 Ze?
with Cg = = (31°)37% /m, and Vext () = -—

The TF formalism neglects exchange—correlation effects. While the total energy in this
approach depends only on four variables (three spatial coordinates and spin), reducing the
computational cost compared to methods that treat each electron explicitly, it fails to
correctly predict bonding energies, which implies an unstable structure, prone to dissociation
into atoms. Consequently, it is only qualitatively reliable for describing valence shells in

metallic systems, where electrons can be approximated as a delocalized electron cloud.

In 1930, Dirac derived an expression for the local exchange energy of a uniform electron gas:

1

. 4 3/3\3
EP"e[p] = —C,f p3@dF, ¢, = 5 (5) ¢ (3.75)

leading to the Thomas—Fermi—Dirac theory. Historically, Bloch (1929) obtained an equivalent

local-exchange form slightly earlier [89]. Later, Slater (1951) introduced a method that scales
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the Dirac exchange by an empirical factor. It improves on TF by incorporating exchange effects
[116], and can be used within the SCF procedure of HF calculations. It saw applications to
atoms, molecules, and solids, but it still omits correlation and does not correct the
fundamental bonding deficiencies. Later, both were largely superseded in practical electronic-
structure work by Kohn—Sham DFT (1965) with modern exchange—correlation approximations

[82].

3.8.2 Density functional formalism
3.8.2.1 Hohenberg—Kohn theorem

The first Hohenberg—Kohn theorem establishes that all properties of a many-electron ground
state are uniquely determined by its electron density p(¥). In this framework, the electron
cloud is subjected to the electrostatic potential of the nuclei, treated as an external potential
Vhe (). Indeed, there exists a one-to-one correspondence between p(T) and V. (T) (up to an

additive constant) [62, 82]. The total energy functional can thus be expressed as:

El[p(®] = Egx[p@®] + [ Vae ®p@dr (3.76)
where Eyk[p(¥)] is an universal functional comprising the kinetic energy and the electron—

electron interaction energy of the interacting system.

The second Hohenberg—Kohn theorem, analogous to the variational principle for
wavefunctions, states that for any trial density p(¥) satisfying the N-representability
condition, the corresponding total energy is greater than or equal to the true ground-state
energy, with equality achieved only for the exact ground-state density. Minimization of E[p]
under the constraint that the total number of electrons is fixed at N is achieved via the method

of Lagrange multipliers, introducing p such that:

)
5o0 [ElP] — 1(/ p®dF = N)] = 0 (3.77)

leading to the Euler—Lagrange equation:

SEuk[p(¥)]
8p()

Here, u is identified as the chemical potential of the electron cloud in the external nuclear

+ Vne(®) = —p (3.78)

potential. In practice, the exact solution of this equation is unattainable because the precise

form of Eyk[p(¥)] for an interacting system is unknown.
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Unlike the variational HF method, which guarantees that the calculated energy is always an
upper bound to the exact ground-state energy, density functional theory employs practical
approximations to the universal functional Epg[p(¥)] and these approximations may

occasionally produce total energies that are slightly lower than the true ground-state value.

3.8.2.2 The Kohn-Sham energy

Kohn—Sham [82] separates the exact electronic energy into two parts (within the BO
approximation): a fictitious non-interacting system whose ground-state electronic density
matches that of the real interacting system, a correction term incorporating exchange and

correlation effects as a functional of the electron density, which are neglected in HF theory:

E[p(®)] = Te[p(®] + J[p(®] + Vne[p(®] + Exc[p(¥)] (3.79)
S p(r)p(*’) o
E[p(®)] = Te[p(D)] —ff Tt drdr’ + Vye[p(¥)] + Exc[p()] (3.80)

Here, T.[p(¥)] is the kinetic energy of the non-interacting electrons, J[p(¥)] is the classical
Coulomb repulsion, and V,,.[p(F)] represents the interaction between electrons and the static

nuclear field.

Due to the absence of a known explicit kinetic energy functional in terms of the electron
density, Kohn—Sham reintroduces a set of non-interacting single-electron orbitals, which are
solutions to independent linear wavefunction equations known as the Kohn—Sham equations:
12 > KS _ . wKS
—EV +VK5(I') \Pi = Eiqli (3.81)

where Vg is an effective potential incorporating |, V,,. and Exc effects.

The KS orbitals do not necessarily have a direct physical interpretation; they serve as an
intermediate construct to reproduce the exact ground-state electron density of the interacting

system.

To solve the Kohn—Sham equations, a SCF procedure must be employed. An initial guess for
the density, calculated from semiempirical or lower-level HF results, is used to determine the

Kohn—Sham operator, where

o SEkslp®)]
Vs (@) = gsp—(‘;)r (3.82)
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In the next step, the molecular orbitals are expanded in a linear combination of atomic
orbitals, leading to a matrix eigenvalue equation of dimension 1 x 1 (involving 12 one-electron
integrals and, 1* two-electron integrals), analogous to the Roothaan equations. Solving this
equation yields the coefficients that express the Kohn—Sham orbitals as linear combinations
of the original, non-orthogonal basis functions, along with the corresponding orbital energies.

The updated electron density is then computed as:

N
2

0= 22 WS |2 (3.83)
i=1

for restricted closed-shell configurations.

This process is repeated until self-consistency is reached. The accurate evaluation of the XC
potential matrix is non-trivial due to the complexity of Egx[p(¥)], which generally cannot be
integrated analytically. In practice, the integration domain is partitioned into atom-centered

grids, each defined by concentric radial shells and associated spherical angular points.

3.8.2.3 Exchange correlation functional

Kohn-Sham density functional theory is the predominant method for calculating electronic
structures of both ground and excited states, generally offering reliable accuracy. The
exchange—correlation Exc[p(F)] functional incorporates corrections for the kinetic-energy
difference between interacting and noninteracting electrons, self-interaction errors, and
guantum-mechanical electron—electron repulsion. However, while density functional theory
is formally an exact theory, practical calculations often exhibit inaccuracies due to
approximations in Exc[p(¥)] functional. Furthermore, the accuracy of these calculations can
depend on factors such as system size and the character of intra- or intermolecular
interactions, encompassing covalently bonded systems, ionic crystals, and metallic clusters.
The Exc[p(¥)] functionals are commonly classified into five categories according to Jacob’s
ladder, based on their level of sophistication and the type of parameters employed [117].
Lower rungs primarily rely on empirical parameters fitted to experimental databases (e.g.,
atomization energies, ionization potentials, electron affinities). Higher rungs incorporate
rigorous physical constraints, theoretical parameters, and non-local contributions (like exact

exchange or virtual orbitals), while still often employing some empirical fittings. In general,
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climbing the ladder improves the balance between accuracy and transferability, albeit at the

expense of increased computational cost.

e Rung 1: Local density approximation:
The simplest approximation for Exc[p(¥)] is the local density approximation (LDA). The
underlying idea is to represent the inhomogeneous electron density of a molecule as a
collection of infinitesimal regions, each approximated by a homogeneous electron gas with
the local density at that point. The total exchange—correlation energy is then obtained by

integrating over the entire space:

Exclp(®] = J p®exc[p(®]dr (3.84)

where gxc[p(F)] denotes the exchange—correlation energy per electron for a uniform electron
gas of density p(T). In the case of open-shell systems treated using the unrestricted formalism,
the spatial orbitals for spin-up (a) and spin-down (3) electrons differ. As a result, the functional

depends explicitly on the spin densities:

Exc = Exc[ng ng] (3.85)

Here, the corresponding exchange—correlation potentials are obtained by taking derivatives
with respect to each spin density individually, rather than with respect to the total electron
density.

Despite neglecting non-local van der Waals interactions, LDA often gives surprisingly good
agreement with experimental reference values for surface properties (such as surface energy
and work function) of alkali and transition metals [118]. This accuracy arises from systematic
error cancellation, as the overestimation of the exchange energy and the underestimation of
the correlation energy tend to offset each other. However, LDA performs poorly when the
electron density exhibits rapid spatial variations. In such cases, it typically overestimates
cohesive energies, underestimates lattice constants for molecular solids, and fails to capture

weak dispersion interactions [119, 120].

e Rung 2: Generalized gradient approximation
The generalized gradient approximation (GGA) introduces semi-local effects by making the
exchange—correlation energy dependent not only on the electron density p but also on its

spatial gradient, Vp. This additional dependence allows GGA to provide a more reliable
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treatment of phenomena like electron delocalization in covalent bonding and specific classes
of noncovalent interactions.
The functional is separated into exchange and correlation components, which are modeled

independently:

Ege® = EGCA + EZ6A (3.86)
For example, the BLYP [121] functional combines Becke’s 1988 (B88) exchange functional with
the Lee—Yang—Parr (LYP) correlation functional. The LYP functional, developed by Lee, Yang
and Parr, is derived from the Colle—Salvetti correlation energy formula [122], originally
formulated to reproduce the correlation energy of the helium atom using its HF wavefunction.
Thus, it is not strictly an ab initio method. However, it succeeds in reducing the self-interaction

error [123].

e Rung 3: Meta-generalized gradient approximation
Meta-generalized gradient approximations (meta-GGAs) extend GGAs by including, in
addition to the electron density and its first derivative, the Laplacian (second derivative),
which captures the spatial curvature of the density. However, the Laplacian can be numerically
unstable. A common alternative is to use the kinetic-energy density, which is typically more
stable, while remaining implicitly dependent on the density Laplacian. It can be expressed as

follows:
occC 1
Exineuie® = ) 5 1742 (3.87)
i

where yXSare self-consistent Kohn-Sham orbitals.
SCAN is an example of a meta-GGA functional, which improves accuracy over conventional

GGAs, particularly for lattice constant and weak bonds [124].

e Rung 4: Hybrid functional
Beyond meta-semi-local effects, Axel Becke demonstrated that the accuracy of electronic
energy calculations can be improved by incorporating a fraction of exact HF exchange into
pure DFT functionals[125] .
This approach is grounded in the adiabatic connection formalism, in which the exchange—
correlation energy is expressed as:

Exc = (¥(@)|Vxc ()| () (3.88)
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Where @ is a continuous integral parameter that scales the electron—electron interaction, with
the lower bound @=0 corresponding to the noninteracting Kohn—Sham reference system and
the upper bound @=1 corresponding to the fully interacting physical system. Here, the
operator ch (@) is the exchange correlation potential:

8Exc[p(¥)]

W (3.89)

V(@) =

To evaluate equation (3.88), an integral should be calculated. The values of Exc at the
endpoints #={0,1} are well-known, while modeling Ex for 0<@<1, which corresponds to the

intermediate portion of the adiabatic connection integral, is challenging.

Hybrid functionals address this issue by interpolating between the two coupling-strength
limits, replacing a fraction of the approximate DFT exchange with HF-like exact exchange
evaluated using Kohn—Sham orbitals, rather than HF orbitals, in order to avoid additional

computational overhead.

Eqe’" ~ aEJF + bERET (3.90)

In general the coefficients in hybrid exchange—correlation functionals are determined either
empirically, by fitting to experimental properties such as atomization energies, ionization
potentials, proton affinities, and total atomic energies of small molecules, or theoretically,
based on principles such as the adiabatic connection formalism (equation (3.88)).

The fraction of HF exchange is adjusted to optimize accuracy for the specific molecular system
or type of interaction. In certain cases, introducing long-range correction helps maintain a

balanced description of the electronic structure [126, 127].

- Low HF: For example, TPSSh (10%) and B3LYP (20%):

TPSSh (10% HF exchange; meta-GGA with Tao—Perdew—Staroverov—Scuseria exchange +
modified PBE correlation) incorporates a kinetic-energy density term, improving its accuracy
for transition metals and systems with static correlation (e.g., spin states in organometallic
complexes) [128].

B3LYP (20% HF exchange; B88 exchange + LYP correlation) performs well in organic and main-
group chemistry due to its refined parametrization for bond energies, vibrational frequencies,

and aromatic systems [129, 130].

- Moderate HF: For example, PBEO (25%):
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The PBEO hybrid functional is effective for semiconductors and transition metal compounds.
It exhibits strong performance in the accurate computation of band gap predictions and bulk
moduli for materials like Ge, Si, BaTiOs, and B-GaN compared to GGA [131]. PBEO was
evaluated for a series of transition-metal hydrides (bond lengths and vibrational frequencies)
and transition-metal halides (dipole polarizabilities). These properties show good accuracy,
with root mean square relative errors of 0.008, 0.058, and 0.104, respectively, compared to

experimental data [132].

- High HF: For example, BMK (42.8%), MIN15 (44%), and M06-2X (54%):

BMK (Boese-Martin for Kinetics) has about 42.8% HF exchange and is built to deal with
thermochemistry and kinetics calculations, especially barrier heights in reaction mechanisms.
It shows balanced accuracy for reaction energetics and transition state calculations [133].
MN15 is a hybrid meta-GGA functional with 44% HF exchange and is one of the more recent
additions to the Minnesota family of functionals. Performance benchmarks indicate that
MN15 vyields low mean unsigned errors across single-reference and inherently
multiconfigurational (near degenerate states) systems, making it one of the most generally
reliable functionals for various chemical challenges [134]. Moreover, M06-2X, part of the
Minnesota functional family, is empirically parameterized with a dataset that includes
dispersion forces and non-covalent interactions. Benchmark studies show M06-2X provides
interaction energies for weakly bound complexes that are closer to high-level wavefunction
methods like CCSD(T), outperforming many traditional DFT functionals [135].

The limitation of hybrid functionals is that they can produce spurious, unphysical interactions
when the calculated exact HF fraction deviates from the expected asymptotic behavior 1/r.
This issue is addressed by partitioning the exact HF contribution into short-range and long-

range components, with appropriate adjustments applied to each [87].

e Rung 5: Double-hybrid functional
Double-hybrid density functionals improve the description of dynamic electron correlation by
incorporating a perturbative second-order Mgller—Plesset (MP2) correlation term, evaluated
using Kohn—Sham orbitals, into the exchange—correlation energy expression [87].
A recent study on the vertical excitation energies of BODIPY dyes demonstrates that spin-
scaled, long-range-corrected double-hybrid functionals, particularly SOS-wB2GP-PLYP, SCS-
wB2GP-PLYP, and SOS-wB88PP86, effectively address the long-standing DFT overestimation
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problem for these compounds, achieving mean absolute errors within the chemical-accuracy

threshold (~0.1 eV) when benchmarked against experimental data [136].

3.9 Time-dependent density functional theory

The determination of excited-state properties, including excitation energies, frequency-
dependent response functions, and absorption or emission spectra, is essential for
understanding diverse spectroscopic phenomena. Within the Kohn—Sham framework, one
approach for this purpose is the Configuration Interaction Singles method based on DFT
orbitals (DFT/CIS), developed by Grimme. Although this method lacks a rigorous theoretical
foundation and is applicable to a limited range of systems, it has shown reasonable accuracy
for organic molecules, including aromatic hydrocarbons as large as pentacene, with deviations
from experimental values typically within a few tenths of an electronvolt [137]. In contrast,
the EOM-CC method delivers high accuracy for small systems but is computationally

impractical for larger molecular systems owing to its steep scaling with system size.

Another promising method for studying time-evolving quantum systems is Time-Dependent
Density Functional Theory (TDDFT). This approach extends the framework of ground-state DFT
to systems evolving from a fixed initial quantum state under the influence of a time-
dependent external potential V', (%,t), analogous to the time-dependent Schrddinger

equation:

iagt Y(t) = HO)W() (3.91)

The external perturbation is typically represented as a Taylor expansion around the initial time
to. The response of the quantum system depends on the magnitude of this perturbation. For
small perturbations, the system operates within the linear-response (LR) regime, where the

changes in observable properties are a linear functional of the external perturbation strength:

80 = [ x(@ 1, 0)8V' oyt (¥, w)dF’ (3.92)
Here x is the LR function (a functional kernel) and 8V’ is the perturbing potential. However,
for larger perturbations, the linear approximation breaks down, and the TDDFT equations
must be explicitly propagated in time to accurately capture the system’s nonlinear dynamical

behavior. In such cases, a full time-dependent solution is required.
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3.9.1 Runge-Gross theorem

Similar to the Hohenberg—Kohn theorem for ground-state DFT, the Runge—Gross theorem
establishes a one-to-one mapping between the time-dependent electron density p(f,t) of a
many-body system (evolving from a fixed initial wavefunction ¥, at t,= 0) and the external

potential V' o (T, ).

Since the time-dependent wavefunction differs from the initial state only by a time-dependent

phase factor, we can write:

W(t) = e BOWY[p, @ ](b). (3.93)

where % = C(t) is a real, time-dependent function.

Thus, any physical observable of the system, represented by a hermitian operator {(t), can

be expressed as a functional of the density p(¥, t) and the initial state ¥,,.

(PO[am[w®) = alp, ¥ol® (3.94)
To establish the Runge—Gross theorem, it is necessary to demonstrate that two distinct time-
dependent external potentials, V' ¢y and V', oy Which differ by more than a purely time-
dependent function C(t) must give rise to different time-dependent particle densities, p, (¥, t)

and p, (%, t), even when both evolve from the same initial many-body state ¥,,.

As a preliminary condition, each external potential must be analytic in time around the initial

instant t = 0, allowing Taylor expansion:

[ee)

1
Vn,ext(?; t) = Z E n,m(f)')tm
m=0 (3.95)
MV, (£0)
atm

where Vam @) =
t=0

First, they apply the k-th time derivative to the Heisenberg equation of motion for the current
density operator. This shows that the initial k-th derivatives of the current densities differ
when the corresponding external potentials are not spatially constant. Next, they differentiate
the continuity equation k+1 times, revealing that this difference in the current densities
implies an initial difference in the (k+1)-th time derivatives of the charge densities.
Mathematically, since the time-Taylor expansions of two different potentials must differ at

some order (equation (3.95)), there exists a minimal integer k>0 at which their derivatives
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differ by a constant, which implies the charge densities necessarily become distinct for

arbitrarily small time.

In contrast to HF and ground-state density functional theory, the derivation of the Runge—
Gross theorem is more involved because the variational principle for the total energy is no
longer applicable, and the energy is not a conserved quantity in the time-dependent case. This

necessitates the introduction of a new quantity, the quantum mechanical action, defined as:

i% — ﬁ(t)| ‘P(t)) (3.96)

AlY] = ft ; dt <‘P(t)

where seeking the W(t) solution of the time-dependent Schrodinger equation, that makes the

action functional stationary.

For practical applications, TDDFT cannot solve the full interacting Schrodinger equation.
Instead, it uses a system of noninteracting particles moving under an effective local potential
Vks (T, t). This potential is chosen in such a way that the electron density of the noninteracting
system matches that of the interacting system. The noninteracting particles then evolve
according to the time-dependent Kohn-Sham equation:

o 1 i X
Py Y@y = |- > V2 + Vgs (T, t)] Y@ 1) (3.97)

where lPiKS (%, t) is the Kohn—Sham orbital for the i-th electron in the noninteracting reference
system. The Kohn—Sham potential is typically decomposed into distinct contributions:
The Hartree (classical Coulomb) potential J[p(T, t)], the external potential Vo [p(¥, t)], and the

exchange-correlation potential Vyc[p(F,t)].

Vis (1, ) = J[p(F, )] + Vie[p(T, O] + Vxc[p (¥, D] (3.98)
Inthe TDDFT framework, Vxc[p (%, t)] incorporates all essential many-body corrections beyond
the mean-field approximation. In ground-state DFT, Vxc[p(T)] is obtained by taking the first
functional derivative of the exchange—correlation energy Exc[p ()] with respect to the static
density p(¥). In contrast, in TDDFT, the ground-state variational principle is no longer valid;
instead, Vxc[p(¥,t)] is derived from the functional derivative of the quantum-mechanical

action A[W] with respect to the time-dependent density p(T,t).

8A
Vxc([pl,©) = Sp)((—g[‘f)] P& (3.99)

where T is the Keldish pseudotime.
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In most practical TDDFT applications, the exact functional form of the external potential
Vae[p (¥, ©)] is not a primary concern, since it is fixed by the particular physical system being
investigated. However, the exchange—correlation potential Vxc[p(¥,t)] presents the main
challenge, since it depends not only on the electron density p, but also on the exact initial
many-body wavefunction W, of the interacting system corresponding to the time-dependent
Kohn—Sham system. The exact form of Vxc[p(F,t)] is highly complex, but if it were known, it
could be used to solve any time-dependent problem involving interacting electrons. One way
to address this complexity is to assume that the exchange—correlation potential responds
instantaneously to changes in the electron density over time. This approach is known as the

adiabatic approximation.

Linear response theory is a common approach for handling small perturbations caused by a
weak external potential. It is frequently applied in spectroscopy, where the system’s response
to a weak external field is used to extract excitation spectra (e.g., Zeeman and Stark effects at

the atomic level).

Suppose a system of interacting particles initially occupies its ground state. At time t, =0, it is
subjected to a first-order external perturbation. The time-independent ground-state density

then responds to the total time-dependent external field:

Vext = Vne +v1 (%, 1) (3.100)

The time-dependent density p(F, t) can be expressed as a Taylor expansion:

p(,t) = po(¥) + p1 (7, 1) + po(F,1) + - (3.101)
Here, p, (7, t) is the first-order perturbation in the density, while higher-order terms such as
p, (7, t) are neglected.

The first-order density change in the frequency domain can be written as:

p(Fw) = [SET, w)v, ([, w)dt’ (3.102)

where S(%, ', w) is the density—density response function, defined in the time domain as:

S, t,1,t) = —i6(t — t (Wl [Pu, (& ©), Pr, (&', )] [¥o) (3.103)
The step function 8(t — t’) enforces causality by ensuring that the system’s response occurs
only after the perturbation is applied. Meanwhile, the commutator of density operators allows

for the mixing of quantum states.
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In the TDDFT framework, the linear density response is obtained by evaluating the response
of the time-independent, non-interacting Kohn—Sham reference system, denoted as SBKS), to
an effective time-dependent perturbation potential. This potential includes a monochromatic

dipole field applied along the z -direction as the external perturbation:
v, (F,t) = Aé, sin(wt) (3.104)
By inserting the unperturbed Kohn-Sham orbitals into the linear density—density response

function, one obtains:

&, ()} (7)), ()} (D
w—(sl—€])+1y

SEKS(E T, w) = %i_r)ré Z (f] — fi) (3.105)
L)

Equation (3.105) has a pole at w = g; — ¢;. f; and fj are the usual Fermi occupation numbers,

g and g; are the Kohn-Sham energies (non-interacting system).

3.9.2 Casida’s linear-response formalism

In 1995, Casida formulated a non-Hermitian eigenvalue problem to describe the transitions
between occupied and unoccupied Kohn—Sham orbitals, based on the LR Time-Dependent
Density Functional Theory (LR-TDDFT) and the adiabatic approximation to the exchange—
correlation potential functional [138]. He derived an equation for the dynamic response of the
Kohn—Sham density matrix to an external perturbation. In this context, the excited-state
density can be viewed as the functional derivative of the excited-state energy with respect to

the perturbing external potential. The resulting dynamic equation is:

(1?* AB*) (i) - (_01 (1)) (i) (3.106)

where Aj, b = (€5 — €848, + Kiajb and Kj, j, are the Coulomb and exchange-correlation
contributions. B, ;, = Kj,pj represents coupling between transitions involving excitations

and de-excitations. X;, is the amplitude of the excitation from occupied orbital i to a virtual

orbital j. Y;, is the amplitude of the de-excitation and w is the excitation energy.

By solving Casida’s equations within the framework of LR-TDDFT, several important electronic

and spectroscopic properties of molecular systems can be obtained:

- Excitation energies:

The eigenvalues of Casida’s matrix correspond to the excitation energies of the system.
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- Oscillator strengths:
These define the probability of electronic transitions from occupied to unoccupied (virtual)
states and therefore determine the intensity of absorption bands in a spectrum. In atomic

units, the oscillator strength is given by:

2
f=3 Z @ [{(Wolfie [Pic? (3.107)

oA=X,y,Z

where {i, is the a component of the dipole operator.

- Frequency-dependent polarizability:

Combining excitation energies with oscillator strengths allows the calculation of the
frequency-dependent polarizability tensor. This tensor, representing the second derivative of
the excited-state energy with respect to an external electric field, characterizes the system’s
linear response to time-dependent electromagnetic fields and is directly related to its optical

properties.

- Excited-state potential energy surfaces:
Casida’s approach enables the construction of BO PESs for excited states by combining
ground-state total energies with excitation energies. These surfaces are crucial for modeling

photochemical processes and understanding reaction dynamics.

By neglecting the off-diagonal terms B, ;,, which represent the coupling between excitation
and de-excitation processes, and considering only single excitations (transitions from occupied
to unoccupied orbitals), Casida’s equations can be transformed into a Hermitian form, making
them more tractable to solve. This simplification, known as the Tamm—Dancoff approximation
(TDA), reduces the dimensionality of the problem by half and improves numerical stability,
particularly for systems with near-degenerate states or small singlet—triplet energy gaps.
However, it may yield inaccurate results for oscillator strengths and double excitations due to

its violation of the Thomas—Reiche—Kuhn (TRK) sum rule [139].

Extensive research has evaluated the performance of the TDA across different systems and
properties. A systematic comparison of TDA, full TDDFT, and the RPA showed that TDA reliably
reproduces experimental absorption and emission spectra, including band shapes, peak
positions, and 0-0 transition energies, for medium-sized conjugated molecules, particularly

when used in combination with the B3LYP functional [140]. Another study demonstrated that
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TDA outperforms full TDDFT in calculating non-adiabatic couplings for systems exhibiting
Jahn—Teller, Renner—Teller, or accidental conical intersections. This improvement is attributed
to TDA’s partial mitigation of errors from the local density approximation through error-

cancellation effects [141].

For open-shell radicals lacking pronounced double-excitation or multireference character,
TDA combined with double-hybrid functional SOS-wB88PP86 achieves a mean absolute
deviation of 0.12—-0.14 eV compared to high-level theoretical reference data. This conclusion
stems from a study evaluating 20 functionals spanning the fourth to fifth rungs of Jacob’s

Ladder (e.g., hybrid to double-hybrid functionals [142].

While the TDA offers computational efficiency, its applicability is limited in systems requiring
precise treatment of electron correlation effects. By neglecting de-excitation processes, TDA
cannot accurately describe systems dominated by double excitations or multireference
character, leading to errors in calculated oscillator strengths and transition dipole moments.
Furthermore, TDA tends to overestimate excitation energies, particularly for low-energy
singlet states, by approximately 0.02—0.25 eV compared to full TDDFT [143]. These limitations
make TDA less reliable for spectroscopic studies of strongly correlated systems or those with
extensive electron delocalization, where full TDDFT or advanced wavefunction-based

approaches (e.g., CASSCF, NEVPT2) are often required for quantitative accuracy [144].

3.10 Solvation model

The study of isolated molecular structures in the gas phase is relatively simple from a
theoretical and computational standpoint and allows the probing of the intrinsic properties of
molecules, independent of external influences. However, when the purpose is to understand
how a realistic environment affects a system, solvent effects must be included. Interactions
between the chemical system and its surroundings can induce a range of physical changes,
such as solvatochromic shifts, energy quenching, geometrical distortions, or aggregation in
flexible structures. These modifications alter spectral and thermodynamic properties and may

redirect chemical reactions along different pathways.

In gquantum chemical computations, solvent effects can be treated using two main

approaches: implicit and explicit models.
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Implicit solvation models are the most common and widely applied [62, 145, 146]. In these
models, the solvent is represented as a continuous dielectric medium surrounding the solute,
which is placed inside a cavity. Each atom of the solute is assigned a sphere whose radius is
determined by fitting to experimental solvation Gibbs free energies. The model assumes that
the solute responds to the solvent’s polarizability in the same way that the solvent responds
to the solute’s polarizability. The electrostatic interaction between solute and solvent is
computed by solving the Poisson equation self-consistently [147]. Mennucci and Tomasi
simplified this approach by introducing an infinite dielectric constant as a boundary condition

[148].

Although implicit models are grounded in physical principles, they generally require empirical
corrections to capture non-electrostatic contributions, such as van der Waals interactions and
cavitation energies. For example, the solvation model based on density (SMD) refines the
polarizable continuum model (PCM) framework by incorporating hydrogen-bonding effects
[149]. In TDDFT combined with PCM, the LR approach typically estimates solute
rearrangement from the transition dipole moment. By contrast, the state-specific (SS)
approach determines the solvation effect from the change in charge density between the
ground and excited states [150]. LR methods become less accurate when the charge density
difference is large, as in strongly polar excited states or charge-transfer states. In such cases,

SS methods improve accuracy by treating solvent polarization self-consistently [151].

Explicit solvation models, on the other hand, represent each solvent molecule (or at least each
solute—solvent interaction site) individually. This approach is crucial in quantum dynamics
simulations, where specific hydrogen-bonding interactions or other anisotropic solute—

solvent effects significantly influence the system’s behavior [152].

3.11 Photophysical properties

Within the framework of the BO approximation, the total energy of a molecule in a given
electronic state depends on its nuclear configuration, which is represented by the
corresponding potential energy surface. Transitions between electronic states are governed
by selection rules, specifically AS = 0 (total spin conservation) and AL = 0, £1 (change in the

orbital angular momentum quantum number). This approximation provides both a qualitative
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and a quantitative foundation for understanding molecular structure, energetics, and

reactivity [62, 87].

When a PES is approximated as harmonic near its minimum, the resulting vibrational
Schrodinger equation yields solutions expressed in terms of orthonormal wavefunctions,
which are products of Hermite polynomials and Gaussian functions, characteristic of the

guantum harmonic oscillator.

Beyond the BO approximation, nonadiabatic couplings (NACs) between electronic states are
taken into account to describe processes such as IC and ISC. These radiationless transitions
are facilitated by nuclear motion through regions where potential energy surfaces approach
closely (e.g., conical intersections), where the BO approximation collapses. Vibrational
relaxation within an electronic state generally proceeds more rapidly than these nonradiative
transitions; thus, molecules often undergo such processes from the lowest vibrational level of

the excited state.

According to the Franck-Condon (FC) principle, radiative electronic transitions occur vertically
between PESs, with no instantaneous change in nuclear coordinates or vibrational quantum
states. This vertical transition arises because the timescale for electronic transitions
(absorption or fluorescence) is significantly shorter than that required for nuclear
reorganization. Consequently, during the transition, the nuclei can be considered stationary
(the BO approximation holds instantaneously), and the electronic transition dipole moment is

evaluated at a fixed nuclear geometry.

Following the transition, the redistribution of electronic charge alters the Coulombic forces
within the molecule, which in turn modifies the vibrational wavefunctions. The simultaneous
change in both electronic and vibrational states constitutes a vibronic transition. The FC
principle plays a central role in interpreting the intensity distribution of vibronic transitions,
which is influenced by factors such as molecular symmetry, torsional distortions, and

temperature.

The probability of a transition is directly related to the square of the overlap integral between
the vibrational wavefunctions <ys, |W,.> of the electronic states involved, multiplied by the
square of the transition dipole moment. The vibrational overlap is determined by the shapes

of the PESs and by the displacement of their equilibrium positions during the transition.
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Case 1: if Q. = Qo where Q. and Q. are the equilibrium internuclear distances of the lower
and upper PES, respectively, and the surfaces lie vertically above one another, the most
intense transition corresponds to the 0—0 band. In this case, the overlap integral, arising from
the overlap of two bell-shaped functions involves no significant change in nuclear position or
vibrational kinetic energy during the transition. In contrast, the higher vibrational transitions
have several positive and negative contributions in the overlap integral, resulting in lower
intensity.

Case2:if Q. > Q. :thevibrational overlap is no longer maximal for the 0—0 transition. Instead,
maximum overlap occurs when a higher vibrational level of the upper PES lies vertically above
the ground vibrational state of the lower PES. The overlap decreases as the number of
vibrational modes increases.

Case 3: if Q. > Q. : the most probable transition corresponds to the overlap of the ground
vibrational state of the lower PES with a much higher vibrational level of the upper PES, which

may even lie in the continuum region.

Upon photoexcitation, a higher excited singlet state (S,,, n >1) may be populated. These higher
excited states generally possess weak oscillator strengths and undergo rapid nonradiative
relaxation to the first excited singlet state (S;). This behavior is consistent with Kasha’s rule,
which states that emission typically occurs from the lowest excited singlet state, regardless of
the excitation wavelength. From the S; state, further relaxation to the electronic ground state

(Sg) can occur either radiatively, via fluorescence, or nonradiatively through IC.

Within this framework, the electronic transition between the lower and upper electronic

states can be expanded in terms of the normal vibrational modes of the molecule:

vib
ausosl
oS (Q) = ™ + ) <—s Qe+ (3-108)
QSo

In the FC region, the transition dipole moment is treated as independent of nuclear
displacement, and only the zeroth-order term in its expansion is retained. In contrast, higher-
order terms, known as Herzberg—Teller (HT) contributions, allow weak or dipole-forbidden
transitions to occur by breaking molecular symmetry through vibronic coupling. In practice,

the HT approximation becomes relevant when the transition dipole moment is small, since

the HT contribution to ugosl never vanishes, and the vibrational wavefunctions are mixed.
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A linear transformation can relate the normal mode coordinates of the excited electronic state
to those of the ground state, where ] is the Duschinsky rotation matrix, describing the mixing
of vibrational modes between the two states, and k is the displacement vector, accounting for

the shift in equilibrium geometry.

Q% =]JQ% +k (3.109)
For large or flexible molecular systems, where substantial structural changes occur during
electronic transitions, representing the transformation of normal modes between electronic
states solely through a linear combination of rotation matrices and displacement vectors

becomes both challenging and potentially inaccurate.

To evaluate radiative and non-radiative decay rates, a rigorous understanding of vibronic
spectra is essential. These spectra are governed by the Fermi's golden rule, derived from first-
order time-dependent perturbation theory. The probability of transition between initial state

i and final state f of the total wavefunction under a perturbation can be expressed as :

2T ~, )
kif = 7|<‘*’le ['Pi)“p (3.110)
where:

o H'is the perturbation Hamiltonian, which may represent external perturbations
responsible for radiative transitions (e.g., interaction with an electromagnetic
field), or intrinsic perturbations such as NACs or SO interactions in the case of non-
radiative transitions.

e pisthe density of final states at the energy corresponding to the transition.

If we assume that the PES is approximated as a parabolic shape, then the vibrational
wavefunctions can be constructed as products of eigenstates of one-dimensional harmonic
oscillators along the normal modes. In this framework, the NACs between electronic states is
formally given by the matrix elements of the nuclear derivative operator acting on the total

molecular wavefunctions.

By introducing the BO approximation, the total molecular wavefunction can be decoupled into
separate electronic and nuclear (vibrational) wavefunctions, and the total non-adiabatic

coupling can be written as:
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m Q0 (3.111)

NAC:'—hZZE:<Lpf@)f\,f
k

where Q;x are the normal modes of the electronic state i.

oW, a@ivi>

Assuming that the electronic coupling dominates over the vibronic coupling and that it
remains independent of the vibrational degrees of freedom. The rate equation can be written

as:

2T ’ 2
Kif = — Py, (D) Vie2](0i.0,105v,)| "8 (Eiv; — Egyp) 3.112
7 ( )

Vi, Vf
where V¢ is the electronic non-adiabatic coupling, E is the energy and ((E)i_Vi |(E)f_vf) are the FC

overlaps and B, (T) is the density of states.

To determine the rates and spectra, two primary formalisms have been proposed: the time-
independent (TlI) and time-dependent (TD) approaches. The Tl method facilitates the
identification of individual vibrational mode contributions to the spectra, while the TD
approach is computationally less demanding. The latter uses the Fourier transformation of a
time correlation function to extract vibrational integrals and spectra, and it can be

represented as:

AEap

L’(w)z% [ dteT CH )y, D' (0 (3.113)

where g'(t) is the broadening function and x(t, T) the transition dipole correlation function
which depends on the initial and the final vibrational Hamiltonian, the partition function and
the time parameter.

Applying the Fermi Golden rule and Tl formalism k;c can be written as :
EDS

2\ e kot o 2 ES _ 1GS (3.114)
kic(ABap) = 5 > S [(Wes, Ops, T1¥as,, Oas,g) PS(AEap + EES — EY) -

Vi, Vf
EfS

1
where e kBT accounts for the thermal population of the initial vibrational states in the excited
state, consistent with a Boltzmann distribution at temperature T and 8(Eap + EES — EGS

ensures the conservation of the energy during electronic transition. Z denotes the partition

function, which incorporates contributions from all vibrational states.
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Different physical phenomena can give rise to distinct broadening profiles in spectral lines. For
instance, the uncertainty in the transition energy, governed by the Heisenberg uncertainty
principle and directly related to the finite lifetime of the excited state, results in a Lorentzian
line shape. In contrast, interactions with the surrounding environment, such as thermal
fluctuations or inhomogeneous broadening mechanisms, typically lead to a Gaussian
distribution of the transition energies. The phenomenological broadening is taken into

account through the TD formalism and appears as a replacement of § in the Tl method:

1 (® .
e =5 | del®Eaog (ki (0)
—© (3.115)

kic(t) = 2%T%Tr [e(it‘B)ﬁEsvi,fe‘itﬁGSVin
Similar to internal conversion, which is facilitated by vibronic coupling, radiationless decay can
also proceed via ISC, driven by the magnitude of SOC and the energy gap between the singlet
and triplet states. Several studies have shown that the ISC rate outcompetes other chemical

processes and is less prone to broadening variations and anharmonic effects [153, 154].

In terms of phenomenology, SOC arises from the interaction between the magnetic moments
generated by an electron's spin angular momentum (S) and orbital angular momentum (L),

resulting in shifts in atomic and molecular energy levels.

When the spin-orbit interaction is weak relative to the electrostatic interactions among
electrons, it can be treated as a perturbation. In this regime, the total spin (S) and total orbital
angular momentum (L) from all electrons are summed individually, and then coupled together
to form the total angular momentum (]). This scenario is known as L-S coupling (or Russell-
Saunders coupling) and applies primarily to lighter elements, including those in the first row

of transition metals [155].

Conversely, when the spin-orbit interaction is significantly stronger than the electrostatic
interactions, each electron's individual spin (S;) and orbital angular momentum (L;) couple to
form a total angular momentum (J;) for each electron. This regime is termed J-J coupling and
typically applies to heavier atoms, such as lanthanides and actinides, where relativistic effects

become substantial.

However, mathematically it is described by coupling matrix elements as shown in the

expression:
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fso = ngczg Z r_ﬁ-(rm P& —WZ Z r_g(ri,- x pi) - (3 +28)) (3.116)
1

i =i
where A, i and j represent the nuclear and electronic indices, Z, denotes the nuclear charge,
p and S the electron momentum and spin operators, respectively, and T the position vector
operator. Additionally, m, and c correspond to the electron mass and the speed of light,
respectively. In this representation, the first and second terms of the spin—orbit Hamiltonian
(Hgo) are associated with contributions arising from one-electron and two-electron integrals,

III

respectively. The first term called “one electron integral”, represents the interaction of the
spin of electron i with the magnetic field produced by the motion of nucleus A. The second
term accounts for relativistic spin—orbit interactions between electrons. It describes how the
spin of electron i couple to the magnetic field produced by the motion of electron i in the
magnetic field generated by electron j, and vice versa. The treatment of two-electron spin—
orbit interactions is computationally complex. To facilitate practical calculations, a strategy
analogous to the HF approximation is employed, in which the Hamiltonian is partitioned into
electrostatic and exchange-like effective potentials. This approach allows the two-electron

terms to be approximated in a mean-field framework, reducing the computational cost while

retaining essential relativistic effects [156].

The rate of intersystem crossing (kjsc) can be derived using Fermi’s Golden Rule and

expressed in the following form:

ALS ~ _Bij
Kisc = Y [{WelHsoc[Wi)|* % Z e KT|(;y,]0¢y)|*8(Eiv; — Eny,) (3.117)
Vi, Vf
Here Ej; corresponds to the total energy of a specific vibrational level j within a given
electronic state i. In this framework, the SOC matrix element between the initial and final

electronic states is included, along with a Dirac delta function that ensures energy

conservation between vibrational levels of the two electronic states.
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Chapter 4: Computational Investigation of
Neutral BODIPY Dyes

4.1 Introduction

The development of a water-splitting two-compound system based on BODIPY dye
chromophores requires a thorough understanding of the underlying electronic states involved
in the process. As a first step, it is necessary to evaluate the photochemical behavior of this
dye upon photoexcitation in the Franck—Condon region and the subsequent relaxation
pathways. Previous studies have primarily focused on the lowest singlet and triplet states of
BODIPY dyes, particularly their vertical excitation energies, 0—0 transitions, and evaluation of
radiative photophysical properties [157-159]. However, investigations addressing higher
singlet and triplet states remain scarce [160, 161]. The role of highly excited charge-transfer
states is still contentious, particularly with respect to whether they promote activation or
deactivation pathways. To tackle this concern, TDDFT calculations on the higher electronic
states have been carried out and validated against ab initio DLPNO-STEOM-CCSD results. The
results of this investigation were published in the reference [162]: A. Sbai, and J. Guthmuller,
Phys. Chem. Chem. Phys. 26 (2024) 25925-25935, Singlet and triplet excited states of a series
of BODIPY dyes as calculated by TDDFT and DLPNO-STEOM-CCSD methods. However, for

convenience the present chapter provides a description of the main results and conclusions.

R
BOD-Ph: R=H
BOD-PhNO,: R = NO,
BOD-PhOH: R=OH

Figure 4.1: Structures of the investigated BODIPY compounds.
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4.2 Singlet and triplet excited states of BOD-Ph at the Sogeometry in
a vacuum

The ground-state (So) geometry was optimized using the B3LYP exchange—correlation (XC)
functional. Subsequently, single-point excited-state calculations were performed at the So
geometry of BOD-Ph (Figure 4.1) employing TDA-TDDFT with the B3LYP, MN15, SOS-PBE-
QIDH, and SOS-wPBEPP86 functionals. Since TDDFT methods have limitations in accurately
capturing certain electronic effects, and vertical excitation energies are often poorly
estimated within the TDDFT framework for specific cases. Therefore, benchmarking against
high-level wavefunction-based methods is necessary. In this regard, DLPNO-STEOM-CCSD is
particularly relevant, as it has been shown in previous studies to reproduce experimental
absorption energies for the S, state of BODIPY dyes, with deviations of less than 0.1 eV [163].
The use of the TDA is further justified, as it enhances the numerical stability of triplet states
and generally yields more reliable results compared to conventional TDDFT in this context

[164, 165].

The lowest vertical excitation energies of the bright singlet state (S;) and the dark triplet state
(T1), both corresponding to the msop = Teop ™ transition, are summarized in Table 4.1. The
evaluation of these states is critical, as they play a central role in the photocatalytic activity
cycle. Upon photoexcitation in the FC region, ISC from S, to the long-lived T, state can occur.
Notably, TDA-TDDFT predicts vertical excitation energies that are systematically higher by
about 0.3-0.7 eV compared to conventional TDDFT, in agreement with a previous report

[159].

For the S, state, MN15 yields the highest excitation energy (3.02 eV), which can be attributed
to its relatively large fraction of exact HF exchange (44%) in the XC functional. In contrast, the
double-hybrid functionals SOS-PBE-QIDH and SOS-wPBEPP86 yield lower vertical excitation
energies compared to both MN15 and B3LYP. The comparison with experimental results
obtained in dichloromethane (DCM) is justified, since the solvatochromic shift of the S; state
is known to be small for BODIPY dyes (<0.1 eV) [159]. Among the methods tested, DLPNO-
STEOM-CCSD provides the best accuracy overall, although it underestimates the vertical
excitation energy by about 0.2 eV. This discrepancy is likely related to its truncation nature
that neglects higher-order correlation effects. By contrast, among the TDA-TDDFT methods,
SOS-wPBEPP86 shows the closest agreement with experiment, albeit with an overestimation
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of ~0.3 eV relative to experiments. This performance can be ascribed to the MP2-based
correction included in this functional, which accounts for doubly excitations. For the T, triplet
state, the excitation energies calculated with TDA-TDDFT methods, benchmarked against
DLPNO-STEOM-CCSD, show that MN15 provides the best agreement, with a deviation of
about 0.2 eV.

Table 4.1 Vertical excitation energies (VEE), wavelengths (A), oscillator strengths (f) of the lowest

singlet (S1) and lowest triplet (T1) excited states calculated at the So geometry with different methods
in a vacuum.

S; state T, state
Method VEE (eV) A (nm) f VEE (eV) A (nm)

B3LYP 2.70 459 0.396 1.50 826

TDA B3LYP 2.88 430 0.372 1.62 768

TDA MN15 3.02 410 0.736 1.59 779

TDA SOS-PBE-QIDH 2.73 455 0.922 1.77 700

TDA SOS-wPBEPP86 2.65 468 0.890 1.69 735

DLPNO-STEOM-CCSD 2.09 594 0.543 1.38 902
Exp.? 2.32 534

? Experimental absorption maximum in DCM from ref [31].

An assessment of the accuracy of the vertical excitation energies of the 11 singlet and 12
triplet states, which may participate in the hydrogen production cycle, was performed by
calculating the mean absolute deviations (MADs) for various functionals with the def2-SVP
basis set, in comparison to the corresponding ab initio method (Table 4.2). Using the double-
{ def2-SVP basis set, the MN15 functional provides the lowest MAD values, 0.248 eV for the
singlet states and 0.241 eV for the triplet states. In contrast, the double-hybrid functional SOS-
WPBEPP86 exhibits the largest deviations, with MADs of 0.314 eV (singlets) and 0.376 eV
(triplets). However, when SOS-wPBEPP86 is combined with the larger def2-TZVP basis set, the
energies of CT and meop = 01" states decrease, leading to a significantly improved accuracy,

with an MAD of 0.151 eV for the singlet states.

This analysis suggests that MN15 is not necessarily the most accurate overall, but it provides
a balanced description at a lower computational cost. Moreover, unlike the double-hybrid
functionals and the DLPNO-STEOM-CCSD method, MN15 also enables the optimization of

excited-state geometries, which is an additional advantage.

67



Table 4.2 Mean absolute deviations (MAD) of TDA-TDDFT energies in comparison to DLPNO-STEOM-
CCSD for the selected singlet and triplet states.

Method Singlet MAD (eV) Triplet MAD (eV)
B3LYP 0.543 0.478
TDA B3LYP 0.527 0.465
TDA MN15 0.248 0.241
TDA SOS-PBE-QIDH 0.197 0.257
TDA SOS-wPBEPP86 0.314 (0.151?) 0.376(0.227?)

2 MAD for SOS-wPBEPP86 calculated with the def2-TZVP basis set.
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Figure 4.2: Singlet states vertical energy diagrams of BOD-Ph. Examples of charge density difference
(CDD) for the different types of transitions, positive (electron) and negative (hole) values are indicated
in red and blue colors, respectively.
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Upon photoexcitation, the S state is populated with an oscillator strength of f =0.736 (MN15),
which corresponds to the main absorption band observed in the experimental spectrum. The
S, and S; states exhibit oscillator strengths of f = 0.067 and f = 0.496, respectively, indicating

that secondary absorption bands are also likely.

Following photoexcitation, the relative energies of the singlet and triplet states determine
which states are thermodynamically accessible for population. This simplified evaluation
neglects the influence of energy barriers (transition states), electronic couplings (SOC and

NACs), and possible conical intersections between states.

At first glance, it is evident that the long-lived triplet states with meop = Tsop~ character can
be populated from the S;, S,, and Ss states via ISC. In contrast, CT and dissociative states lie
above 4 eV, indicating that these states are energetically inaccessible (Figures 4.2 and 4.3).
However, this remains a limited observation, since the calculations were performed in the gas
phase, whereas in realistic conditions factors such as substituents and solvent effects may

significantly alter the energetic pathways.

4.3 Effects of the solvent and of substitution with OH and NO,
groups

The MN15 XC functional was employed to investigate how substitution of the phenyl ring in
BOD-Ph with either an EDG (OH) or an EWG (NO,) influences the vertical excitation energies,
and solvent effects were included by modeling DCM with the PCM approach (Figures 4.4 and
4.5). Initially, the So geometry was optimized both in the gas phase and in solution. The key
(BODIPY core)-phenyl rotational torsion obtained from this optimization differs by 11.8°
compared to the geometry optimized with B3LYP. This deviation affects the CT and mgop =
Tisop  transitions by less than 0.1 eV, whereas the Tsop = 0" excitation energies show

differences of up to 0.17 eV.

The msop = Teon” and Tieop = 01 states are localized on the BODIPY core; thus, they are barely
influenced by the substituents (NO, and OH) and the solvent, exhibiting only a subtle shift of
about 0.1 eV. In contrast, the CT states are significantly affected by these factors. Specifically,
the implicit interaction of the solute with the surrounding medium stabilizes all singlet and
triplet mpn > Teop” CT states (by up to 0.49 eV for the singlet states of BOD-PhNO,), while it

increases the energy of msop = men” CT states, with the singlet states of BOD-PhOH shifted
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upward by a maximum of 0.35 eV, relative to the vacuum reference. Furthermore, the
attachment of an EDG (OH) or an EWG (NO,) at the para position of the phenyl ring produces
even more pronounced effects on the vertical excitation energies compared to unsubstituted
BOD-Ph. Specifically, the lowest singlet and triplet mtpn = Tson” CT states are shifted downward
upon OH substitution, with a maximum stabilization of 0.74 eV for the triplet state in DCM,
whereas the meop = mpn” CT states are significantly destabilized. A reverse trend is observed
upon NO; substitution. The most pronounced effect is found for the lowest singlet and triplet
Tieop = Tiph - CT states, which are stabilized by 1.54 and 1.51 eV, respectively, relative to BOD-
Ph.
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Figure 4.4: Singlet states vertical energy diagrams of BOD-Ph, BOD-PhOH, and BOD-PhNO; in vacuum
and DCM calculated at the Sp geometries with TDA-TDDFT (MN15), including CDD for the transitions.
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Although these results demonstrate that the interplay between solvent effects and
substitution leads to the stabilization of CT states, such states remain inaccessible from the S,
state Tsop = Teop . For BOD-PhOH, the lowest singlet and triplet mpn = Tsop” states lie 0.39
and 0.23 eV above S, in DCM, respectively. In contrast, for BOD-PhNQO,, the lowest singlet and

triplet meop = Tpn” CT states are separated from S; by 0.65 and 0.64 eV in DCM, respectively.

The compound also exhibits a second absorption band, which lies energetically above the CT
states of interest. For BOD-PhOH, this band is higher by 0.34-0.50 eV, whereas for BOD-PhNO,
the difference is 0.07-0.08 eV. Consequently, the population of these CT states becomes
possible upon excitation into the higher-lying band. A complete understanding of geometrical
relaxation in the excited states is therefore essential for accurately interpreting the energetics
of the non-radiative processes, as it defines the PES at its minima and helps prevent erroneous

conclusions.

4.4 Relaxation pathways for non-reduced BODIPY dyes

To assess whether the energy levels undergo significant alterations upon structural relaxation
and to clarify whether this relaxation facilitates reductive activation of the catalyst or instead
inhibits electron transfer, the excited-state geometries of the three compounds were
optimized using the MN15 functional in DCM. TDA-TDDFT single-point calculations were then
performed within the equilibrium PCM framework, in contrast to the non-equilibrium
approach employed for the vertical energy calculations discussed previously. Figure 4.6
presents the energy diagrams for the So state and the S; msop = Tsop” state, as well as for the
lowest singlet and triplet tph = Tgop” and Tsop = Tien” CT states. Vibrational frequency analyses
confirmed that all optimized geometries correspond to true minima on the PES, as no
imaginary frequencies were found. For BOD-PhNQO,, the geometry optimization of the lowest

singlet mtpn > Teop” CT state did not converge to a minimum and is therefore omitted.

At first glance, it is evident that the earlier conclusion, namely, that the CT states may be
populated via excitation into the second absorption band, remains valid for the BOD-PhOH
and BOD-PhNO, derivatives, whereas in BOD-Ph these states remain energetically higher.The
S state energy decreases slightly (< 0.1 eV) upon geometrical relaxation for all dyes, consistent
with the typically small Stokes shifts observed for BODIPY dyes. In contrast, relaxation has a

more pronounced effect on the CT states, with the singlet and triplet CT states decreasing in
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energy by 0.24 and 0.23 eV, respectively. Nevertheless, in BOD-Ph these states remain
energetically inaccessible from S;, as the lowest singlet and triplet CT states lie 0.75 and 0.77

eV above S, respectively.

The incorporation of the EWG into BOD—PhNO; induces a stabilization of the charge-transfer
states meop = Tph” by 0.44 eV (singlet) and 0.42 eV (triplet) when compared at their optimized
geometries relative to the Sp equilibrium structure. However, the driving force (AG), estimated
as the electronic energy difference between the S; minimum and the corresponding CT
minima for the transitions S1 = S(meop = 1en") and S1 = T(meop = Ter'), amounts to 0.51 and
0.49 eV, respectively. These positive energy gaps indicate that the population of the CT states
from S; is not energetically favorable, thus rendering this pathway non-viable. While the CT
states mpn > Tgop feature a significant increase in energy, as concluded in the previous

section.

For BOD-PhOH, the opposite behavior is observed, manifested by a stabilization of the (rpnh =
Tieop ) states upon relaxation from the So to the CT geometries, amounting to 0.26 eV (singlet)
and 0.45 eV (triplet). The corresponding driving forces (AG), defined as the energy difference
between the S; minimum and these CT minima, are 0.33 eV and 0.00 eV, respectively, which

indicates the possibility of population of the T(mtpn = msop ).

To evaluate the robustness of these results, we recomputed the single-point energies for BOD-
PhOH at the DLPNO-STEOM-CCSD level of theory, using geometries optimized at the MN15
level. Overall, a similar trend was obtained. In contrast to MN15, which underestimates the
energy of CT states (see part 4.2) and thus predicts an accessible energetic barrier, DLPNO-
STEOM-CCSD vyields significantly larger AG of 0.65 eV and 0.43 eV for the S1 = S(mtph > Teon ")
and S1 > T(ren > Teop ) transitions, respectively. Therefore, contrary to the MN15 predictions,

the (rteh = Teop ) states are energetically inaccessible at the DLPNO-STEOM-CCSD level.

Although the CT states of BOD-PhNO, and BOD-PhOH are not directly accessible from the S,
minima, they are located only slightly above the S; state at their respective optimized
geometries. Because the magnitude of the energy gap depends sensitively on the choice of
correlation functional used to approximate the total energy, and given that even coupled-
cluster methods may provide an incomplete treatment of correlation effects with errors on

the order of 0.1-0.2 eV, CT states may indeed be energetically accessible in these
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compounds.However, the total energy diagram indicates that decay from the S; to the T, state
is feasible, with a AG of about 1.07 eV. Thus, CT states will inevitably compete with the
population of T, state for BOD-PhNO, and BOD-PhOH dyes. If the hypothesis that the
population of the long-lived T, state is the key factor for catalyst reduction is correct, then the
decreased turnover number of H, production in BOD-PhOH and BOD-PhNO; can be ascribed

to the possibility of the population of CT states.
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Figure 4.6: Energy diagrams for selected singlet and triplet states of BOD-Ph, BOD-PhOH, and BOD-
PhNO,. The calculations were performed at different geometries in DCM with TDA-TDDFT (MN15) and
DLPNO-STEOM-CCSD.

4.5 Conclusion

MN15 shows good performance compared to DLPNO-STEOM-CCSD method, in contrast to
double-hybrid functionals, which are highly sensitive to basis set errors and computationally

more costly. This study emphasizes that CT states act as impediments to catalytic activity,
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whereas ISC between S; and T, promotes catalytic activation, with the latter likely dominating
in the process for the three compounds. Thus, only a partially correlation between electron
transfer pathways and the experimental turnover frequencies [31] is observed for BOD-PhOH
and BOD-PhNO,. To obtain an overall picture of the mechanism, the doublet CT states should

be evaluated.
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Chapter 5: Computational Results for the
Reduced BODIPY Dyes

5.1 Introduction

Electronic states exhibiting doublet character are a subject of significant scientific interest and
ongoing debate due to their promising applications across diverse research domains. These
states play a pivotal role in several advanced technologies. Such states are central to
enhancing the efficiency of proton reduction systems via redox-mediated processes [166] and
to singlet fission, where doublet charge-transfer states can act as intermediates facilitating
the generation of triplet excitons [167]. They also play key roles in thermally activated delayed
fluorescence materials employing radical emitters through singlet—doublet electron transfer
[168], in organic radical batteries that rely on rapid electron transfer [169], and in nonlinear
optical spectroscopy under polarized light excitation [170]. These phenomena often involve
materials such as organic radicals, which inherently exhibit an open-shell structure [171], and
transition metal complexes, where interactions between unpaired d- or f-electrons and ligand-

centered radicals give rise to doublet excited states [172].

Coupled-cluster methods are highly accurate for closed-shell systems, but they often struggle
for open-shell species, especially when a strong multireference character is present. Their
canonical costs, O(N®) for CCSD and O(N7) for CCSD(T), together with substantial memory
demands, limit routine applications to modest system sizes. Multiconfigurational approaches
(e.g., CASSCF followed by CASPT2 or NEVPT2) provide viable alternatives for systems with
pronounced static correlation (including many open-shell doublets), but they require careful
active-space selection and method-specific parameter choices [173]. Therefore, the results
can be sensitive to these decisions. Spin-flip methods such as SF-EOM-CCSD can be effective
for diradicals and bond-breaking by using a high-spin reference [174], yet, as truncated
singles-and-doubles models, they may miss important higher-excitation effects (triples,
quadruples). Their performance is also reference-state dependent, which limits their reliability

to a relatively narrow class of problems.

Compared with correlated wave-function methods, DFT offers favorable computational cost

owing to its parameterized nature. In the reference [142], the authors investigated doublet—

75



doublet excitation energies for 23 radical species, excluding states with pronounced
multiconfigurational character. TDDFT calculations were carried out with both hybrid and
double-hybrid functionals, and the results were benchmarked against UCC3/aug-cc-pVTZ
using MADs. Among the tested functionals, the spin-opposite-scaled, range-separated double-

hybrid SOS-wPBEPP86 was among the best performers, yielding a MAD of 0.17 eV.

Although TDDFT has achieved considerable success in describing the electronic properties of
singlet and triplet excited states, it faces significant challenges when applied to doublet states.
These difficulties arise primarily from its inherent single-determinant framework and the
limitations of the adiabatic approximation, particularly in the case of CT excitations, where the
overlap between ground and excited states diminishes, and spin contamination becomes
prominent. Despite these limitations, certain functionals, such as MN15 and SOS-wPBEPPS86,
have shown promising performance and offer a balanced description for selected open-shell
systems. While MN15 has demonstrated good accuracy for multireference states, and those
involving Rydberg character [134], its application to doublet excitations remains relatively

underexplored in the literature.

In general, the hydrogen production cycle involving BODIPY dyes as PSs is controversial. Two
different hypotheses have been proposed to explain the cycle of hydrogen production

involving reduced BOD-Ph compounds (see description in the introduction):

The first hypothesis [33] proposes that an electron released from the SED (e.g., ascorbic acid)
occupies the LUMO of the bright singlet BOD-Ph state, resulting in a reduced form with a
doublet ground state (S = 1/2). Upon photoexcitation of the reduced BOD-Ph, two primary
pathways may occur: either a CT state is formed, leading to hydrogen production after
electron transfer toward the catalyst, or a dissociative state arises, causing degradation of the
compound. Indeed, a previous study [33] performed a TDDFT-PES relaxed scan along the
torsional coordinate of the reduced BOD-Ph compound, using the PBEO/cc-pVTZ level of
theory. This study indicated the potential for the population of the reduced charge-transfer
state in BOD-Ph, while the PES along the carbon—iodine bond elongation was associated with

a dissociative state, leading to cleavage of the compound.

The second hypothesis [175] suggests that the photoexcitation of the reduced compound

populates a long-lived doublet state (centered on the BODIPY core), which is then followed by
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electron transfer to the catalytic center. In this hypothesis, the competing population of CT

states is assumed to act as a deactivation channel and thus to hinder hydrogen production.

Therefore, in the present study, we employed the TDA within TDDFT to investigate doublet
states that may be relevant to the reduced BOD-Ph cycles involved in hydrogen production.
This approach offers a computationally efficient yet informative route to explore such states

in complex molecular systems.

The initial phase of this study comprises a systematic comparison between TDA-TDDFT
calculations on reduced BOD-Ph employing the meta-hybrid functional MN15 and the double-
hybrid functionals SOS-PBE-QIDH and SOS-wPBEPP86. The double-hybrid functionals
incorporate MP2-like perturbative correlation to enhance the description of dynamical
correlation effects in doublet states. Both methodologies are benchmarked against a high-
level multiconfigurational wavefunction reference method (RASPT2) for excited states
properties calculations of the relevant doublet states taken from the reference [33]. Ground
state (Do) geometry optimization was performed in the gas phase at the MN15/def2-SVP level,
followed by vibrational frequency analysis and subsequent single-point TDA-TDDFT energy

evaluations.

The second stage of the investigation examines the influence of solvation (DCM modeled with
PCM) and electronic substituent effects (NO, and OH) on energy levels, oscillator strengths,
and state-level ordering. This makes it possible to address certain experimental aspects that

may influence the reduced states.

In the third step, the excited doublet states geometries relevant to the catalytic pathway are
optimized. At each optimized geometry, TDDFT calculations determine the total electronic
energies. These results enable qualitative comparison of the potential energy surfaces,
facilitating the identification of active versus inactive reaction channels among the three

molecular structures following photoexcitation.

5.2 Spin density

The spin density map is generated to localize the electron density of the unpaired electron. It
is evident from Figure 5.1 that the unpaired electron is predominantly on the SOMO of BOD-

Ph (corresponding to the LUMO of the non-reduced compound).
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Figure 5.1: Spin density for the reduced BOD-Ph.

5.3 Effect of XC functionals on the reduced BODIPY dyes' energy
levels

The properties of the ten lowest-lying doublet excited states of BOD-Ph were investigated
using unrestricted density functional theory coupled with TDA-TDDFT calculations. Three XC
functionals were tested, namely MN15, SOS-PBE-QIDH, and SOS-wPBEPP86, which represent
functionals from the fourth and fifth rungs of Jacob’s ladder, and they were benchmarked
against RASPT2 calculations from the reference [33]. The ground-state geometry (Do) was
optimized at the MN15/def2-SVP level in vacuum and employed for all subsequent TDA-
TDDFT calculations. For MN15, TDA-TDDFT is also evaluated in comparison with conventional
TDDFT. The optimized structure has a phenyl-(BODIPY core) torsion angle of approximately
115.95°.

The energies of the lowest excited states that may be relevant to the catalytic process are
listed in Table 5.1 and include:

D(msop = T sop): localized within the BODIPY core and containing the unpaired electron.
D(msop = T pn): doublet excitation that facilitates electron transfer from the BODIPY core to
the phenyl moiety.

D(msop > o1'): associated with compound degradation via carbon—iodine bond cleavage.

D(mteh = U soD): electron transfer from the phenyl to the BODIPY core.

As presented in Table 5.1, TDA-TDDFT/MN15 calculations introduce a slight blueshift of ~0.05
eV relative to standard TDDFT/MN15. However, moderate discrepancies are observed in the
computed oscillator strengths (f). Notably, the bright D(reop > 1 sop) exhibits a substantial
orbital contribution (49%) from the D(msop = m'pn) state in TDDFT calculations, considerably
higher than the 18% contribution found using TDA-TDDFT. Furthermore, upon

photoexcitation, absorption to the bright D(mtsop = 1sop) state (f=0.116) and to the two low-
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lying D(msop = 1 ph) CT states (f = 0.055; 0.060) is allowed, indicating that population of both

localized and CT states is possible.

Table 5.1 Excited states (TDA)-TDDFT(MN15/def2-SVP) for BOD-Ph. Vertical excitation energies (VEE),
oscillator strength (f), spin (<5*>).

TDDFT/MN15 TDA-TDDFT/MN15
States VEE(eV) f <S*> | VEE(eV) f <S*>
D(1tsop = T ph) 2.43 0.055 | 0.82 2.48 0.070 | 0.80
D(1tsop = T ph) 2.44 0.060 | 0.80 2.48 0.020 | 0.80
D(meop = Tt sop) 2.56 0.116 | 0.79 2.64 0.187 | 0.80
D(rsop = 01') 2.74 0.001 | 0.96 2.75 0.002 | 0.96
D(rsop = 01') 2.86 0.001 | 1.01 2.87 0.001 | 1.00

D(tsop > T 6ob) 3.37 0.005 | 0.84 3.42 0.003 | 0.84
D(tsop > T 6ob) 3.54 0.000 | 0.90 3.62 0.000 | 0.87
D(tsop = T 6ob) 3.73 0.034 | 1.45 3.85 0.029 | 1.07
D(rsop = 01') 3.86 0.003 | 2.11 3.90 0.001 | 2.31
D(rsop = 01') 3.88 0.000 | 2.23 3.94 0.000 | 2.41

Table 5.2 presents MADs for the four lowest excited states relative to the RASPT2 reference.
The D(meop = 1 ph) transition (RASPT2 energy: 2.11, 3.54 eV) was excluded from the MADs
calculation due to its strong mixing with the D(msop = 1'sop) state. MN15 yields the smallest
MAD (0.08 eV), while SOS-PBE-QIDH and SOS-wPBEPP86 exhibit larger deviations of 0.33 eV
and 0.41 eV, respectively, even with employing a large basis set (def2-TZVP). Although TDA-
TDDFT with MN15 generally provides a balanced description, it exhibits limitations for CT
states. Specifically, in contrast to RASPT2 (Table 5.3), TDDFT predicts two nearly degenerate
low-lying D(msop = Tt sop) States at 2.43 and 2.44 eV with MN15. This disagreement is likely

related to the limitation of TDDFT in describing static correlation effects.

The study of the non-reduced compound showed that the CT excitations were underestimated
by a MAD of 0.22 eV using the MN15 functional and overestimated by a MAD of 0.10 eV with
the SOS-wPBEPP86 functional. However, for the reduced BOD-Ph, CT states remain
particularly challenging to describe, even with the inclusion of long-range corrections.
Furthermore, higher spin contamination is observed when using the double-hybrid functionals

(Table 5.4), which may impact the accuracy of the results.

Table 5.2 Mean absolute deviation (MAD) in eV of TDA-TDDFT in comparison to RASPT2.

States TDDFT- TDA-TDDFT | SOS- SOS
MN15 MN15 wPBEPP86 | PBE-QIDH
D(top = T o) 0.05 0.11 0.37 0.36
D(mgop > 01) 0.10 0.10 0.45 0.50
Average 0.08 0.10 0.41 0.33

79



Table 5.3 Excited state properties with RASPT2 method [33] with Cy-restricted structure.

RASPT2
States VEE(eV) f

D(mgop = T[*Ph) 2.11 0.000
D(msop = T[*BOD) 2.49 0.183
D(mgop > 01) 2.58 | 0.000
D(mgop > 01) 2.83 0.000
D(msop = T[*BOD) 3.35 0.010
D(rtsop = T pn) 3.54 | 0.150

Table 5.4 TDA-TDDFT calculations with double hybrid functionals (SOS-wPBEPP86, SOS-PBEQIDH/def2-
TZVP).

TDA-TDDFT (SOS-wPBEPP86) TDA-TDDFT (SOS-PBE-QIDH)
States VEE(eV) f <S*> | States VEE(eV) f <S>
D(rtsop > T 80p) 2.67 0.198 | 1.02 | D(msop > T sop) 2.69 0.198 | 0.99
D(rtsop = TUph) 3.13 0.039 | 1.19 | D(rmsop —> Tt ph) 2.87 0.032 | 1.06
D(rtsop > 1) 3.28 0.000 | 1.98 | D(rsop —> Tt ph) 3.02 0.031 | 1.54
D(mop = T ph) 3.35 0.019 | 3.35 | D(msop = /') 3.08 0.000 | 1.71
D(msop = 01") 3.40 0.000 | 2.15 | D(msop > o/') 3.24 0.000 | 1.89
D(rtsop = TUph) 3.63 0.065 | 1.87 | D(rsop —> Tt ph) 3.81 0.052 | 2.19
D(rtsop —> T 80p) 3.89 0.111 | 1.27 | D(meop = T sop) 3.86 0.008 | 1.45
D(rtsop ~> T s0p) 3.93 0.020 | 1.43 | D(msop ~> T sop) 3.98 0.000 | 1.65
D(rtsop —> T s0p) 3.98 0.001 | 1.69 | D(msop —> T sop) 4.02 0.001 | 1.74
D(1tsop = T ph) 4.03 0.018 | 1.66 | D(meop > i) 4.04 0.000 | 1.80

5.4 Effect of the substituents and the solvent on the reduced BODIPY
dyes' energy levels

The MN15 XC functional was employed to investigate the influence of substituting the phenyl
group with an EDG (OH) or an EWG (NO,). The effect of DCM solvent was accounted for using
the implicit PCM within the LR formalism to improve the accuracy of excited-state calculations.
The electronic properties of the compounds (BOD-Ph, BOD-PhOH, and BOD-PhNO;) are
summarized in Tables 5.5-5.7. Upon transitioning from vacuum to solvent surroundings, it
was found for BOD-Ph that the low-lying states D(mtgop = 1'sop) and D(rtsop = o1") are slightly
destabilized by 0.07 and 0.18 eV, respectively. However, the effect of the solvent is more
pronounced on the higher energy D(msop = 1'pn) and D(mten = 1 sop) States, causing energy
shifts of +0.46 eV and -0.41 eV, respectively (Figure 5.2). Subsequently, the attachment of a
NO, group to the phenyl ring results in a significant decrease in the vertical transition energy
of the D(meop > 1'pn) by 1.03 eV compared to BOD-Ph. The latter state lies 0.98 eV below the
bright state D(msop > Tt sop), implying that it is energetically accessible. However, a reverse

trend is observed for D(rpn = T sop) States, which are destabilized by 0.20 eV. This trend is
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consistent with that observed in the corresponding non-reduced compound. Incorporation of
an OH substituent leads to an increase of 0.33 eV in the energy of the lowest D(mtsop = 1 'ph)
transition. The two lowest-lying excited states exhibit significant oscillator strengths,
particularly in the case of BOD-PhNO, (f = 0.269 and 0.244) indicating that both the first and

second electronic transitions are allowed and likely to contribute to the absorption spectrum.

Table 5.5 Excited state properties of reduced BOD-Ph at the Do geometry calculated in
dichloromethane (PCM equilibrium solvation) with MN15.

States Weight(%) VEE(eV) A(nm) f <S*>
D(Taop = Tt s0p) 84 2.57 482 0.260 0.81
D(mop = 1) 95 2.77 447 0.072 0.81
D(mop = T ph) 90 2.92 424 0.054 0.80
D(rsop = 01') 87 2.96 419 0.004 0.94
D(rsop = 01') 87 3.08 403 0.001 0.99
D(Tsop = Tt sop) 88 3.47 357 0.002 0.85
D(mteop = T[*BOD) 75 3.69 336 0.004 0.88
D(Tsop = Tt sop) 52 3.82 324 0.019 1.05
D(Tsop = Tt sop) 85 3.94 314 0.558 0.92
D(rsop = 01') 58 4.07 304 0.001 2.37
D(mop = T ph) 47 4.69 264 0.007 1.80
D(mop = T ph) 41 4.96 250 0.004 1.96

Table 5.6 Excited state properties of reduced BOD-PhOH at the Do geometry calculated in
dichloromethane (PCM equilibrium solvation) with MN15.

States Weight(%) VEE(eV) A(nm) f <S%>
D(rsop = T sop) 79 2.58 479 0.229 0.81
D(msop = T ph) 87 2.82 439 0.084 0.81
D(rsop = 01') 90 2.93 423 0.001 0.95
D(msop = 01') 86 3.03 409 0.013 0.95
D(sop = T ph) 89 3.11 399 0.046 0.89
D(rsop = T sop) 88 3.50 354 0.001 0.85
D(rtsop = T sop) 56 3.72 334 0.000 0.89
D(rtsop = T sop) 43 3.76 329 0.065 1.04
D(1ten = 1) 84 3.93 315 0.578 0.91
D(rtsop = T sop) 48 3.99 310 0.070 1.61
D(rteh = Tisop ) 24 4.34 285 0.08 2.19
D(rtsop = T ph) 69 4.75 261 0.014 2.08

81



Table 5.7 Excited state properties of reduced BOD-PhNO, at the Doy geometry calculated in
dichloromethane (PCM equilibrium solvation) with MN15.

States Weight(%) VEE(eV) A(nm) f <S>
D(mtgop = T ph) 95 1.33 934 0.269 0.79
D(msop = T sop) 70 2.31 536 0.244 0.79
D(mgop = 1) 96 2.65 467 0.012 0.80
D(mgop > 01) 50 3.17 391 0.007 0.95
D(rsop = 01') 68 3.17 390 0.000 0.95
D(mgop > 01) 83 3.28 378 0.000 1.04
D(mgop = 1) 59 3.33 373 0.011 2.55
D(mtgop = T ph) 50 3.40 365 0.000 0.91
D(msop = T gop) 45
D(rten = 1Upn) 46 3.42 362 0.024 2.26
D(rten = 1Upn) 48 3.46 358 0.204 1.58
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Figure 5.2: Doublet states vertical energy diagrams of BOD-Ph, BOD-PhOH and BOD-PhNO; in vacuum
and DCM calculated at the Do optimized geometries with TDA-TDDFT (MN15). Examples of charge
density difference (CDD) are shown for different types of transitions; positive (electron) and negative
(hole) values are indicated in red and blue colors, respectively.

5.5 Excited states geometry optimization of the reduced
compounds

The lowest-lying excited-state geometries for the three BODIPY dyes were optimized using the
TDA-TDDFT approach in DCM employing the MN15 XC functional. Thereafter, adiabatic
energies were calculated, using the equilibrium solvation model within the PCM framework
at each corresponding geometry. Additional TDA-TDDFT calculations employing the SOS-
wPBEPP86 functional were done to compare the performance of the two XC functionals.
Figure 5.3 reports the prominent lowest electronic states possibly involved in the reduced
catalytic activity. All the calculated vibrational frequencies are positive, confirming that the

obtained geometries are minima of the PES. For the reduced BOD-PhNO;, the lowest
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D(msop > 1ph) fails to converge to a true minimum of the PES; whereas the second D(meop >

'ph) state geometry converged successfully. Therefore, for BOD-PhNO, the energies of both

states (blue color) were included in Figure 5.3 only at the optimized geometry.
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Figure 5.3: Energy diagrams for selected doublet states of BOD-Ph, BOD-PhOH and BOD-PhNO,. The
calculations were performed at different geometries in DCM with TDA-TDDFT (MN15 and SOS-

wPBEPP86).
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Table 5.8 Phenyl-(BODIPY core) torsion angle and C-I bond length for the three compounds at the
optimized geometries.

Compounds States Angles(°) C-1 bond
lengths (A)
BOD-Ph Do 111.6 2.08
D(mgop = Teon™) 122.1
D(rtsop = T ph) 92.7
D(msop = 0/*) 100.8 2.82
BOD-PhOH | Dg 110.4 2.08
D(msop = Teon™) 114.8
D(rtsop = T ph) 110.3
D(msop = 0/*) 100.8 2.82
BOD-PhNO; | Do 123.2 2.08
D(mgop = Teon™) 134.9
D(rmeop = T[*ph) 138.9
D(msop = 0/*) 104.8 2.82

Upon photoexcitation of the reduced BOD-Ph system, the locally excited doublet state D(msop
- Teop™) is initially populated at the FC region corresponding to the ground-state (Do)
geometry, with an oscillator strength f of 0.26. This excited state subsequently relaxes to the
same electronic configuration at its optimized geometry, exhibiting a torsional change of 10.5°
and an energy stabilization of 0.12 eV. In contrast, the D(rsop = 1t ph) state undergoes a higher
decrease of 0.32 eV during relaxation and lies 0.01 eV above the optimized D(mgop = msop™)
energy. This small energy gap suggests competitive population dynamics between the bright
state D(msop > Teop*) and CT state D(msop > 7 'pn). Moreover, the vibrational frequencies
corresponding to phenyl rotation in these two optimized geometries are 38.3 and 41.2 cm™.
These values lie below the thermal energy at room temperature (KT = 209 cm™), indicating
that the rotational modes are readily populated under ambient conditions. However, previous
studies of the non-reduced BOD-Ph compound indicate that the MN15 functional
underestimates CT state energies. Consequently, the adiabatic energy of the CT state D(mgop

- 1'pn) is likely energetically inaccessible.

Dissociative states associated with C—I bond cleavage are predicted to be energetically
inaccessible after photoexcitation and yield anomalously low adiabatic excitation energies.
This behaviour is most plausibly an artefact of the TDA-TDDFT/MN15 approach, which does
not capture static-correlation effects with sufficient accuracy at the predicted C-I bond length

of 2.82 A (Table 5.8).

BOD—-PhOH exhibits the same energetic trend as BOD-Ph, with only slight deviations in the
adiabatic excitation energies: 0.004 eV for D(msop = Teop*) and 0.005 eV for D(mteop > T'ph),
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respectively. The incorporation of an EWG (NO,) at the para-position in BOD-PhNO; stabilizes
the adiabatic energy of the D(rmeop > m'phn) transition by 0.79 eV relative to BOD-Ph, as
evaluated at the D(mgop—>Te0n™) Optimized geometry for the two compounds. Consequently,
this lowest-energy D(msop > TUph) State, at the optimized geometry D(mesop = 1 'pn), becomes
easily populated during relaxation, exhibiting a 0.91 eV energy gap relative to the D(mgop =
Tigon™®) state, calculated at the ground state Do geometry. A difference of 15.7° in the torsion
angle is observed between these two geometries. As with the previous compounds, the
dissociative state remains inaccessible and exhibits an anomaly at its optimized geometry,

which renders the prediction of dissociative pathways difficult.

Even though the total energies calculated with SOS-wPBEPP86 are higher than those obtained
with MN15 possibly owing to spin contamination, they globally retain the same energetic
trend, confirming that the CT state D(rsop = U pn) is energetically easily accessible. Indeed,
the adiabatic energies of the lowest states D(msop > Teon*) and D(msop = 1 ph) are increased
by 0.3 and 0.52 eV at the D(meop = msop*) optimized geometry, relative to the MN15 results.
However, at the optimized D(rtsop = 1t ph) geometry, the lowest D(rteop > U ph) state lies 0.74
eV below the D(msop = msop*) state, yielding an energy gap of 0.31 eV compared to the D(msop
- neop*) state at Do geometry, which is 0.6 eV smaller than the value calculated with MN15.
Moreover, the adiabatic energy of the dissociative D(msop = 0/*) state is increased by 0.94 eV
compared to the adiabatic energy calculated with MN15. This places this state significantly
above the Do energy (4.27 eV) and near the adiabatic energy of the D(mgop = Msop*) state (0.04
eV). The stronger dependence of the D(msop = 01*) state energy on the employed functional
indicates that more advanced correlated methods should be used to characterize the

energetic position of such states.

5.6 Conclusion

The assessment of the vertical energies of doublet excited states in vacuum using the meta-
hybrid functional MN15 and double-hybrid functionals (SOS-PBE-QIDH, SOS-wPBEPP86)
shows that the MIN15 functional provides a more balanced description, achieving a MAD of
about 0.1 eV compared to RASPT2 calculations. However, all functionals — including the long-

range corrected SOS-wPBEPP86 — struggle to accurately describe doublet CT states. This
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limitation is likely due to the high spin contamination, where the doublet states are strongly

mixed with triplet states.

CT states are particularly sensitive to structural rearrangements arising from equilibrated
solvent—solute interactions between BOD-Ph and DCM. These interactions lead to a
destabilization of the vertical energy of the D(meop > 7 'ph) state by 0.46 eV and a decrease of
up to 0.41 eV for the D(mpn > 1'sop) state. Furthermore, the attachment of EWG (NO,) and
EDG (OH) stabilizes the D(mzop = t"pp) state by 1.45 eV for BOD-PhNO; and the D(mteh = 1t"s0p)
state by 0.67 eV for BOD-PhOH.

The relaxation pathways indicate that, upon photoexcitation in D(mzop = Tson*), the reduced
BOD—-Ph and BOD-PhOH compounds are more likely to release an electron to the catalytic
center from the local excited state D(msop = Mson™), whereas CT states are scarcely populated.
In contrast, in the reduced BOD—-PhNO, compound, the lowest CT state is energetically
accessible, possibly opening an efficient non-radiative deactivation channel, which would

explain the low turnover number for hydrogen generation obtained with this sensitizer [31].

These results are condition-dependent, as the catalytic turnover can vary significantly with
experimental parameters. Factors such as the type of solvent, the nature of the substituent,
and whether the photosensitizer and catalytic center are connected intra- or intermolecularly
can all play a decisive role. From the above analysis of the electron transfer mechanism for
the three reduced compounds, we may conclude that the results are in agreement with
Hypothesis 2, whereby electron transfer to the catalytic center most likely occurs from the
reduced bright state via intermolecular interactions, which initiates the water reduction
process. In contrast, the tendency to populate CT states coincides with a decrease in the
photocatalytic activity, ultimately leading to deactivation of the process, which contradicts
Hypothesis 1. This is most evident in reduced BOD-PhNO,, in which stabilization of the
adiabatic energies of the short-lived CT states coincides with a steep decrease in catalytic
activity. Indeed, the competition between the reduced bright state and the dark CT states

decisively determines the fate of the catalytic activity.
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Chapter 6: Photophysical Properties for BOD-Ph

6.1 Introduction to computational vibronic-coupling methods

The investigation of photophysical properties plays a crucial role in optimizing technological
applications. Various pathways can lead to a diverse spectrum of applications, depending on
the excited-state manifold and the mechanisms involved. According to Kasha's law, upon
photoexcitation, the population of the lowest vibrational state of an excited electronic state
is highly probable, followed by emission from the S; to So states. However, rapid vibrational
coupling between different electronic states, occurring on a timescale between 107" and 10™
seconds, can lead to internal conversion. Meanwhile, strong spin-orbit coupling or a small
energy gap between singlet and triplet states can facilitate transitions between electronic
states with different spin multiplicities, a process known as intersystem crossing. Several
experimental methods, such as magnetic circular dichroism and electron spin resonance, are
employed to probe these transitions. However, the high costs and potential errors associated
with these techniques necessitate an interplay between experimental and theoretical
approaches. Recently, several computational programs have been developed to calculate
photophysical rates, relying on the Franck-Condon principle and Fermi's golden rule.
Additionally, an electronic state's PES is often approximated as a harmonic oscillator using a
second-order Taylor expansion around the relevant geometric coordinates. In this
approximation, the ground and excited states are connected through a rotational matrix
(Duschinsky matrix) and a displacement vector. The assessment of these quantities depends
on the model employed to evaluate the harmonic PES and the coordinate chosen to calculate
the normal modes. The discrepancy between the simulated and experimental rates may be
attributed to additional decay channels, such as conical intersections or dark trap states, as
well as to other effects including Duschinsky rotation, Herzberg—Teller coupling,

anharmonicity, and electron correlation effects.

Different models have been proposed to describe the frequencies (Hessian) and geometries
for such transitions. If one considers a transition occurring from state S, to state Sm, the

following harmonic models can be used:
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e Adiabatic Hessian (AH): The extrapolation of the quadratic PES is performed around the
optimized structures of the initial Sy and final Sm states. The geometries, frequencies and
normal modes of both states are employed.

e Vertical Hessian (VH): The Hessians and gradients of the states (Snand Sm) are calculated
at the geometry of the initial state Sn.

e Adiabatic Shift (AS): Sn and Sm are assumed to have identical Hessians (vibrational modes

and frequencies), and the PES minimum is simply shifted.

In order to evaluate vibrational wave function overlaps, both time-independent (TI) and time-
dependent (TD) approaches are used. The former treats the overlap as a discrete summation
over vibrational states' quantum numbers, with the option to include only those contributing
most to the dominant transition, while the latter uses continuous vibrational integration

solved through a Fourier transformation.

A major concern regarding the applicability of these vibronic models is that their reliability
depends on the specific structure being investigated. Indeed, the real PESs of the ground and
excited states must be accurately represented by harmonic approximations and should exhibit
similar geometries within the Franck—Condon approximation. Otherwise, the discrepancy
between the vertical and adiabatic models may become too large, especially when the system

undergoes a large torsional distortion (Figure 6.1).

S

Real PES close to the harmonic approximation Real PES far from harmonic approximation

Total energy

Figure 6.1: lllustration of a system well described by the harmonic approximation (left) and one
showing significant anharmonicity (right).
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The following section presents a literature review focusing on the applicability of vibronic

models, particularly for rigid structures.

Santoro and his colleagues determined the photophysical properties of constrained and
flexible compounds to assess the reliability of vibronic models [176]. The calculation of one-
photon emission and resonance Raman showed good agreement with experimental data for
rigid compounds. However, the plot of the kic as a function of the energy gap exhibited a
dependency on broadening values, leading to unreliable kic rates in some cases. For flexible
compounds, polyphenyl molecules, a scan of the relaxed PES along intra-ring torsion revealed
significant configuration changes during transitions, with a torsion angle of around 40 degrees.
This finding indicates that the harmonic oscillator approximation may not be suitable for

flexible compounds.

Javier Cerezo examined the impact of Duschinsky rotation on the UV-Vis spectrum of B-
carotene conformers [177]. The vibrational spectrum computed using the AH approach in
Cartesian coordinates overestimated the experimental spectrum width due to the
contribution of low-frequency torsional modes and high-frequency bond-stretching modes.
Cartesian coordinates cannot adequately describe significant structural displacements
between the ground and excited states. This anomaly traces back to a non-orthogonal
Duschinsky matrix caused by the mixing of vibrational modes. In contrast, internal coordinates

successfully described the curvilinear displacements.

Shuai et al. [178] also studied BODIPY systems and provided an overview of possible
deactivation channels occurring between Sp and S; states for these compounds, including IC.
They divided the PES scan into two regions: the vertical transition across the Franck-Condon
region (harmonic region) and the remaining PES (anharmonic region). The anharmonic
channel, which is only accessible in low-efficiency fluorescence BODIPY dyes, involves an

accessible energetic barrier.

Francisco José Avila Ferrer et al. [179] conducted a quantitative analysis to assess the
performance of the AH, AS, and VH models. They compared quantities (frequency shifts,
displacements, the Duschinsky matrix, and Franck-Condon factors between the vibrational
states of the initial and final electronic states) involved in transitions between nin* and nmt*

states in various compounds (anthracene, coumarin, porphyrin and pyrazine). For semirigid
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compounds, AH and VH models yielded similar results, as the influence of imaginary
frequencies on the PES is typically minor. However, the AS and VG models overestimated band

spacing because these models do not account for differences in the excited-state Hessians.

Research by Daniel Escudero et al. has applied vibrational coupling methodologies to analyze
diverse systems and photophysical properties. Initial investigations focused on
phosphorescence in iridium complexes, where Huang-Rhys factors were computed to assess
vibrational mode influence on de-excitation pathways [180], and later evaluating electron-
vibration coupling as a key mechanism for anti-Kasha emission (emission from higher excited
states) in organic molecules [181]. The study highlights applications to rigid m-conjugated
systems, which are particularly suitable for such models, and reports qualitative estimations

of photoluminescence quantum yields for the selected organic structures.

The quantitative study presented in this chapter aims to test the validity of the vibronic models
(AH and VH) in determining the photophysical rates of BODIPY dyes. The methodology is
applied to BOD-Ph to investigate various mechanisms involving the So, Sq, and triplet states,
for which both radiative and non-radiative experimental data are available. In this context, the
experimental absorption and emission spectra are reproduced using the mentioned models,
and the discrepancies between the experimental and theoretical spectra are analyzed.
Furthermore, the influence of different parameters (broadening width, energy gap AE, SOC,
and normal modes coordinates) on the photophysical rates is examined, and the vibrational
modes and Huang—Rhys factors contributing to the non-radiative pathways are identified.
Throughout this study, unless otherwise specified, the spectra and rates were computed using

the TD approach.
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6.2 Emission and absorption spectra: theoretical (AH, VH) vs.
experimental data

1 -
|- AH_FC_Cartesian (T=0K) \ 1 = AH_FC_ Cartesian(T=0K)
——— AH_FC_lInternal (T=0K) | ——— AH_FC_Internal (T=0K)
——AH_FC_Internal (T=300K)  {| f——— AH_FC_Internal (T=300K)
——— VH_FC_lInternal (T=0K) { ———VH_FC_lInternal (T=0K)
VH_FC_lInternal (T=300K) ‘ [ VH_FC_Internal (T=300K)
experimental -experimental
.08 0.8- '
—
(2]
c =
L @
£ o
-—
c [
50.61 £0.6-
= C
e s
a 7]
= £
w
§0.4 - 504
= N
£ T
£ £
S S
20.21 Z0.2-

0 ——== —— 0 : —— :
400 450 500 550 600 500 550 600 650 700
wavelength(nm) wavelength(nm)

Figure 6.2: Comparison of experimental and computed absorption and emission spectra for BOD-Ph in
dichloromethane (DCM, € = 8.93). The calculations were performed at 0 K and 300 K. Spectral
lineshapes were broadened using a Gaussian function with a half-width at half-maximum (HWHM) of
0.01 eV. For better visualization, the calculated spectra were shifted along the wavelength axis
(between -0.26 and -0.31 eV) in order to align with the experimental maxima. The calculated and
experimental [31] intensities were normalized.

Figure 6.2 shows the normalized absorption and emission spectra calculated using the XC
functional MN15, the basis set def2-SVP, and the PCM solvation method, compared with the
experimental spectra measured in DCM. Vibrational modes were computed using both
Cartesian and internal coordinates, accounting for normal mode mixing between the So and
S; states, as well as frequency shifts. Within the VH approach for emission, two negative
frequencies (-45cm™ and —41 cm™) were obtained for the So state when computing the
frequencies at the S; geometry. These frequencies were converted to their absolute values in

the calculation of the emission spectrum.

The absorption spectrum computed using Cartesian coordinates exhibits overall agreement
with the experimental spectrum for wavelengths above 475 nm. However, below this
wavelength, unphysical bands appear at anomalous positions. Previous studies [177] attribute

this discrepancy to mode mixing between low- and high-frequency modes, indicating that
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Cartesian coordinates may inadequately capture torsional displacements. To disentangle this
effect, the displacement vector was set to 0, which is denoted as zero displacement vector
(ZDV) calculation. As shown in Figure 6.3, the presence of unphysical overtone features in the
simulated spectra can be attributed to mixing within the Duschinsky matrix when using

Cartesian coordinates.

—— AH_FC_Internal_ (T=0K)
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—— AH_FC_Cartesian_(ZDV)_ (T=0K)

o o
(o] (o]
L 1

Normalized Absorption Intensity
o
i ~

o
N
~—

04 : : ;
300 350 400 450 500
wavelength(nm)

Figure 6.3: Simulated absorption spectrum using Duschinsky matrix evaluated with AH and ZDV.

To single out the vibrational modes responsible for such artifacts, the absorption spectrum
was simulated using AH (Cartesian) with the Tl approach at 0 K. The evaluation of FC factors
indicates that the spectral artifacts predominantly arise from transitions to specific vibrational
modes in the S, electronic state. These include low-frequency modes 2 (33.8 cm™), 7 (69.4
cm™),and 10 (102.6 cm™), as well as high-frequency modes 109 (3069.9 cm™") and 110 (3070.3
cm™). The low-frequency modes primarily correspond to phenyl and methyl torsional
motions, while the high-frequency modes are associated with C—H stretching vibrations of the
methyl groups (Figure 6.4). These results suggest that the artifacts stem from an incorrect
coupling between vibrational modes in the S; and So states when Cartesian coordinates are
used in the simulation. A similar observation is made in the case of the emission spectrum

(Figure 6.2).
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Figure 6.4: S; state normal modes of vibration involved in Duschinsky matrix mixture. Blue arrows:

Vibrational mode vectors.

In the second step, the normal mode displacements responsible for the pronounced

broadening progression are examined (Figure 6.5). It is evident that the low-frequency modes

1(20.7 cm™), 2 (36.5cm™), 7 (71.5cm™), 10 (100.4 cm™), 13 (145.6 cm™), 19 (215.2 cm™)

contribute to the broadening in both internal and Cartesian coordinate representations.

Moreover, higher-frequency modes with noticeable displacements are also contributing, for

example the modes 34 (498.8 cm™), 39 (600.3 cm™), 59 (1010.8 cm™") and 79 (1317.7 cm™).
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Figure 6.6: So state normal modes of vibration involved in the broadening progression. Blue arrows:
Vibrational mode vectors.

According to the normal modes 1 (20.7 cm™), 2 (36.5cm™), 7 (71.5cm™), and 10 (100.4 cm™),
the broadening progression can be attributed to the torsional motion of the phenyl
substituent and the bending of the methyls, while modes 13 (145.6 cm™) and 19 (215.28 cm™)
can be associated mainly with the contraction and the stretching of the BODIPY core. At higher
frequencies (modes 34, 39, 59, and 79), the spectrum is dominated by methyl bending, ring

breathing modes, and C—I stretching.
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During relaxation between the So and S; geometries, the rotation angle of the meso-phenyl
ring changed by approximately 8.1°, which additionally indicates that internal coordinates

should be used to describe the vibronic progression in such a non-rigid system.

At T = 0K, both the VH and AH approaches yield nearly identical spectra for both absorption
and emission (Figure 6.2). At this temperature, transitions occur only from the lowest
vibrational level of the initial electronic state toward the vibrational levels of the final state.

At 300 K, higher vibrational levels of the initial state become thermally populated. Transitions
from these higher levels to the vibrational levels of the final state lead to broader spectra. In
absorption, thermal broadening leads to better agreement with the experimental spectra
when using the AH model, whereas in emission, the broadening is somewhat overestimated
in both the AH and VH models (Figure 6.2). However, the underlying cause of this
overestimation is not entirely clear and may arise from an inaccurate choice of the HWHM

value or from errors in the Franck—Condon factors calculation.

In order to interpret the mismatch between the experimental and modeled emission spectra,
the effects of the type of broadening (Gaussian, Voigt), the width of the broadening (HWHMg
of 0.001, 0.01, and 0.1 eV), and the normal modes contributing to the phenyl torsion in the

AH model were tested.
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Figure 6.7: Influence of Gaussian and Voigt broadening on the emission spectrum using HWHMg
(Gaussian) and HWHM, (Lorentzian) values of 0.01 eV.
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As shown in Figure 6.7, the calculated emission spectrum with the AH model is independent
of the type of broadening, both in terms of its shape and width. This already indicates that the

radiative rate (k:) may also be independent of the type of broadening and thus consistent.
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Figure 6.8: Theoretical emission spectrum using a Gaussian broadening and varying HWHMg. Values
indicated in the inset.

Figure 6.8 illustrates the impact of the HWHMg parameter on the broadening of the simulated
emission spectrum. For HWHMg values of 0.001 eV and 0.01 eV, the spectra are nearly
identical and remain relatively narrow. However, increasing the HWHM¢g to 0.1 eV leads to a
significantly broadened spectral shape in larger disagreement with experiment. This simulated
broadening may mismatch with the underlying physical broadening mechanism, which fails to
replicate the experimental broadening. As a result, a HWHMg of 0.01 eV is employed in the

further simulations.

Moreover, when modes 2 (33.8 cm™) and 7 (69.4 cm™), which correspond to low-frequency
vibrational motions in the S, geometry, are omitted from the Franck—Condon calculations, the
previously overestimated broadening becomes significantly narrower, indicating that these
modes cannot be treated adequately within the simple harmonic approximation, thus, their

removal from the calculation is justified (Figure 6.9).
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Figure 6.9: The effect of removing the normal modes associated with the phenyl torsion on the

emission spectrum.

Going beyond the Franck—Condon approximation, we assess the impact of variations in the

transition dipole moment with respect to nuclear coordinates, as illustrated in Figure 6.10.

The HT approximation introduces only a negligible effect on both the absorption and emission

spectra. The vibronic structure remains primarily governed by the large magnitude of the

squared transition dipole moment. While the HT approximation leads to slight modifications

in peak intensities, its effects become more pronounced only in cases of weak electronic

transitions. Therefore, HT contributions were neglected in the following analyses.
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Figure 6.10: Impact of the Herzberg-Teller approximation on absorption and emission spectra.
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6.3 Analysis of rate constants using AH and VH models

Table 6.1 presents the variation of the k; and kic rates for BOD-Ph as a function of the Voigt
broadening. The Lorentzian parameter HWHM, is varied, while the Gaussian parameter
HWHMg is kept constant at 0.01 eV. Nearly no variation is observed in the radiative rate,
except for the largest value of HWHM,. However, the rate of internal conversion is strongly
affected by several orders of magnitude when varying HWHM, over the whole range of values
between 107® and 107! eV. In general, BODIPY compounds exhibit a relatively long excited-
state lifetime (~7.2 ns) [182], which corresponds to a narrow Lorentzian broadening under
experimental conditions. Therefore, some of the broadened values used in the model may not

fully reflect realistic experimental linewidths.

Table 6.1 Values of kic and k, rates obtained using the AH model with a Voigt broadening function,
calculations made with a HWHMg = 0.01 eV.

HWHM, (eV) | kic(s?) kr (s%)

1E-1 1.08E+10 2.37E+08
1E-2 1.08E+09 2.59E+08
1E-3 1.08E+08 2.62E+08
1E-4 1.12E+07 2.62E+08
1E-5 1.53E+06 2.62E+08
1E-6 5.61E+05 2.62E+08

In Table 6.2, we report the variation of the rate constants kic, kr, and kisc, calculated using the
AH and VH models, as a function of different spectral broadening functions (Voigt, Lorentzian,
and Gaussian). The ISC rate corresponds to the transition between S1 and the lowest triplet
state Ti. The Gaussian lineshape represents inhomogeneous broadening, which arises from
factors such as small shifts in excited-state energies due to interactions between the molecule
and the surrounding solvent. In contrast, the Lorentzian lineshape corresponds to
homogeneous broadening, which is related to the finite lifetime of vibrational states. While
the choice of broadening function has a minor effect on the kr as shown for the emission
spectrum, it has a substantial impact on both kic and kisc. Specifically, the values of kic and kisc
computed using Voigt convolution and Lorentzian broadening are approximately two to four
orders of magnitude higher than those obtained with Gaussian broadening. Moreover, a
subtle difference is observed between the two models (AH and VH) in all cases except for kic
and kisc, which, when computed using the Gaussian broadening function, exhibit a discrepancy

of about an order of magnitude. According to Table 6.1 and the reference [154], kic shows
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inconsistency as a function of HWHM|, especially for higher HWHM_ values. Therefore, the
HWHMg will be used in the following part.
Table 6.2 k;, kic and kisc rates predicted by harmonic models. The broadening functions are a Gaussian

with HWHMg = 0.01 eV, a Lorentzian with HWHM, = 0.01 eV and a Voigtian with HWHMg = HWHM, =
0.01 eV.

Broadening kr (s?) kic (s2) kisc (s2)
Function AH VH AH VH AH VH
Gaussian 1.39E+08 | 2.45E+08 | 4.54E+05 | 4.42E+06 | 8.94E+05 | 2.69E+04
Lorentzian 2.21E+08 | 2.31E+08 | 5.82E+09 | 5.47E+09 | 7.35E+06 | 4.84E+06
Voigt 2.59E+08 | 2.43E+08 | 1.08E+09 | 1.10E+09 | 2.02E+06 | 8.47E+05

Table 6.3 shows how AE between S;and Sp affects the kr and kic decay rates, as calculated with
the AH harmonic model, using a fixed Gaussian width (HWHMg = 0.01 eV). The k. rate
decreases as AE becomes smaller, in accordance with the Einstein coefficient relation, which
predicts that the spontaneous emission rate is proportional to the cube of the transition
energy (AE3). The value obtained using the experimental gap (2.29 eV), 1.39 E+08 s, agrees
well with the experimental rate of 1.30 E+08 s™'. On the other hand, kic decreases by over two
orders of magnitude when calculated using TDA-TDDFT compared to the DLPNO-STEOM-CCSD
method due to an increase in AE by 0.68 eV. Moreover, the kic rates obtained with the AH
model are around one to three orders of magnitude lower than the experimental rate. This
discrepancy may result from inaccuracies in the calculated AE or in the NACs, or it may
originate from the neglected anharmonic shape of the PES. Adjusting AE to the experimental
value (2.29 eV) provides a non-radiative rate comprised in-between the TDA-TDDFT and
DLPNO-STEOM-CCSD results, which remains about two orders of magnitude below the

experimental value.

Table 6.3 Effect of the variation of the adiabatic energy gap (AE) on the value of k. and kc rates (s?),
calculated with the AH model (HWHMg = 0.01 eV).

AE Rates
type ‘ value (eV) ke (s) ‘ kic (s™)
Theoretical
TDA-TDDFT 2.68 2.33E+08 4.54E+05
DLPNO-STEOM-CCSD 2.00 9.75E+07 6.00E+07
Experimental 2.29 1.39E+08 7.32E+06
Experimental [43]
Experimental ‘ 2.29 | 1.30E+08 ‘ 5.40E+08

To identify the normal modes that contribute most to the internal conversion process, the

Huang—Rhys (HR) factors were plotted.
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Figure 6.11: HR factors and reorganization energies for all vibrational modes of S; (AH).

Figure 6.11 represents the Huang—Rhys factors (HR;) corresponding to each vibrational mode

frequency (v;) and reorganization energies deduced from the relation HR; * v;.

Low frequencies, especially 33.8 cm?, participate the most in the kic rate, associated with the
highest reorganization energy (5.46 meV). This mode, since it contributes the most to ki,
needs to be well described by a harmonic model to obtain a correct estimation of the internal

conversion rate.

To this extent, the total energies of the Sp and S; states were followed through a relaxed scan.
This analysis varied the phenyl-(BODIPY-core) dihedral angle under consideration between 50°
and 130°. At each point, this angle was held fixed while the molecule’s other structural
parameters were optimized. It is apparent from Figure 6.12 that the harmonic approximation
breaks down for this coordinate, which might explain the deviation between the calculated
and experimental IC rates. Moreover, following the approach presented in reference [176] the
total energies were used to plot the energy histogram of the Boltzmann distribution
associated to this coordinate, and an estimation of HWHM g equal to 0.022 eV was concluded

from the convoluted diagram.

100



Figure 6.12:Relaxed scans of the Sp and S; states along the phenyl-(BODIPY-core) angle.
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Table 6.4 Radiative and IC rates calculated with the VH model (HWHMg = 0.01 eV).

AE Rates*
type ’ value (eV) ke (s%) ‘ kic (s™)
Theoretical
TDA-TDDFT 2.68 2.45E+08 5.33E+07
Experimental 2.29 1.60E+08 2.61E+08
Experimental [43]
Experimental | 2.29 | 1.30E+08 | 5.40E+08

*Imaginary frequencies converted to real positive values.

When the same geometry is enforced between the ground and excited states using the VH

model and the imaginary frequencies were converted to real positive values, the k; rates

obtained are consistent with previous results obtained with the AH model (Tables 6.3 and

6.4). This is expected, as k¢ is an intrinsic property that primarily depends on the square of the

transition dipole moment and the energy gap. However, the kic rates increase by roughly one

or two order of magnitude, giving in the case of the VH model a closer agreement with

experiment.

Table 6.5 Rates calculated with the VH model using HWHMg = 0.01 eV (modes 2 and 7 removed).

AE Rates
type ‘ value (eV) ke (s%) ‘ kic (s)
Theoretical
TDA-TDDFT 2.68 2.76E+08 1.26 E+08
Experimental 2.29 1.98E+08 4.88E+08
1.98E+08* 4.92E+08*
Experimental [43]
Experimental \ 2.29 | 1.30E+08 5.40E+08

*calculated using HWHMg = 0.022 eV.
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When modes 2 and 7, which contribute most to the phenyl-(BODIPY core) torsion, are
removed, and the HWHMg is set to 0.022 eV, the calculated internal conversion rate kic

increases and becomes closer in agreement with the experimental value (Table 6.5).

Table 6.6 Spin-orbit couplings (SOC) in cm™, calculated at the Sy, T1, T> and Tz geometries.

Geometry | <Si|Hs|T1> | <Si1|Hso|T2> | <Si|Hso| T3>
S 1.25 6.05 15.65
T1 11.34 10.40
T, 7.13 12
T3 3.47 10.17

Table 6.6 shows the dependence of spin—orbit coupling on the chosen geometry, as the
angular momentum depends on the spatial configuration of the molecule. In the following,
the S1 -> T, ISC rates were calculated for two values of the SOC, i.e., using the SOC estimated
at the S; geometry and the SOC estimated at the T, geometry (indicated in orange color in

Tables 6.6-6.9).

Table 6.7 ISC rates of S; - T, transition calculated using the AH model with HWHMg = 0.01 eV.

AE Rates
type | value (eV) kisc (s™)
Theoretical
TDA-TDDFT 1.06 8.94E+05
DLPNO-STEOM-CCSD 0.64 3.52E+07
Experimental 0.59 4.92E+07
Experimental [43]
Experimental | 0.59 3.50E+09

Table 6.8 ISC rates of S; = T, transition calculated using the AH model with HWHMg = 0.01 eV.

AE Rates
type | value (eV) kisc (s)
Theoretical

TDA-TDDFT 0.10 7.08E+09

DLPNO-STEOM-CCSD 0.08 7.09E+09
Experimental - -

Experimental [43]
Experimental | 0.59 | 3.50E+09
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Table 6.9 ISC rates of S; = T; transition calculated using the AH model with HWHM¢ = 0.01 eV.

AE Rates
type value (eV) kisc(s™)
Theoretical
TDA-TDDFT -0.13 1.35E+07
DLPNO-STEOM-CCSD -0.37 1.23E+02
Experimental - -
Experimental [43]

Experimental ’ 0.59 | 3.50E+09

The populations of Ty, T,, and Ts states generated by ISC are reported in Tables 6.7-6.9. The
effect of the quantum chemistry method (TDA-TDDFT and DLPNO-STEOM-CCSD) on the
calculated AE for the S & T, and S; = Ts transitions leads to kisc values that differ by factors
of 10% and 10°, respectively. In contrast, kisc for the S; > T, transition remains nearly constant
because the energy difference between the two methods is only 0.02 eV. Moreover, kisc
depends on the square of the SOC matrix. This dependence is particularly significant for the

S1 = T, SOC (Table 6.6). It leads to about a tenfold increase in kisc due to geometry-related

changes in SOC when transitioning from the S1 geometry towards the T, geometry (Table 6.8).

Tq lies 1.06 eV lower in energy than S;, while T3 is 0.13 eV higher at the TDA-TDDFT level of
theory. As a result, these triplet states are less likely to be populated through I1SC, which may
explain the large discrepancy from the experimental ISC rate. Moreover, the S; = T, ISC rates
obtained with the DLPNO-STEOM-CCSD energy gap or using the S1-T1 experimental gap (0.59
eV) remain two orders of magnitude below the experimental ISC rate (Table 6.7). In contrast,
kisc calculated between the Sy and T, states in S1 geometry shows the closest agreement with
the experimental value, differing by less than one order of magnitude (Table 6.8). This

indicates that ISC in BOD-Ph occurs predominantly through population of the T, state.

6.4 Conclusion

In this chapter, vibronic models were applied to BOD-Ph, and the following conclusions were

drawn:
1. The use of internal coordinates is essential for computing photophysical rates, as it
avoids the artificial mode-mixing behavior that appears when Cartesian coordinates

are employed.
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2. The computed absorption spectrum reproduces the same profile of the experimental
data, while the emission spectrum witnesses a spectral overbroadening that may be
mainly attributed to methyl bending and phenyl rotation.

3. No noticeable variation in k: is observed upon varying either the harmonic model
(AH/VH) or the line-shape broadening function (Gaussian/Voigt). In contrast, the kic is
strongly affected, yielding the most reasonable results when vibrational modes
associated with phenyl torsion are excluded.

4. Theoretical results concerning intersystem crossing show that kisc proceeds from the
S, state to the higher-lying triplet level T,, rather than directly to the lowest triplet state

T1, which had been the conventional assumption.
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Chapter 7: TDDFT Investigation of Down-
Conversion Materials for Semitransparent
Perovskite Solar Cells

7.1 Introduction

Solar cells based on perovskite photoabsorber layers have emerged as a promising third-
generation photovoltaic technology due to their outstanding optoelectronic properties,
achieving a power conversion efficiency of 33.89% in perovskite/silicon tandem solar cells
[183]. In contrast to Si and GaAs solar cells, which require complex architectures, perovskite
devices feature a relatively simple structure consisting of two main functional layers: the
electron transport layer and the hole transport layer, which sandwich the perovskite absorber
layer where electron-hole pair generation occurs. However, the increasing research interest
in perovskite solar cells has not been limited to their advantages; it has also addressed the
various factors that may disrupt their long-term stability. While environmental challenges
such as moisture and oxygen exposure may be mitigated by encapsulation, intrinsic factors
such as parasitic absorption of UV and IR light, which leads to optical and thermal losses, can
ultimately degrade the performance of the solar cell. Leveraging the undesirable parts of the
solar spectrum serves a dual function by shielding the solar cell while enhancing its efficiency.
Without the need to alter the cell architecture, the incorporation of up and down
photoconverter layers on either the front or rear surface of the device can maximize light
harvesting. Up-conversion layers rely on a nonlinear optical process in which two photons in
the infrared region are absorbed to generate visible light. On the other hand, several methods
have been developed in the context of down-conversion, including quantum cutting [184],
which is capable of splitting incident UV photons into two lower-energy photons instead of
allowing the excess energy to be dissipated as heat. Moreover, processes based on rare-earth
elements and involving partially split f—f transitions [185], as well as down-shifting
mechanisms in organic compounds were successfully demonstrated. Whereas quantum dots
and rare-earth inorganic compounds possess special photoluminescence properties, organic
materials can be readily embedded in polymer layers and possess good thermal stability. In
particular, aggregation-induced emission (AIE) molecules show large Stokes shifts, as the

restriction of molecular vibrations and rotations suppresses non-radiative decay and enhances
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emission [186]. The latter materials have contributed to more than a 1% improvement in the

cell’s efficiency, making them a prospective choice among down-conversion materials [187].

Within this field of research, | performed a computational study of the optical properties of
down-conversion materials. This led to a publication [188] that | co-authored in cooperation
with our experimental partners: D. Gtowienka, C.-M. Tsai, A. Sbai, D. Luo, P.-H. Lee, S.-H.
Huang, C.-F. Li, H.-W. Wang, G.-S. Liou, J. Guthmuller, and W.-F. Su, ACS Appl. Mater.
Interfaces 16 (2024) 63528-63539, Improving the Efficiency of Semitransparent Perovskite
Solar Cell Using Down-Conversion Coating. In this publication, the experimental setup (Figure
7.1) developed by the our research partners consisted of a heterojunction semitransparent
perovskite solar cell composed of the following layers: NiO,/P3HT-COOH as the hole transport
layer, a perovskite as the light-absorbing active layer, and PCs;BM/SnO, as the electron

transport layer.

ICO (top) 280 nm
SnO2 TBAOH 5nm
46 nm
MAPI 323nm
3nm (8:1:1)
NiOx NPs 6 nm
ICO (bottom) 248 nm

Glass (eagle) (Imm)

Figure 7.1: The optical configuration of the perovskite solar cells, including the respective thicknesses
of all layers.

In order to enhance the efficiency of the solar cell, two specific AIE molecules, 4-(N, N-
diphenylamino)benzaldehyde (DPABA) and N, N-diphenyl-4-(1,2,2-triphenylethenyl)

benzenamine (TPETPA), were investigated and tested as potential down-conversion layers.

7.2 Summary of TDDFT results for the investigated down-conversion
layers

In the first step, experimental spectroscopic techniques were employed to probe the cause of
parasitic absorption. It appears that this absorption is mainly due to the glass and ITO bottom
electrodes, especially on the front side, resulting in a loss of up to 0.56 mA cm™2 in the cell's

overall photocurrent.

DPABA was homogeneously dispersed in a binder solution composed of TFEVE polymer to

ensure the formation of a solid-state film. The experimental absorption spectra exhibit a
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hypsochromic shift from the 380 nm peak to approximately 360 nm, indicating changes in the
molecular environment associated with aggregation (Figure 7.2). During this process, the
intermolecular interactions are reinforced. In contrast, the experimental emission from the
layer embedded in TFEVE shows a redshift of about 22 nm, triggered by interactions between
the hydroxyl (—OH) functional groups in TFEVE and the central nitrogen atom of DPABA. This

interaction alters the angular disposition of the benzene—C—N—benzene linkage.
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Figure 7.2: (A) Absorption and (B) photoluminescence spectra of DPABA dispersed in polystyrene (PS)
and TFEVE, respectively.

The experimental part also discusses the dependency of the concentration of TPETPA and
DPABA systems on their optical behavior. Increasing concentration enhances UV absorption
until it reaches a plateau. For DPABA films, emission strengthens with aggregation up to an
optimal concentration, while TPETPA films maintain stable emission across concentrations.
This outlines the overall effect of aggregation in amplifying emission and suppressing non-

radiative decay.

| performed quantum chemical calculations for DPABA and TPETPA molecules to gain a deeper
understanding of their optical behaviors. This computational study aimed to identify and
characterize the electronic transitions governing their absorption and emission processes. In
this context, calculations were carried out on individual DPABA and TPETPA molecules in both
vacuum and ethyl acetate (EtOAc) using the PCM model. However, this approach neglects
weak intermolecular and hydrogen-bonding interactions that may play a critical role in

describing the solid-state phase.
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Table 7.1 Calculated state-specific vertical absorption and emission energies, along with Stokes shifts,
as well as experimentally measured absorption and emission wavelength maxima.

‘ Awmaxabs (nm)? | Avaxem (NM)? Stokes shift (eV)

DPABA

Theo. (vacuum) 332 (3.73) 422 (2.93) -0.80
Theo. (ethyl acetate) 362 (3.42) 512 (2.42) -1.00
Exp. (film) 355 (3.49) 482 (2.57) -0.92
Exp. (ethyl acetate) 353 (3.51) 492 (2.52) -0.99
TPETPA

Theo. (vacuum) 362 (3.42) 646 (1.92) -1.50
Theo. (ethyl acetate) 377 (3.29) 689 (1.80) -1.49
Exp. (film) 361 (3.43) 500 (2.48) -0.95

2 The energy (in eV) associated to Amax is given in brackets.

For the DPABA compound, the electronic response of the solvent induces solvatochromic
shifts of -0.31 eV and -0.51 eV (computed vertical energies of the lowest-lying excited state)
for absorption and emission, respectively, compared to the vacuum. This reveals a
pronounced dependence of the dye’s spectra on its environmental conditions. Moreover, the
excitation energies calculated in EtOAc show excellent agreement with the experimental data
obtained in both EtOAc and the solid phase, with deviations of about 0.1 eV. This strong
consistency confirms that the PCM model is capable of reproducing the key solute—
environment interactions of DPABA, both in solution and in the condensed phase. These
results were obtained using the SS solvation scheme of the PCM, which outperforms the LR
approach in terms of accuracy. Intermolecular charge transfer occurring during relaxation was
analyzed through CDD mapping. While the Si state of DPABA at the ground state geometry
exhibits a partial local excited character, the transition to the optimized S; geometry involves
a stronger CT character from the nitrogen center and the unsubstituted phenyl rings toward
the phenyl-CHO group. This relaxation is accompanied by phenyl-ring rotations of 10-23°,

owing to the unrestricted rotational motion in the solvated phase.

Concerning the TPETPA compound, the absorption exhibited a solvatochromic shift of —0.13
eV, showing only a small deviation from the experimental data, similar to that observed for
DPABA. However, the emission displayed a solvatochromic shift of —0.12 eV, in clear contrast
to the —0.51 eV reported for DPABA. Quantum chemical calculations showed an inconsistency
with the experimental emission data for the aggregated phase of TPETPA, underestimating
the emission energy by 0.68 eV. As a result, the predicted Stokes shift (-1.49 eV) was
substantially larger than the experimentally observed value (—0.95 eV). This observation raises

guestions regarding the character of the S, electronic state at its optimized geometry. The CDD
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mapping of S; indicates a transition from the CT state at the ground-state geometry (So),
characterized by electron transfer from the TPA donor to the TPE acceptor, to a locally excited
state confined to the TPE moiety at the excited-state geometry (S;). This structural alteration
is likely caused by the phenyl rotations within the TPE group, which range from 18° to 38°, as
observed during the PCM solvation modeling. This occurs because the compound is treated
as an isolated monomer surrounded by a solvation cavity wherein specific interactions are
neglected, rather than as part of a solid-state phase. It has been previously demonstrated that
in EtOAc, a rapid non-radiative decay occurs for the S1>So transition. However, in the
condensed phase, the state S; is destabilized due to restrictions on molecular rotational

motion [189].

S, geometry:

9! . T
X WY r"({,’ g;"?

bes

Ar=31A Ar=37A

Figure 7.3: (A) Isosurfaces of charge density difference and charge transfer index (Ar) corresponding
to the S; excitation in DPABA (left) and TPETPA (right). Positive (electron) and negative (hole) values
are indicated in green and blue colors, respectively. (B) Rotation angles illustrating the principal
structural changes between the Sp and S; geometries for DPABA (left) and TPETPA (right).

7.3 Conclusion

The integration of down-conversion materials, obtained by blending the AIE dyes TPETPA or
DPABA with the polymeric binder TFEVE and deposited on the front side of the solar cell,

resulted in increases in the open-circuit voltage of 20 and 9 mV, respectively. Furthermore,
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the computational studies, despite their limitations, shed light on how the molecular
environment affects the optical properties of the AIE dyes, highlighting their unique

aggregation behavior.
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Chapter 8: Summary and Perspectives

8.1 Summary

In this investigation, various quantum-chemical approaches were employed to assess the
photoinduced electron-transfer mechanism in three BODIPY dyes used as photosensitizers in
two-component photocatalytic hydrogen-generation systems. The dyes differ in the
substitution pattern on the aromatic ring at the 8-position, bearing an EWG (NO,) or an EDG
(OH). The objectives were:1) benchmark (TDA)-TDDFT at the hybrid and double-hybrid levels
against DLPNO-STEOM-CCSD in the Franck—Condon region for accuracy assessment. 2)
Identify the nature of the electronic states that govern the electron-transfer processes in the
three compounds, either promoting hydrogen production or causing compound deactivation
and degradation in both neutral and reduced hydrogen production cycles, and assess the
effect of the DCM solvent and the substituents on their adiabatic energies. 3) Evaluate the
accuracy of the adiabatic and vertical Hessian models in predicting absorption, emission, and

radiative/non-radiative rates relative to experimental data.

Regarding the comparison between (TDA)-TDDFT and DLPNO-STEOM-CCSD methods, MN15
reproduces the vertical excitation energies of both bright states and charge-transfer states
with good accuracy relative to the DLPNO-STEOM-CCSD method, with an associated MAD of
0.25 eV, whereas it struggles to accurately describe the dissociative character due to its
approximate treatment of electron correlation. As for the solvent effect, it was shown that it
can lead to either stabilization or destabilization of the CT states, depending on the nature of
the substituent. This provides a brief overview of the expected dominant character in the

electron transfer pathway, including its accessibility in the vertical transition region.

Computational results for the neutral compound BOD-Ph show that, upon proceeding from
the vertically excited bright state, the system may undergo ISC to a triplet state localized on
the BODIPY core. The small SOC suggests that this triplet could be long-lived and populated,
whereas triplet charge-transfer states are inaccessible. In contrast, for BOD-PhOH and BOD-
PhNO,, the proximity of the charge-transfer states to the bright states (first and second
absorption peaks) at the CT states’ equilibrium geometries suggests that population may be
feasible, with the caveat that the MN15 functional underestimates CT character relative to the

DLPNO-STEOM-CCSD method.



Concerning the singly reduced compounds, TDA-TDDFT calculations show that only the
doublet low-lying bright state can be populated at its minimum structure. In contrast, for the
substituted BODIPY compounds, tracking the doublet CT states reveals that, at certain points
along the relaxation pathway, they can prevail over competing electronic states, particularly
for BOD-PhNO,, as confirmed by both MN15 and the double-hybrid SOS-wPBEPP86

functionals.

The above computational results comply with hypotheses 3.1 and 3.2 which propose that the
propensity for populating the long-lived triplet state and the doublet bright state in the BOD-
Ph compound coincides with the highest turnover number (TON) of hydrogen generation,
whereas population of the charge-transfer states may act as a deactivation channel,
consistent with the dramatic decrease in hydrogen production observed for BOD-PhOH and

BOD-PhNO,, (i.e., TON(BOD-PhNO,) = 45, TON(BOD-PhOH) = 2997, TON(BOD-Ph) = 7389 [31])

Both vibronic models (AH and VH) successfully reproduced the k rate of BOD-Ph. In contrast,
the kic rate showed inconsistent behavior, with the best agreement with experiment obtained
when torsional motion was excluded within the VH model. Several attempts were made to
adjust the parametrization of the rate, but these modifications had only a minor impact,
largely due to the structural flexibility of BOD-Ph. Finally, the results concerning ISC show that
kisc proceeds from the S; state toward the triplet level T,, rather than directly to the lowest

triplet state Ts.

8.2 Perspectives

While this study depicts electron transfer in the neutral and reduced cycles of the
photosensitizers and draws post hoc inferences, it does not provide insight into the electron
transfer between the photosensitizer and the catalyst, which is essential for assessing charge
separation efficiency and the ability to accumulate charge from the key electronic states of
the photosensitizers. The description of the dissociative state generally requires higher-level
electronic structure approaches, such as RASPT2 or Quantum Monte Carlo. Likewise, standard
vibronic treatments often fail to yield reliable internal conversion rates, which require more
advanced methods like anharmonic QM/MM or quantum dynamics calculations. Such aspects

could form the basis for further investigations.
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