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Introduction

1.1 General concept

The increasing energy consumption along with growing temperature and climate change, repre-
sent one of the greatest challenges in modern civilization. In this context, harvesting the energy
of the Sun presents a sustainable solution. The Sun is a clean, inexhaustible, renewable energy
source that can be continuously harnessed [1–3]. If we compare global energy consumption
in a year, which is ∼410 quintillion joules, with the energy provided by the Sun in an hour,
∼430 quintillion joules, it becomes clear that the Sun hourly delivers more energy than mankind
consumes in a year [4, 5]. Moreover, the amount of solar energy absorbed by Earth in three
days corresponds to the overall energy supply originating from fossil fuels [6]. By replacing
traditional fossil fuels, solar energy has the potential to reduce greenhouse gas emissions and
the overall carbon footprint, with the ultimate goal of creating a cleaner environment [3, 7].

There is a great emphasis in the European Union on achieving the strategic goal of trans-
forming Europe into a climate-neutral continent by 2050. This objective is a central issue of the
European Green Deal, which sets a comprehensive plan for reducing greenhouse gas emissions
to net-zero values [8]. In this context, implementing the green transition involves developing
photovoltaic (PV) systems that can be integrated into buildings and architecture while main-
taining high aesthetics and efficiency [3]. This has served as motivation for the present study,
with the aim to theoretically design novel nanoscale materials for application in solar harvesting
technologies.

Solar energy can be harvested directly by solar cells, or indirectly by solar concentrators
[2]. The solar cell converts solar radiation into electric energy via the photovoltaic effect, while
the solar concentrator uses internal reflection on its surface to redirect captured energy to the
edges where solar cells are located [3]. There are different technologies of solar cells, among
which dye-sensitized solar cells (DSSC) represent a sustainable option based on the natural
photosynthesis effect [9]. On the other hand, the concept of transparent luminescent solar
concentrators (TLSCs) was developed to maintain the original functionality and aesthetics of
the building environment [10]. The present study is carried out within the framework of DSSC
sensitizers and TLSC luminophores. In both cases, fluorescent dye is an active component
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1.1 General concept

whose structural and optical properties can be modeled, in that way influencing the overall
efficiency of the system. Altogether, the general concept of the thesis represents the theoretical
design of fluorescent dyes as new materials for application in DSSC and TLSC technologies.

An efficient DSSC design involves a sensitizer that interacts with semiconductor film, pro-
moting electron injection into the TiO2 conducting band [11]. In this context, natural dyes,
as representatives of green technology, are non-toxic [12], easily available [13], and have been
extensively investigated for DSSC applications [14, 15]. However, they exhibit limitations in
stability and efficiency [14]. For small nanoclusters (NCs) of noble metals, with discrete quan-
tum states, the structural and optical properties depend on the number of metal atoms involved
[16, 17]. Natural dyes in combination with small silver nanoclusters produce bio-nano hybrid
systems with donor-acceptor character. This property is important for capturing, transferring,
and injecting photons into the conduction band of a semiconductor, thus increasing the energy
conversion efficiency [18]. Furthermore, coinage metal doping of silver NC within bio-nano
hybrids enhances their stability at TiO2 surface. Theoretical modeling of bio-nano hybrids
offers a solution for improving the efficiency of natural-based DSSC sensitizers, which has to
be further experimentally confirmed.

In the case of TLSC, efficient design requires bringing together two opposed properties;
transparency through near-infrared (NIR) absorption and high fluorescence quantum yield (QY)
[19–22]. This is challenging to achieve because a bathochromic shift often results in an en-
hancement of non-radiative transition rates, causing a decrease in QY values. Secondly, the QY
prediction from first principles relies on the calculation of transition rates based on harmonic
approximation [23, 24]. However, the description of the internal conversion (IC) rate depends
on highly excited vibrational states which usually deviate from the harmonic oscillator model.
The J-aggregates as oligomers of organic dyes, due to their excitonic properties [25] can act as
selective collectors of electromagnetic radiation while maintaining a high fluorescence QY. The
aim of this study is to determine the reliability of theoretical prediction for fluorescence QY by
confirming available experimental results, as well as to design J-aggregate oligomers based on
squaraine dyes as new luminophore materials for TLSC application.

The theoretical design of DSSC sensitizer as well as of TLSC luminophore, represents a
scientific contribution to the field of novel materials for solar harvesting. In order to calculate
the structural and optical properties of modeled systems, density functional theory (DFT) and
its time-dependent variant (TDDFT) are used. The focus is on investigating photovoltaic and
photochemical properties, including energy conversion efficiency and fluorescence QY.

The introduction is structured as follows: first, a summary of the most recent advance-
ments in solar harvesting technologies is discussed, followed by the theoretical framework and
methodology overview. Afterwards, a brief description of research objectives within the thesis
is presented. The main body of the thesis consists of a collection of articles organized into two
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1.2 Solar energy harvesting: A sustainable solution

sections. The first section (cf. Chapter 2) addresses the theoretical design of DSSC sensitizers
anchored to TiO2 support, specifically cyanidin-silver nanocluster hybrids. The second section
focuses on the design of luminophores for TLSC, including the theoretical prediction of fluo-
rescence quantum yields and the design of squaraine-based J-aggregates (cf. Chapter 3). The
corresponding supporting materials for each article are included in Appendices A and B.

1.2 Solar energy harvesting: A sustainable solution
Harnessing the energy of the Sun originates from ancient civilisations. In old Greece and China,
it was utilized for passive house heating, while the Romans used it for the thermal heating of
public baths and greenhouses [26]. However, it wasn’t until the 19th century that the photo-
voltaic effect was discovered [27–29], and not until the mid-20th century that the first solar cells
were applied as an electrical power source [30]. Since then, technological development has led
to two distinct types of solar energy harvesting [2]; direct harvesting by immediate conversion
of solar energy to electric power and indirect harvesting by collecting solar radiation from a
large surface and concentrating it into a small area. The former corresponds to the solar cell,
while the latter to the solar concentrator [3]. Today, solar energy harvesting represents the
fastest-growing technology for energy production in Europe [31]. More specifically, in 2023,
solar energy accounted for 1.34% of total EU energy production, with an increase of 47.5%
compared to 2020 [32]. From 2020 to 2023, the total installed PV capacity has an annual growth
rate of ≥ 40% [33], indicating substantial potential for the future development of solar harvesters.

1.2.1 Development and efficiency of solar cells
There are three generations of solar cells. The first-generation corresponds to crystalline silicon
solar cells [34]. The manufacturing of silicon dioxide into crystalline silicon with high purity
requires substantial energy [35, 36]. This makes these types of cells less cost-effective than
conventional energy sources [37, 38] and limits their future advancement [36]. Nevertheless,
due to their efficiency that can reach up to 25% in high performance, they remain the most com-
mercially abundant [36]. In search of more cost-effective technology, the second-generation of
solar cells, also known as thin-film solar cells, has been developed. They consist of amorphous
silicon instead of crystalline silicon deposed in single or multiple layers, making them thin and
flexible [9, 37]. In the meantime, they have expanded to include other thin-film semiconductor
materials, such as cadmium telluride and copper indium gallium sulfide/selenide/diselenide [9].
Third-generation solar cells consist of several different PV technologies that have a shared goal
of achieving high efficiency while maintaining low production costs. Some of the most com-
mon third-generation cells are perovskite [39], organic [40, 41], dye-sensitized solar cells [9],
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1.2 Solar energy harvesting: A sustainable solution

quantum dots [42, 43], nanocrystal [44, 45], and tandem cells based on multi-junction design
[46]. Among them, DSSCs stand out as cost-effective cells, easy to fabricate with potential for
further improvements in efficiency and stability. To illustrate interest among research groups for
their development; DSSCs have been the subject of extensive research over the last two decades,
with more than 1,500 articles published annually according to the Web of Science [9].

Design of dye-sensitized solar cell

DSSC was first proposed by O’Regan i Grätzel [47–49] as a photochemical solar cell based on
natural light absorption [50]. The working mechanism relies on the interaction between the dye
sensitizer and the semiconductor film. When the dye absorbs sunlight, an electron is excited from
the ground state to an excited state, allowing electron injection into the semiconductor’s conduc-
tion band. Afterwards, the dye is regenerated through the electrolyte [11]. A dye sensitizer is a
key component of DSSC that consists of charge-transfer molecules attached to the semiconductor
surface. The charge-transfer character of dye sensitizer promotes its efficiency in absorbing and
injecting electrons into the semiconductor conducting band [11]. Among different semiconduc-
tors, titanium dioxide (TiO2) is the most frequently used one due to its suitable bandgap energies
[51], stability, non-toxicity, and low-cost [52]. There are several natural crystalline structures of
TiO2, including anatase, rutile, and brookite. However, since the anatase has the largest band gap
and highest energy of conduction band edge, it is the most commonly utilized TiO2 form [53, 54].

In order to obtain efficient performance of DSSC sensitizer, several design requirements have to
be satisfied [11]:

• Effective photo-induced electron transfer from the dye to the semiconductor conduction
band that depends on the alignment between energy levels of sensitizer, semiconductor,
and electrolyte.
To ensure efficient electron injection into the semiconductor conduction band, the energy
of the lowest unoccupied molecular orbital (LUMO) of the dye sensitizer must be higher
than the energy of the conduction band edge of TiO2. ΔG𝑖𝑛 𝑗𝑒𝑐𝑡 refers to the driving force
behind the electron injection rate. Furthermore, the oxidation potential of the dye, which
is related to the energy of the dye’s highest occupied molecular orbital (-HOMO), needs
to be above the energy of I−/I3

− redox potential to enable dye regeneration.

• Efficient charge-transfer complex which promotes fast electron injection. A charge-
transfer complex is formed through intramolecular interaction, where the electron-rich
part acts as the electron donor and the electron-poor part acts as the electron acceptor. The
absorption of light triggers the photoinduced charge-transfer process in a dye sensitizer,
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1.2 Solar energy harvesting: A sustainable solution

causing a charge-separated state. This process can be analyzed through calculations of
the relevant molecular orbitals (MOs), where the HOMO corresponds to the donor and
the LUMO corresponds to the acceptor.

• Enhancement of absorption intensity that directly increases the effectiveness of light
absorption, such as the light-harvesting efficiency (LHE). Furthermore, with better light
absorption, more excited electrons contribute to enhancing the photocurrent response.

• High incident photon-to-current conversion efficiency (IPCE) quantifies the ratio of the
generated photocurrent to the number of incident photons. As a measure of the efficiency
of converting light into electrical energy, IPCE represents the key parameter in assessing
the performance of photovoltaic devices.

• Anchoring to the semiconductor surface that is determined through the binding interaction
between the sensitizer dye and the TiO2 surface. Appropriate binding of the dye to the
oxide surface ensures enhancement of absorption stability and efficient electron injection
[55].

• High photostability is a precondition of efficient light harvesting, as well as the compati-
bility with cell elements such as semiconductor and electrolyte [18].

The details for theoretical determination of photovoltaic parameters, such as incident photon
conversion efficiency (IPCE), driving force for electron injection (ΔG𝑖𝑛 𝑗𝑒𝑐𝑡), and light harvesting
efficiency (LHE), are given in Appendix A.

The dye sensitizers can be categorised as organic [56, 57], metal-free organic dyes [58],
inorganic [59] materials, or transition metal complexes [60]. Among them, Ru-complexes show
remarkable photovoltaic properties [49, 57]. The natural dyes [61, 62], on the other hand,
have a low efficiency with a maximum of around 4% [62]. However, their non-toxic and envi-
ronmentally friendly characteristics make them promising candidates for further enhancement.
Anthocyanidins are characterized as salt derivatives of flavylium cation and belong to a group
of common natural pigments [63]. Their investigation as dyes for DSSC sensitizers [15, 64,
65] demonstrates low stability [66] with efficiency reaching a maximum of around 1% [67].
Furthermore, their structure does not possess charge-transfer intramolecular formation. Some
of the dyes belonging to the group of anthocyanidins are pelargonidin, delphinidin, peonidin,
cyanidin, petunidin, and malvidin [68, 69] with cyanidin being the most investigated one. Dif-
ferent modifications of natural dyes in the form of hybrids have been investigated, with the aim
of efficiency enhancement. [70–74].

The small silver nanoclusters in the non-scalable regime (with sizes < 2 nm) exhibit unique
structural and optical properties. In combination with organic dyes, they form bio-nano hybrids
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1.2 Solar energy harvesting: A sustainable solution

with increased photoabsorption and emission. This is because the interaction between excited
states of silver cluster and 𝜋-𝜋* states of aromatic rings enhances the absorption of biomolecules
[16, 17]. Furthermore, the bio-nano concept introduces the charge-transfer donor-acceptor inter-
action between the silver cluster and aromatic rings of natural dye. The silver cluster can serve
as an electron acceptor and natural dye as the electron donor. The stability of the nanocluster
is affected by the number of electrons, where the clusters with an even number of electrons are
more stable than those with odd numbers [75]. Enhancement of optical properties together with
introduction of charge-transfer features directly influence the photon to conversion efficiency.
Additionally, further structural design of bio-nano hybrid properties is obtained through the
concept of NCs doping with a single coinage metal atom. As small metal NCs belong to the
size regime in which each atom counts, modifying a single atom affects their entire electronic
structure and stability [76, 77]. Coinage metal atoms, specifically gold and copper are charac-
terized by a smaller s-d energy gap compared to silver atoms [78, 79], which influences their
participation in bond formation. Furthermore, due to relativistic effect in Au and Cu metal
atoms, the d electrons are much closer to the s electrons and participate in bonding, while in Ag
NCs mainly s electrons are involved. This results in a narrow spectrum with the large intensity
of silver NCs, and a broader spectral range of gold and copper NCs [16].

The cyanidin-NC bio-nano hybrids meet all of the design requirements stated above. Specif-
ically, in contrast to the pure anthocyanidin dyes, the bio-nano hybrids have HOMO and LUMO
energies that align with the energy levels with TiO2 semiconductor and I−/I3

− redox poten-
tial. All of them exhibit negative ΔG𝑖𝑛 𝑗𝑒𝑐𝑡 driving force for electron injection, donor-acceptor
charge-transfer character, and enhanced absorption efficiency. As a result, they have large LHE
and better overall photocurrent efficiency. The use of bio-nano hybrids as DSSC sensitizers has
not been previously investigated. Altogether, this makes them promising candidates for future
experimental research in the context of DSSC applications.

1.2.2 Transparent luminescent solar concentrators

The concept of a luminescent solar concentrator (LSC) originated over 40 years ago [80–83].
An LSC represents a simple device that absorbs and re-emits light, directing it to photovoltaic
cells for energy conversion. It is assembled from a transparent carrier embedded by luminescent
emitters, such as luminophore dyes. When light is absorbed, photons are trapped inside the
carrier and then re-emitted through internal reflection towards the outer edges, where solar cells
are located [84]. However, in order to apply solar concentrators to large built-up areas, it is
necessary to develop technology that would maintain both aesthetics and functionality [31].
Following this, in 2013. R. R. Lunt has proposed the transparent luminescent solar concentrator
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(TLSC) [10]. The main difference between TLSC and conventional LSC is in the luminophore
dye, which absorbs in the ultraviolet (UV) or NIR spectral region [85, 86] thus obtaining trans-
parency of the LSC plate [19–22].

Requirements for efficient luminophore design for TLSC applications [22, 87]:

• Wavelength selectivity as a prerequisite for high aesthetic quality. This implies the de-
velopment of luminophores that are visibly transparent and selectively absorb UV and/or
NIR radiation. More precisely, their most intense absorption transitions should remain
outside the VIS range, specifically outside the 435-675 nm wavelengths [20].

• Optimal band-gap that ensures capture and transmission of absorbed photons through
the concentrator media as well as compatibility with applied solar cells. Thermalisation
loss via non-radiative transition can be minimised and overall efficiency improved by
optimising band-gap, all while preserving transparency [86].

• Narrow emission and separated emission and absorption, both properties minimise the
energy loss due to photon reabsorption. In this way, efficiency increases towards Shock-
ley–Queisser (SQ) limit [88]. The theoretical SQ limit represents the upper boundary of
solar power conversion efficiency. Furthermore, a narrow emission band produces a better
alignment of re-emitted photons with the absorption spectrum of the solar cells at the LSC
edge. In this way, efficient light absorption is ensured and overall energy conversion is
enhanced.

• High fluorescence QY serves as an efficiency measurement of the photoluminescence. The
fluorescence QY indicates how efficiently absorbed photons are converted into emitted
photons. The higher the QY value, the more of the absorbed photons are re-emitted
through radiative processes, losing a smaller amount of photons through non-radiative
channels.

Altogether, the photochemical modeling of luminophores with all the above-stated qualities
represents a significant theoretical challenge. This is because obtaining absorption in the NIR
region while simultaneously achieving high fluorescence QY contradicts the energy gap law
[89]. According to this law, as the energy difference (Δ𝐸) between the excited state and the
ground states decreases with a shift to the NIR region, it promotes the non-radiative processes
and as a result leads to a smaller QY. In addition, theoretical calculations of photo-induced
processes, like fluorescence QY and transition rates are even more demanding. There are three
theoretical approaches for QY prediction; non-adiabatic molecular dynamics [90, 91], machine
learning [92, 93], and Fermi’s golden rule that relies on an accurate description of potential
energy surfaces (PES) within harmonic approximation. The prediction based on Fermi’s golden
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rule is the most widely used since it offers a balance between accuracy, computational efficiency,
and applicability [94].

In luminescent dyes, photon absorption triggers the excitation of electrons from the ground
to an excited state. Following excitation, electrons undergo a decay transition through radiative
or non-radiative processes, where the two most common non-radiative transitions are internal
conversion (IC) and intersystem crossing (ISC) [95]. Since the fluorescence QY is defined as
a ratio between radiative (k𝑟) and the sum of all other transition rates, the competition between
radiative and non-radiative transitions significantly influences the QY efficiency.
Prediction of QY based on Fermi’s golden rule relies on the first-order perturbation theory where
the type of transition between states is described through the applied perturbation operator. In
that context, the transition dipole moment operator is used for the description of radiative rate,
non-adiabatic coupling for IC, and spin-orbit coupling for ISC rates [94]. Additionally, for
systems with numerous normal modes, a full description of PES cannot be done. As a result,
initial and final state PES are approximated by harmonic oscillators in the form of quadratic
parabolic functions. However, a simple anharmonic model may be obtained by substituting
harmonic oscillators with the Morse potential [96].

Radiative transition primarily occurs between the vibrational minima of initial and final
state PES. Meanwhile, the IC rate corresponds to the transition from the minimum of the
excited state PES to highly excited vibrational states within the ground state PES. There are
several different harmonic models within the vertical (V) or adiabatic (A) approach. They
differ in the description of PES expansion of the final state. In vertical models it is expanded
around the geometry of the excited-state minimum, while in adiabatic models expansion occurs
around the geometry of the the ground-state minimum [97, 98]. In addition, depending on the
complexity of the description, there are: adiabatic shift (AS) and vertical gradient (VG) models,
adiabatic shift frequencies (ASF) and vertical gradient frequencies (VGF), and adiabatic Hessian
(AH) and vertical Hessian (VH) models. The AS and VG represent the simplest models that
only differ in equilibrium geometries, ASF and VGF include equilibrium geometry as well
as different frequencies of initial and final states. AH and VH are the most complex as they
also include different Hessian matrices [97, 98]. There are few computational codes [23, 24,
99–104] developed in the literature for calculating transition rates within Fermi’s Golden rule.
In the framework of this thesis, calculations of fluorescence QY and transition rates have been
performed within FCclasses3 [105].

In addition, theoretical modeling of photochemical properties can be strongly influenced
by the broadening description of spectral line. This is particularly important for IC prediction,
where choice of the broadening can have a significant influence on the obtained result. There
are several types of broadening, including homogeneous broadening (Lorentzian lineshape),
inhomogeneous broadening (Gaussian lineshape), and Voigt broadening that corresponds to
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the convolution of the Lorentzian and Gaussian profiles. Homogeneous broadening uniformly
outlines the radiation of molecules or atoms and is primarily caused by the finite lifetime of
excited states and is described by the Heisenberg uncertainty principle [106]. In contrast, the in-
homogeneous broadening results from a response to different variation shifts in the environment
[107]. The computation of transition rates and fluorescence QY with different harmonic models,
and broadening functions involves theoretical constraints that must be carefully considered in
the context of reliability. The reliable prediction of fluorescence QY is a prerequisite for the
theoretical modeling of luminophore dyes.
In this context, molecular aggregates represent systems with required properties. However,
despite some literature contributions [108, 109], they have not been extensively investigated
for LSC luminophores. J-aggregates are discovered by Scheibe and Jelley as types of dyes
with unique opto-electronic properties [110, 111]. They have a distinct narrow absorption band
(J-band) that is bathochromically shifted compared to the monomer, coupled with increased ab-
sorption intensity and narrow-band fluorescence. These properties result from the phenomenon
of supramolecular self-organization at the nanoscale, specifically their excitonic nature, where
the excited states of J-aggregates create extended domains of coherently coupled molecular
transition dipoles [25]. An increase in their delocalization length has several effects: it induces
the superradiance phenomenon, which is characterized by a linear increase of radiative rate; it
leads to an emission energy drop due to exciton splitting [112]; and it causes a decrease in the
IC constant [113]. These characteristics result in a high fluorescence QY and absorption in the
NIR, making them potential candidates for the TLSC design.

In addition, squaraine dyes are widely used due to their strong absorption and emission in the
VIS and NIR regions, photochemical stability, and simple synthesis [114, 115]. Their absorption
in NIR as well as their potential for achieving high QY has been experimentally studied [116–
118]. The opto-electronic and exciton characteristics of squaraine dye J-aggregates, in the form
of linear, covalently bound dimers, and trimers [119–121], as well as the effect of chain length,
have been investigated [122–125]. Squaraine dyes have a characteristic central squaric acid ring
with two oxygen atoms and two indoline groups attached on both sides forming symmetrical
trans conformation with an inversion center (SQA). In cis squaraine (SQB) with C2𝑣 symmetry,
conformation change occurs because of the substitution of one oxygen by dicyanovinylene group
[119]. In the scope of this thesis, squaraine J-aggregates such as SQA and SQB tetramers have
been theoretically investigated. They have a characteristic structure of linear homoaggregates
with head-to-tail orientation of localized transition dipole moments illustrating their exciton
nature [126].

Although extensively investigated, J-aggregates of squaraine dyes have not been studied in
the context of luminophores for TLSC design. Squaraine tetramers exhibit desirable features
such as narrow emission, sharp absorption in NIR, and high fluorescence QY. Due to these
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properties, as demonstrated in the thesis, they are promising luminophores for integration into
TLSC devices.

1.3 Methodology
A brief description of the used methodology from the literature is presented. This includes
density functional theory, time-dependent density functional theory, environmental description
as well as limitations of computational approach (sections 1.3.1 - 1.3.4).
Computational modeling of photochemical properties relies on the mathematical description of
energy levels and transitions between the states of interest. Photochemistry includes processes
originating from the absorption of light (photons). It is possible to predict the energies, electronic
structure, and properties of nanoscale materials using quantum mechanical approximations. A
different software programs have been developed to calculate molecular ground and excited
states, as well as to determine different energy mechanisms. They serve as tools for the design
of novel materials. In addition, simulations of processes arising from the nature of light provide
insights into the field of photophysics which is experimentally unavailable [127]. However,
even though the mathematical aspects of quantum mechanics were established during the 1920s
[128, 129], computational chemistry did not become widely accessible until the development
of computers in the 1950s and the release of the first semiempirical and ab initio programs
[130, 131]. Today, computational photochemistry together with experimental methods offers a
comprehensive understanding of light induced phenomena.

On the molecular level, properties of the system can be described quantum mechanically
using the time-independent Schrödinger equation:

𝐻𝜓 = 𝐸𝜓 (1.1)

where 𝐻 is the Hamiltonian operator, E is the total energy and 𝜓 is the wavefunction of the
system. Furthermore, the Hamiltonian of an N-particle system is defined as the sum of the
potential and kinetic energies:

𝐻𝑡𝑜𝑡 = 𝑇𝑛 + 𝑇𝑒 +𝑉𝑛𝑛 +𝑉𝑒𝑒 +𝑉𝑛𝑒 (1.2)

where 𝑇𝑛 corresponds to the kinetic operator of the nuclei and 𝑇𝑒 of the electrons. 𝑉𝑛𝑛 is the
potential energy operator for nuclear repulsion, 𝑉𝑒𝑒 for electron-electron repulsion, and 𝑉𝑛𝑒 for
nuclei-electron interactions. Solving the time-independent Schrödinger equation involves the
Born-Oppenheimer (BO) approximation, which is based on the assumption that nuclei, having
larger mass than electrons, move slower, therefore their motion can be neglected and they can
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be treated as stationary. The obtained expression can be solved for the electron wavefunction
with the electronic Hamiltonian operator given by:

𝐻𝑒 = 𝑇𝑒 +𝑉𝑛𝑛 +𝑉𝑒𝑒 +𝑉𝑛𝑒 (1.3)

Solving the electronic Schrödinger equation for many different nuclear configurations results in
potential energy surface, where the PES represents the core concept in computational chemistry.
It displays a static surface on which electronic energy acts as a function of the nuclear coordinates.
These methods are known as “electronic structure calculations”. Furthermore, if there are no
experimental parameters involved, they belong to so-called ab initio methods [132].

1.3.1 Density functional theory (DFT)

Density Functional Theory is used for determining the ground state electronic energy of the
system. Initially described by Thomas and Fermi [133, 134], it was later proved by Hohenberg
and Kohn [135]. In DFT, the ground state electronic energy of atoms is expressed as functional
of electron density 𝜌. This implies a direct relationship between the electron density and
the energy of a system. Additionally, since electron density corresponds to the square of the
wavefunction, it is determined by three spatial variables (x, y, and z) and is independent of
the number of electrons. Compared with the wavefunction where complexity increases with
electron numbers, electron density remains constant. This results in the reduced computational
time needed for the calculation of molecular properties. However, DFT has limitations in
describing some important features such as weak dispersion interactions and loosely bound
electrons. In addition, the approximation of correlation effects has the influence on the results.
The computation of ground state electronic energy remained challenging until 1965, when Kohn
and Sham introduced their theorem [136]. They proposed that total kinetic energy 𝑇 [𝜌] can be
divided into two parts: a larger contribution in the form of kinetic energy under the assumption
of non-interacting electrons 𝑇𝑠 [𝜌], and a smaller part in the form of exchange-correlation term
𝐸𝑒𝑥 [𝜌]. In that way, the DFT energy of the ground state can be written as:

𝐸𝐷𝐹𝑇 [𝜌] = 𝑇𝑠 [𝜌] + 𝐸𝑛𝑒 [𝜌] + 𝐽 [𝜌] + 𝐸𝑒𝑥 [𝜌] (1.4)

where 𝐽 [𝜌] is the Coulomb (electrostatic) interaction, and the nuclei-electron attraction 𝐸𝑛𝑒 [𝜌]
corresponds to the external potential at ground state minimum𝑉𝑒𝑥𝑡 (𝑟). The remaining exchange-
correlation energy 𝐸𝑒𝑥 [𝜌] is unknown and must be further approximated by different functionals.
Functional represents a mathematical form of "a function of a function". There are different
functionals developed based on the properties of the system. In this context, the choice of the
exchange-correlation functional can significantly influence the computational accuracy.
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In addition, the Kohn-Sham method is self-consistent. This means that it requires an initial guess
of the electron density. The process then iterates until the density and exchange-correlation en-
ergy converge and the orbital and energy level values are obtained [132, 137].

1.3.2 Time-dependent density functional theory (TDDFT)
Time-dependent density functional theory represents a time-dependent analogue of the Hohenberg-
Kohn theorem, that is used for computing the electronically excited states. It is based on the
Runge and Gross (RG) theorem stating that a unique mapping correlates time-dependent density
and time-dependent external potential, 𝑉𝑒𝑥𝑡 (®𝑟, 𝑡). The external potential represents interactions
or external fields. This map is obtained by solving the time-dependent Schrödinger equation for
the system with the fixed initial state, and by calculating the resulting densities in response to
the different external potentials. TDDFT is refereed also as density response theory. The key
principle of the RG theorem states that this map can be inverted, so if you know the exact density
you can reconstruct the potential. Furthermore, this is proved by the uniqueness of potentials,
where if two potentials are distinguished by more than only a time-dependent function 𝑐(𝑡):

𝑉𝑒𝑥𝑡 (®𝑟, 𝑡) −𝑉 ′
𝑒𝑥𝑡 (®𝑟, 𝑡) ≠ 𝑐(𝑡) (1.5)

they will result in different densities [138]. RG theorem enables the application of TDDFT to
systems evolving in time under the influence of external fields.
However, the calculation of the time-dependent Schrödinger equation demands a great deal of
computational time and memory. To overcome this problem, the molecular system is described
through non-interacting electrons with corresponding time-dependent Kohn and Sham equa-
tions. Nevertheless, the complexities of interacting electrons are accounted for in the exchange-
correlation functional. In order to use the described theory, the exchange-correlation functional
needs to be further approximated [139]. These approximations have a great influence on TDDFT
accuracy, limiting its application. The consequences of approximations are best illustrated by
the fact that TDDFT is most reliable for low-energy excited states [140]. However, when the
energy levels are very close together, as in non-adiabatic transitions, the Born-Oppenheimer
approximation breaks down. These limitations should be considered carefully.

1.3.3 Environment description
Depending on the studied phenomena as well as on experimental measurements, environment
description includes systems in vacuum, solvent, or on the surface. Computation in the gas
phase usually corresponds to experiments in a vacuum, where only intramolecular forces are
part of the model. Furthermore, gas phase simulations provide insight into intrinsic molecular
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properties like electronic structure, energies, spectra, or chemical reactions without external
interference [140].

However, in the cases of liquids where the environment has a significant influence on the
system or its specific properties, the inclusion of the solvent is necessary. The solvent medium
can be described implicitly as a homogeneous medium, or explicitly where the individual solvent
molecules are included at the same level of simulation as the solute ones. The explicit approach
gives a more physical description of the solvation process. Nevertheless, due to the large number
of molecules needed for the description of the solvent around the solute, it is computationally very
demanding. On the other hand, the implicit solvation model represents a quantum mechanical
approximation of the solvent in the form of a homogeneous continuum defined by its dielectric
constant and cavity shape.

There are few basic assumptions in the continuum model: the solvent is a dielectric contin-
uum, the solute-solvent interactions are electrostatic, the solution is very dilute and isotropic,
and the cavity around the solute acts as a carrier of the dielectric continuum inside and as a
charge carrier on its surface. There are different cavity descriptions such as solvent-accessible
surface (SAS), solvent-excluded surface (SES), and van der Waals (vdW) surface [141]. The
first two are determined from the interaction of the molecule with the atomic probe. Usually,
the probe represents a solvent molecule in form of a sphere corresponding to helium or argon
atoms [142]. The SAS defines the boundary that the center of the probe can reach, representing
the accessible surface area. In contrast, the SES boundary is defined as the line where the probe
touches the molecule, thereby excluding solvent from the cavity [141]. The vdW surface, on
the other hand, provides a more physical description. It is based on the idea that the cavity is
assembled from the superposition of corresponding atomic van der Waals spheres [143], with
Bondi [144] definition of vdW radii being the most commonly used.

The Schrödinger equation for the homogeneous continuum can be written as:

[𝐻𝑒 𝑓 𝑓 +𝑉𝑖𝑛𝑡]𝜓 = 𝐸𝜓 (1.6)

with 𝑉𝑖𝑛𝑡 representing solute-solvent interaction potential, and the Hamiltonian is simplified to
focus on the solute and its interaction with the solvent as a continuous medium. In that way
obtained effective Hamiltonian:

𝐻𝑒 𝑓 𝑓 ( 𝑓 , 𝑟) = 𝐻 ( 𝑓 ) + 𝐻𝑖𝑛𝑡 ( 𝑓 , 𝑟) (1.7)

consists of the "focused" (f) solute part and solute-solvent interaction, while the "remained"
(r) solvent part is neglected. One of the first and the most frequently used implicit type of
continuum solvent distribution model is the Polarizable Continuum Model (PCM) [145, 146].
PCM describes the solute-solvent interaction using a self-consistent polarization interaction
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potential and an effective Hamiltonian for the solute. This potential is between the charge
distribution on the cavity surface, which represents the solute, and the dielectric polarizable
continuum that represents the solvent [146]. Different PCM models have been proposed to
define the cavity surface charges, among which the integral equation formalism (IEFPCM)
represents the most generally used one [147–149]. Furthermore, the computation of excited state
solvation requires a proper description of the interaction between electronic state relaxation and
solvent dynamics. Depending on the solvent’s response to changes in the solute, equilibrium,
and nonequilibrium solvation regimes can be distinguished. The equilibrium solvation regime
describes the processes where, upon solute excitation, the solvent has time to fully respond
and reorient its molecules to the solute distribution. In the nonequilibrium solvation regime,
processes are too rapid for the solvent to fully respond, representing the vertical approach [147].

The computation on the surface refers to the modeling of the interaction between the solid
surface and the system of interest, adsorbed on the surface. On a quantum mechanical level, only
a fragment of the surface interacting with the adsorbed molecule can be observed. Anything
larger than the upper boundary of a few hundred atoms goes beyond the quantum mechanical
theory level and may be addressed with the introduction of different approximations or with
the use of lower theoretical levels. The solids in crystalline form can be modeled as an infinite
crystal cut to a finite size, where the center consists of an active site and the edge is "closed" with
the hydrogen atoms. This is because the hydrogen atoms have similar electronegativity to the
carbon atoms that usually form the backbone of the studied surface and are computationally less
demanding [150]. In such molecule-surface systems, surface anchoring plays an important role,
since different anchoring can influence molecule-surface binding energy, electronic properties,
and overall system stability.

1.3.4 Limitations of computational approach

Since DFT and TDDFT methods are relatively efficient under lower computational time they
are widely used for calculations of ground and excited states, as well as of properties that arise
from their interaction. However, they have some limitations that must be taken with caution.

• Dependence on the exchange-correlation (xc) functional choice. This is particularly
significant for TDDFT accuracy and is considered a major method limitation. The xc
functional incorporates spin-correlated effects, such as exchange and correlation energy
[137], which cannot be calculated directly but are instead approximated using methods like
local spin density approximation (LSDA) or generalized gradient approximation (GGA)
[132]. Hybrid functionals like B3LYP [151] and PBE0 [152, 153] are generally used for
the description of low-lying singlet excitations [154]. However, both standard and hybrid
functional descriptions do not account for any long-range electron interactions, including
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van der Waals forces and charge-transfer excitations. In photochemical reactions, charge-
transfer that occurs between excited and ground states represents one of the fundamental
properties. In such cases, the description of distant electron interaction plays an important
role, and the long-range xc functionals need to be employed. The most commonly used
long-range xc functionals for the description of charge-transfer states [154] are CAM-
B3LYP [155] and 𝜔B97XD [156].

• Inadequate description of strong correlation effects. This is related to DFT and TDDFT
dependence on the choice of xc functional. Strong electron-electron correlation effects
emerge when electrons are not equally delocalised over the molecular system but tend
to localize in atomic orbitals. These effects are observed in transition-metal complexes,
many open-shell states, systems with atypical bonding, and ground/excited state crossings
[157]. Despite some contributions in the literature [158, 159], these limitations need to
be further addressed.

• Breaking of the Born-Oppenheimer approximation. When excited, electrons can undergo
non-adiabatic transitions between excited states, such as conical intersection or intersystem
crossing. In such cases, electronic motion cannot be separated from nuclear motion,
leading to a strong coupling between them. This coupling causes the excited state potential
energy surfaces to become close in energy, resulting in the breakdown of the Born-
Oppenheimer approximation [132]. As a result, these transitions cannot be fully described
within the TDDFT level.

• Description of excited-state relaxation. In light emission effects, an excited electron has
to reach the excited state minimum before decaying into the ground state. In order to
describe properties emerging from electron emission, an adequate description of excited
state relaxation is required. This is particularly important when solvent effects are included.
Solvent response to electron excitation can be classified as equilibrium or nonequilibrium.
The vertical energy transitions correspond to the nonequilibrium solvation, while excited
state optimizations with fully relaxed solvent must be obtained within the equilibrium
description [160]. Although the description of excited state relaxation is not a limitation
per se, it must be addressed with caution.

• Description of relativistic effects. Relativistic effects introduce specific electron-nuclei
and electron-electron behaviour that are not accounted for in general DFT and TDDFT
formalism. While the relativistic R-DFT is developed [161], the inclusion of relativistic
effects in TDDFT is the area of continuous theoretical effort [162, 163].

Nevertheless, computation of molecular properties based on DFT/TDDFT calculations is con-
tinuously developing, setting the TDDFT as the standard computational method in modeling of
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excited states and photochemical effects.

1.4 Research objectives
The core issue in solar energy production is its lower efficiency compared to conventional
fossil fuels. In order to address this, there is a strong focus on developing new photovoltaic
materials that are both efficient and sustainable. Theoretical simulations with advanced compu-
tational tools serve for qualitative predictions of molecular material properties. They stimulate
experimental investigations by predicting material behavior. Furthermore, computational pho-
tochemistry provides fundamental insights into light-matter interactions such as absorption,
emission, and charge-transfer mechanisms. Understanding these processes guides the devel-
opment of photovoltaic materials optimized for specific applications such as solar cells and
solar concentrators. The aim of the thesis is to theoretically design fluorescent dyes as new
photovoltaic materials with enhanced light-harvesting efficiency.
Fluorescent dye, whether utilised as a sensitizer in DSSC or as a luminophore in TLSC, is a
component whose modification affects their overall efficiency. Its structural optimisation and
design lead to new materials with enhanced solar energy harvesting potential and integration
into the built environment.

The thesis consists of two parallel topics:

I) Theoretical design of sensitizer for dye-sensitized solar cells (DSSC)
(Chapter II)

The research emphasises a novel class of bio-nano hybrid sensitizers at TiO2 support.
The objective is to design natural-based sensitizers with optimal stability and efficiency
for DSSC application. By combining metal nanoclusters with natural dyes, bio-nano
hybrid systems induce a donor-acceptor character that enhances their opto-electronic and
photovoltaic properties. More specifically, the influence of valence electron number (even
or odd) of silver nanoclusters and their doping with coinage metal atoms (Au and Cu)
have been theoretically investigated. The computations are carried out within the density
functional theory and its time-dependent variant (cf.1.3 Methodology). Altogether, bio-
nano hybrids demonstrate increased overall efficiency. Nanoclusters possessing an even
number of valence electrons are identified as effective acceptors, whereas doping has a
positive impact on optical and photovoltaic properties. The stability of these hybrids is
shown in their strong coupling with the TiO2 surface. As a result of theoretical study,
bio-nano hybrids at TiO2 surface have the potential for application in DSSC technology,
while experimental confirmation is still needed.
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II) Theoretical design of dye as luminophore for transparent luminescent solar concen-
trators (TLSC)
(Chapter III)

The research objective is to develop transparent materials with high fluorescence QY for
application in TLSCs. Design of luminophores as novel TLSC materials requires reliable
prediction of transition rates (k𝑟 , k𝑖𝑐) and fluorescence QY, in addition to computation of
the structural and optical properties. The calculations are performed within a harmonic
vibrational model at DFT and TDDFT theoretical levels (cf.1.3 Methodology). However,
due to its limitations, a reliable framework within the harmonic approximation is needed.
In particular, the comparison of different harmonic models and the broadening functions
serves as a basis for the reliability rules in QY prediction.
J-aggregates due to the delocalisation of excitons can serve as selective collectors of
electromagnetic radiation while preserving a high fluorescence QY. Theoretical modeling
of squaraine J-aggregates has demonstrated high quantum yield (QY) while absorbing in
the near-infrared (NIR) region, resulting in transparency within the visible (VIS) spectrum.
These findings have been confirmed by available experimental data, making them suitable
TLSC candidates.

Altogether, the theoretical design of new materials with improved properties stimulates experi-
mental investigation and offers valuable insights into the photochemical nature of organic dyes
and their hybrids. This comprehension is important for their application in photovoltaic solar
technologies. Advances in this field promote the development and optimisation of materials for
more efficient solar energy conversion.

1.4.1 Modeling cyanidin-silver nanocluster hybrids at TiO2 support

Chapter 2.1 provides a simple yet effective concept of enhancing charge-transfer and efficiency
in DSSCs through theoretical modeling of hybrid sensitizer. Present research [164] focusses
on bio-nano donor–acceptor hybrids formed by combining cyanidin, a common natural dye,
with small silver nanoclusters (NCs). Additionally, the objective is to theoretically investigate
the opto-electronic properties and performance of hybrid photosensitizers within the context of
DSSCs.
Bringing together biomolecules and small noble metal nanoclusters has several advantages.
First, the combination of their excited states produces higher absorption intensity [16], resulting
in improved light harvesting efficiency. Second, silver NCs induce donor-acceptor character
in hybrids, with the NC acting as the acceptor and the cyanidin dye as the donor, promoting
effective electron injection. In particular, the cyanidin-Ag𝑛 (n = 3, 5, 9, 21) hybrids with an even
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number of NCs valence electrons have better stability compared to those with an odd number.
The findings are consistent with previous investigations [78]. As a result, they have a negative
value of ΔG𝑖𝑛 𝑗𝑒𝑐𝑡 , as well as HOMO and LUMO energy levels that match the TiO2 conduction
band and I−/I3

− redox potential. This indicates successful electron injection to the semicon-
ductor conduction band and system regeneration. Furthermore, increasing the size of NCs in
hybrids improve stability and reduce the HOMO–LUMO gap, leading to a bathochromic shift
and enhanced efficiency. Larger NCs, such as Ag+9 and Ag+21, are consequently more suitable for
application.
Efficient charge-transfer from the sensitizer to the semiconductor is essential for increasing light-
to-electricity conversion and enhancing the solar cell efficiency of DSSCs. The semiconductor
surface is simulated by a two-layer anatase TiO2 (100) model [165, 166]. The cyanidin-Ag9

hybrid binds to the surface through two titanium-oxygen bonds, thereby forming an anchoring
mechanism required for effective electron injection into the semiconductor. {Cyanidin-Ag9}-
TiO2 complex shows a shift to the red region and effective charge-separation, demonstrating the
stabilisation of the sensitizer on the semiconductor surface.
Both experimental and theoretical investigations are required to develop new nanoscale ma-
terials with improved DSSC efficiency. In this context, theoretical design serves to stimulate
experimental research by focusing on the optical and photovoltaic properties of bio-nano hybrids
on TiO2 substrates.

1.4.2 Doping of cyanidin-silver trimer hybrids at TiO2 support

In Chapter 2.2 theoretical investigation of coinage metal doping of bio-nano hybrid sensitizers at
the TiO2 surface has been presented. The investigation involves doping of silver trimer with one
Au or one Cu atom, and mixed Au-Cu atoms, to elucidate their influence on opto-electronic and
photovoltaic properties of bio-nano hybrid sensitizer. The demonstrated doped cyanidin-(hetero-
metal) trimer exhibits better photovoltaic properties and stability compared to the cyanidin-silver
NCs hybrids. Furthermore, it showed enhanced linear and non-linear properties. Consequently,
the cyanidin-Ag2Au and cyanidin-AgAuCu hybrids have improved properties compared with
cyanidin-Ag𝑛 hybrids with larger NCs, such as Ag+9 and Ag+21. Such behaviour arises from
the relativistic effects of Au and Cu valence electrons, causing a smaller s-d energy gap [78,
79]. Specifically, the expansion of the d-orbitals promotes the participation of d-electrons in
bond formation, resulting in a more stable structure [78]. Further support of this effect arises
from binding energy calculations, which indicate higher values for the doped systems. Overall,
findings presented in the thesis [167] indicate that doping by single Au or Cu atoms, as well as
combined Au-Cu, produces a more stable hybrid structure.
In terms of photovoltaic properties, doped hybrids fulfill the requirements for an effective
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sensitizer. Their HOMO-LUMO levels are well-aligned, their ΔG𝑖𝑛 𝑗𝑒𝑐𝑡 value is negative, and
they have LHE comparable to that of cyanidin-Ag+9 and cyanidin-Ag+21. This is in accordance
with the results of the doped hybrids on the surface. As mentioned in previous work [164],
the semiconductor model contains 30 TiO2 subunits capped with 12 hydrogen atoms. Two
Ti-O bonds ensure strong binding of the cyanidin-Ag2Au hybrid to the TiO2 surface. Effective
electron induction is indicated by the formation of charge-transfer excited states between the
hybrid and the semiconductor. Additionally, compared to the cyanidin-Ag3 at TiO2 support, the
attached doped hybrid has a higher absorption intensity.
Since doping significantly improves the stability of silver NCs [76, 77], the substitution of
larger silver NCs by smaller doped ones is favoured. This approach enables the development of
affordable bio-nano hybrid sensitizers while maintaining enhanced stability and efficiency. As
a result, doped hybrids enhance the performance of DSSC sensitizers. These findings should be
further validated by experimental investigation.

1.4.3 Theoretical prediction of fluorescence quantum yields

Theoretical investigation of coumarin derivatives in solution is presented in Chapter 3.1, together
with its comparison with available experimental data [168–173]. The objective is to reliably
predict the radiative (k𝑟), and non-radiative decay rates, specifically internal conversion (k𝑖𝑐), as
well as the fluorescence quantum yield (QY). Internal conversion is considered to be the only
significant non-radiative process, while the other decay processes are neglected. In particular,
the focus is on investigating the impact of anharmonicity, the choice of harmonic model, and
the broadening function. The Franck-Condon and harmonic approximations have been used to
compute the emission spectra and transition rates [23, 24, 105, 174]. Within the scope of this
thesis, several "Rules of thumb" for reliable prediction of QY from first principles are established
[175]. The anharmonicity level can be determined by comparing different harmonic models
[97, 98], since for harmonic potential the adiabatic and vertical models should provide the same
result. The harmonic approximation accurately predicts the radiative decay rate k𝑟 (Rule I),
while k𝑖𝑐 depends on the accurate description of emission spectral tail. As a result, to obtain
a reliable harmonic prediction of k𝑖𝑐, frequency changes, and Duschinsky rotation need to be
taken into account (Rule II). Furthermore, large k𝑖𝑐 values are associated with a broad emission
spectrum (Rule III). For the narrow-spectra of coumarins labeled as 102, 343, and 522, the k𝑖𝑐
values are small and sensitive to broadening. In contrast, 3-chloro-7-methoxy-4-methylcoumarin
ClMMC has a broad spectrum and a large k𝑖𝑐. Inhomogeneous broadening does not significantly
influence transition rates (Rule IV), while rates that depend on homogeneous broadening are
not reliable (Rule V). Therefore, the k𝑖𝑐 rate is more affected by homogeneous broadening. This
can be explained by the long tail of the Lorentzian profile which allows non-radiative transitions
between vibrational states with significant energy difference, leading to an increase in k𝑖𝑐.
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Additionally, a high value of homogeneous broadening washes out the vibrational structure,
and the rate depends solely on the broadening function. Therefore, adopting a large amount
of homogeneous broadening to fit an experimental non-radiative rate will produce unreliable
results.
Following the previous statement, harmonic adiabatic hessian (AH) and vertical hessian (VH)
harmonic models must be equivalent (Rule VI). The anharmonic Adiabatic Shift (AS) model is
examined by replacing each normal mode of the harmonic AS model with a Morse potential,
therefore introducing a degree of anharmonicity. These calculations show that deviations from
the energy gap law are caused by anharmonicities, and that as anharmonicity increases, the
rate also increases. An analogous outcome can be obtained with a large value of Lorentzian
broadening. For 𝑘 ic(Δ𝐸) values < 10−5𝑘max

ic , the homogeneous broadening and anharmonicity
have a considerable influence (Rule VII). The fulfillment of the last rule relies on balancing
two opposite requirements. Smaller Δ𝐸 results in a shift to NIR and an increase of 𝑘 ic,
while larger vibronic overlap leads to a broader spectrum and lower 𝑘 ic value. Based on these
requirements, the QY prediction for ClMMC coumarin in water and cyclohexane solvents is
accurate. In summary, for a reliable prediction of fluorescence QY, harmonic models and
broadening functions must be analysed and compared with experimental data.

1.4.4 Design of J-aggregates squaraine dyes as TLSC materials

Chapter 3.2 emphasises the theoretical design of luminophores for transparent luminescent solar
concentrators (TLSCs) investigating their potential as selective UV and NIR light harvesters
with high fluorescence QY. Transparency and high QY are two essential features of visually
appealing and efficient TLSC. Enhancement of QY minimises photon reabsorption [176–179]
which is one of the main causes of energy loss [180]. The aim is to identify J-aggregates formed
from squaraine dyes that are suitable for TLSC applications. In this thesis, the optical properties
as well as the QY prediction of SQA and SQB J-aggregates in toluene solvent are theoretically
studied [181]. More specifically, the influence of the number of monomer subunits on their
opto-electronic properties is investigated. Results are in agreement with experimental findings
for dimers (dSQA, dSQB) and trimers (tSQA, tSQB) [119], while our prediction extends for
tetramers (tetSQA, tetSQB).
It is particularly challenging to obtain a high QY in the NIR region. The reason for this is
because the red shift produces a reduction in excitation energy. This significantly increases
the non-radiative rate and, as a consequence, lowers the quantum yield. On the other hand,
J-aggregates exhibit the superradiance effect as a result of the exciton delocalisation which is
illustrated by the linear increase of radiative rate with the delocalisation length. Additionally,
the internal conversion rate (k𝑖𝑐) decreases simultaneously [112].
The investigated squaraine J-aggregates consist of linearly arranged SQA or SQB squaraine
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dyes. According to Kasha’s molecular exciton model [126], the exciton character of these
homoaggregates (SQA and SQB) is demonstrated by the superposition of transition dipole
moments, leading to an enhancement in dipole strength and a bathochromic shift with an increase
in the number of subunits. The effect is more pronounced for SQA than for SQB J-aggregates.
Additionally, the substitution of one oxygen by dicyanovinylene group results in a red shift of
SQB J-aggregates compared to SQA. The absorption spectra of all systems exhibit characteristic
J-aggregate splitting, while their fluorescence spectra show a narrow J-band in the near-infrared.
Both tetramers have the highest absorption intensity in the NIR region. The tetSQA J-aggregate
satisfies the requirements for transparency, whereas the tetSQB shows considerable intensity in
VIS, indicating semitransparency. In SQA, the QY values match experimental findings, with
minimal broadening impact on k𝑖𝑐 values. Both findings serve as reliability checks for QY
prediction. Additionally, fluorescence QY increases with system size, and SQA has a higher
computed QY than SQB, therefore fulfilling the high value for QY. In order to extend the QY
predictions for larger systems, the k𝑖𝑐 rate is calculated using the Englman-Jortner energy gap law
[89, 112]. This qualitative scaling model supports the aforementioned findings. Therefore, the
tetSQA J-aggregates in toluene solvent or those with a larger number of subunits are promising
candidates for TLSC applications. These new materials proposed within this thesis demonstrate
the requirements for efficient light harvesting and conversion in TLSC devices.
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Design of sensitizers for dye-sensitized solar cells at
TiO2 support

2.1 Cyanidin-silver nanocluster hybrids
Reprinted from:
Margarita Bužančić Milosavljević, Antonĳa Mravak, Martina Perić Bakulić and Vlasta Bonačić-
Koutecký. Model systems for dye-sensitized solar cells: cyanidin-silver nanocluster hybrids at
TiO2 support. RSC Advances, 13 (9), 6010-6016, 2023. Reproduced with permission from the
Royal Society of Chemistry.
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Model systems for dye-sensitized solar cells:
cyanidin-silver nanocluster hybrids at TiO2

support†

Margarita Bužančić Milosavljević, a Antonija Mravak, a Martina Perić Bakulić *a

and Vlasta Bonačić-Koutecký *abc

Theoretical study of structural, optical, and photovoltaic properties of novel bio-nano hybrids (dye-

nanocluster), as well as at TiO2 surface model support is presented in the context of the application for

dye-sensitized solar cells (DSSC). A group of anthocyanidin dyes (pelargonidin, cyanidin, delphinidin,

peonidin, petunidin, and malvidin) represented by cyanidin covalently bound to silver nanoclusters (NCs)

with even or odd number of valence electrons have been investigated using DFT and TDDFT approach.

The key role of nanoclusters as acceptors in hybrids cyanidin-NC has been shown. The nanoclusters

with an even number of valence electrons are suitable as acceptors in hybrids. The interaction of bio-

nano (cyanidin-NC) hybrid with the TiO2 surface model has been investigated in the context of

absorption in near-infrared (NIR) and charge separation due to donor and acceptor subunits. Altogether,

the theoretical concept serves to identify the key steps in the design of novel solar cells based on bio-

nano hybrids at TiO2 surface for DSSC application.

1 Introduction

In a search for a photovoltaic cell that would be commercially
more attractive due to better energy conversion efficiency,
Grätzel et al. proposed a dye-sensitized solar cell (DSSC),1–3

based on light harvesting dye that sensitizes the transparent
TiO2 semiconductor lm. Since then, a signicant experimental
and theoretical effort has been invested into nding the optimal
sensitizer.4–8 Transition metal compounds, specically Ru-
complexes, have emerged as highly efficient DSSC dye candi-
dates with promising photovoltaic properties.3,9 However, the
search for new materials has led to natural dyes,10–12 that are
non-toxic for both humans and the environment,13 and easily
available through plant extraction.14 The reported efficiency of
these dyes is rather small (maximum value of over 4%12).
Nevertheless, their modication by small silver nanoclusters
(NCs) opens a route to design new systems with donor–acceptor
properties. These properties have been previously studied

within sensitizers15 based on ruthenium,16,17 porphyrin18

complexes, and metal-free19 organic dyes.
Anthocyanidins, a subclass of avonoids, have absorption

maxima lying ∼500 nm20 and are extensively investigated in the
context of the DSSC application.21–23 However, they have low
stability24 and low efficiency as solar cell sensitizers (maximum
around 1%25). Also, they do not satisfy the donor–acceptor
condition.

Although several properties of the DSSC system can be tuned
to improve efficiency, our approach is the modication of the
sensitizer by introducing the donor–acceptor concept through
bio-nano hybrid. A variety of modied natural dyes based on
bio-nano hybrids have been investigated. Those include but are
not limited to complexes of two or more natural dyes,25,26

natural and synthetic dyes27 and multilayered natural dyes
DSSC.28 Also, the addition of metal atoms to natural dye (e.g.
iron–cyanidin complex) has been reported to improve optical
properties compared to pure pigments.29

Furthermore, the silver nanoclusters (NCs) forming bio-nano
hybrids substantially increase optical absorption of pure
biomolecules due to the interaction between intense excitations
within the cluster and p–p* excitations within aromatic rings of
biomolecule.30 This opens a route for enhancing the optical
properties as well as improving the light-harvesting efficiency of
natural dyes through interaction with silver NCs which intro-
duces donor–acceptor subunits. Previous work has demon-
strated that ligated noble metal NCs31,32 as well as noble metal
nanoparticles (NPs)33,34 can contribute towards more efficient
sensitizers.
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The anchoring of the dye on the TiO2 surface is critical for
ensuring electron injection from the dye to the semiconductor,
which is one of the important conditions for DSSC efficiency.35

Therefore, anchoring the cyanidin-NC on the TiO2 semi-
conductor has been investigated by modeling the complex
{cyanidin-NC}-TiO2. Such hybrids have not been investigated
previously in the context of DSSC application.

In the present paper, we focus on the theoretical study of the
dye and silver NC (cyanidin-NC) hybrids by their opto-electronic
and DSSC properties within the DFT and TDDFT methods.
Results involve theoretical prediction of structural and linear
optical properties (one-photon absorption, OPA) of bio-nano
hybrids, in order to nd out how the overall efficiency
depends on selected NCs. Calculations of nonlinear optical
properties (two-photon absorption, TPA) on chosen example
have also been performed. Anchoring of the bio-nano hybrids
on the semiconductor surface of TiO2 model is addressed in the
context of charge separation and shi in near-infrared (NIR)
regime for a potential application.

2 Molecular models for dye-NC
hybrids anchored on TiO2 surface

The basic concept behind the proposed DSSC system is that
light is captured by sensitizer dye-NC hybrid which is coupled to
the semiconductor allowing electron injection into its conduc-
tion band aer which dye is regenerated via electrolyte.36

Photovoltaic parameters (light harvesting efficiency, LHE and
driving force for electron injection, DGinject), dened in the
supplement, serve as an indication for the appropriate choice of
hybrid sensitizer.

Anthocyanidins as salt derivatives of avylium cation belong
to the group of natural pigments.37 The most common naturally
produced anthocyanidins are pelargonidin, cyanidin, delphi-
nidin, peonidin, petunidin, and malvidin38,39 (cf. Scheme 1).
However, they do not contain acceptor–donor subunits. For this
purpose, the silver nanoclusters serve to offer one of the needed
subunits. Among structures from this family of natural
pigments, we have chosen cyanidin to study the interaction with
the NCs whose sizes have been selected according to their
electronic properties. Structural and optical properties, as well
as DSSC parameters of cyanidin-NCs with silver clusters con-
taining 2, 4, 8, and 20 valence electrons, have been compared

with hybrids involving clusters with an odd number of valence
electrons. All of them have discrete energy levels and belong to
the size regime <2 nm in which each atom counts.30 It is well
known that the pure nanoclusters with an even number of
electrons are more stable than those with an odd number of
electrons.40

A TiO2 semiconductor was used as a surface model to
investigate the anchoring of cyanidin-Ag9 hybrid. Anatase is the
most widely used crystal type of TiO2 for DSSC application since
it has a large band gap and conduction band edge energy.4,41

Consequently, the 2-layer anatase model of TiO2 (100) adapted
from Koch et al. was selected.42,43 The anchoring on the surface
was modeled by hydroxyl groups (–OH) through dissociative
binding, which is more energetically favorable than the undis-
sociative one.44 The link between the cyanidin-Ag9 hybrid and
the surface is established by two titanium–oxygen bonds. In
addition, binding over Ag9 and over both Ag9 and cyanidin has
been also studied. However, the energies of all studied isomers
are very close.

3 Computational

The structural and optical properties of cyanidin and cyanidin-
NC hybrids have been determined using density functional
theory (DFT) and its time-dependent version (TDDFT) in
Gaussian 16 program.45 The ground state geometries of all
systems were optimized with the Perdew–Burke–Ernzerhof
(PBE) functional.46,47 For cyanidin-NC hybrids, an extensive
search for the lowest energy isomer has been carried out using
simulated annealing as implemented in TURBOMOLE.48 The
Coulomb-attenuated version of Becke's three-parameter
nonlocal exchange functional together with the Lee–Yang–Parr
gradient-corrected correlation functional (CAM-B3LYP)49 has
been employed to calculate optical properties due to its accurate
assessment of silver NCs excitation energies.50,51 For all atoms,
split valence polarization atomic basis set (SVP) has been
used.52 For the silver atoms, the 19-e− relativistic effective core
potential (19-e− RECP) from the Stuttgart group taking into
account scalar relativistic effects has been employed.53

Nonlinear optical properties; TPA spectra and cross sections
(s)54 were obtained using either single residue or double residue
quadratic response procedure55,56 implemented in Dalton elec-
tronic structure program57,58

The fragment representing semiconductor TiO2 contains 30
TiO2 units saturated with 12 hydrogen atoms forming
(TiO2)30O6H12. Systems of similar sizes have been already used
for such applications.59 The considered surface model is {cya-
nidin-Ag9}-TiO2, where TiO2 fragment is interacting with a cya-
nidin-Ag9 hybrid. The complex was optimized within the
Gaussian 16 program45 using the PBE exchange–correlation
functional. The SVP basis set was used for all atoms, with the
addition of a 19-e− RECP for Ag atoms.52,60 Due to the size of the
complex, the density tting Weigend-06 (W06) was employed
with the GGA functional to speed up computations. The calcu-
lation of the absorption spectrum was performed at the same
level of theory as for the hybrids.

Scheme 1 The molecular structure of the six most common antho-
cyanidin dyes.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6010–6016 | 6011
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Fig. 1 TDDFT calculated absorption spectra for the: (A) cyanidin-Ag3, (B) cyanidin-Ag5, (C) cyanidin-Ag9 and (D) cyanidin-Ag21 employing CAM-
B3LYP/def2-SVPmethod. For the cyanidin-Ag21 (D), S1 is located at 1794 nmwith zero oscillator strength. Structures have been optimized at PBE/
def2-SVP level of theory. DFTHOMO, LUMO, HOMO−1, and LUMO+1 energy gaps versus vacuum [eV] andHOMO–LUMOorbitals. Experimental
TiO2 conduction band edge (full red line) and I−/I3

− redox level (dashed red line).
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4 Results and discussion

None of the anthocyanidin dyes including selected cyanidin
satisfy conditions for photovoltaic parameters needed for DSSC
applications (cf. Fig. S1†). HOMO and LUMO orbitals of pure
anthocyanidin dyes are delocalized over all three aromatic rings
as presented by cyanidin creating characteristic bright p–p*

transition (cf. Fig. S2†). In order to form bio-nano hybrids as
sensitizers for solar cells, adequate HOMO and LUMO energy
levels are needed. The HOMO of the dye-NC should be lower
than I−/I3

− redox potential allowing for system regeneration. In
addition, to ensure conditions for charge generation the LUMO
of the system should be higher than TiO2 conduction band.36

Both HOMO and LUMO energy levels of the anthocyanidin dyes
lie below the electrolyte redox potential and semiconductor
conduction band, thus requiring correction which is possible by
silver NCs (cf. Fig. S1†).

The inclusion of silver NC of the given size and number of
valence electrons shis HOMO and LUMO energy levels to
higher values allowing them to satisfy photovoltaic parameters.
Absorption spectra for cyanidin-Agn (n = 3, 5, 9, 21 with 2, 4, 8,
20 valence electrons) together with MO energies as well as
values for TiO2 conduction band edge and I−/I3

− redox potential
are shown in Fig. 1. Notice that the binding energy of NC's to
dye is∼−12 eV (cf. Table 1). In contrast, for cyanidin-Agn (n= 6,
12) with an odd number of valence electrons (5, 11) HOMO,
LUMO energy levels lie above TiO2 conduction band edge and
I−/I3

− redox potential, due to their lower stability (cf. Fig. S3†
and Table 1).

For dye-Agn hybrids containing silver cluster with an even
number of valence electrons, the HOMO, LUMO energy levels
are shied in the right direction where HOMO level is lower
than electrolyte redox potential and LUMO is higher than the
TiO2 conduction band, making them capable for electron
injection and system regeneration (cf. Fig. 1). The decrease of
the HOMO–LUMO gap with increasing cluster size shis the
absorption band towards the red regime which is suitable for
efficiency.61 Dye-Agn (n = 3, 5, 9, 21) hybrids containing an even
number of valence electrons have much smaller HOMO–LUMO
energy gaps (3.9 eV–2.3 eV) in comparison with cyanidin dye
(4.8 eV, cf. Fig. 1 and Fig. S2†). Furthermore, the HOMO energy
level of cyanidin-Ag9 hybrids remains similar to the cyanidin-

Ag3 systems, but the HOMO–LUMO gap of the cyanidin-Ag21
hybrid is further reduced due to considerably larger cluster size.
Overall, the silver NC interacting with the dye sensitizer inu-
ences the energy gap in the following manner: cyanidin > cya-
nidin-Ag3, Ag5, Ag9, > cyanidin-Ag21. This suggests that the
cyanidin-Ag9 and the cyanidin-Ag21 are preferable in the context
of DSSC application. From the experimental point of view, in
the gas phase, only the charged species (cyanidin-Agn)

+/− can be
identied.

A slight difference in the steric conguration (dihedral angle
(q) and the bond length) of dye-NC hybrids with even and odd
numbers of electrons is shown in Fig. S4.† HOMO orbitals of
hybrids are delocalized mainly within cyanidin, whereas LUMO
orbitals are delocalized within nanoclusters, as shown in Fig. 1.
Absorption spectra of hybrids are characterized by two groups of
transitions. The rst one is ∼600 nm and below with low
intensities and the second one is ∼300 nm with higher inten-
sities. For the latter one with a higher intensity, clusters with

Table 1 Calculated wavelengths (l) and oscillator strengths (fe) of maximum absorption,−HOMO, LHE, DGinject and binding energies Eb (defined
in the supplement) for cyanidin dye and cyanidin-NCs at CAM-B3LYP/def2-SVP level of theory. Cyanidin-Agn (n= 3, 5, 9, 21) hybrids with an even
number of valence electrons are listed in part I of the table, and cyanidin-Agn (n= 6, 12) with an odd number of valence electrons are listed in part
II. Plus and minus signs represent cations and anions, respectively

Smax

lmax

[nm] femax
−HOMO [eV] LHE DGinject [eV] Eb [eV]

I Cyanidin+ S1 459 0.60 10.52 0.75 3.815
Cyanidin-Ag3 S2 467 0.57 5.35 0.73 −1.304 −12.45
Cyanidin-Ag5 S6 367 0.34 5.65 0.55 −1.730 −12.56
Cyanidin-Ag9 S26 311 0.71 5.28 0.80 −2.706 −11.73
Cyanidin-Ag21 S81 332 0.68 4.82 0.79 −2.908 −11.07

II (Cyanidin-Ag6)
− S10 393 0.49 2.47 0.68 −4.683 −8.26

(Cyanidin-Ag12)
− S30 360 0.68 2.69 0.79 −4.750 −8.97

Fig. 2 Molecular electrostatic potential surface for (A) cyanidin-Ag3,
(B) cyanidin-Ag5, (C) cyanidin-Ag9 and (D) cyanidin-Ag21. The red
region represents the electron-rich area centered around the
acceptor (NC) and the blue represents the electron-poor area corre-
sponding to the donor (cyanidin).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6010–6016 | 6013
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a given number of valence electrons are responsible. This is
illustrated in Fig. S5† in which absorption spectra obtained for
pure cationic clusters with an even number of electrons are
shown. Cluster structures have been taken from optimized
hybrids. In fact, donor–acceptor properties of cyanidin-NCs are
illustrated in molecular electrostatic potential surfaces (cf.
Fig. 2), where clusters correspond to acceptors and cyanidin to
donors.

In this contribution, two photon absorption (TPA) of cyani-
din and cyanidin-Ag9 is also presented (cf. Fig. S6†). The addi-
tion of Ag9 cluster to cyanidin dye produces a large cross section
only in near-infrared due to the resonance of OPA S1 and TPA
S34 state. MOs presented for the S34 state demonstrate the
donor–acceptor nature of the cyanidin-Ag9 system indicating
charge transfer between cyanidin and Ag9 NC. This increases
transition dipole moments causing the enhancement of TPA
cross sections. The enlarged NIR region of calculated TPA
spectra is shown also in Fig. S6†. For cyanidin-Ag9 cross sections
are several orders of magnitude larger compared to cyanidin dye
which extends the TPA spectrum in the near-infrared range
(notice the s values for 600–1100 nm). Investigation of the
nonlinear optical properties is needed for the evaluation of the
solar cells since their enhancement is connected with better
photovoltaic performance.62,63

A design of novel materials with desirable linear and
nonlinear optical properties can induce in solar cells a better
harvesting of photons in the visible and near-infrared region.

Photovoltaic parameters such as LHE and DGinject are
important for inuencing incident photon to the conversion
efficiency (IPCE) of the solar cell. LHE of the sensitizer is directly
connected with the oscillator strength of absorption maximum.

The increasing size of the NC enhances the intensity of the
absorption spectra of the hybrids in a region ∼300 nm con-
sisting of multiple transitions with similar intensities. In
contrast, the maximum absorption of cyanidin dye is charac-
terized by a single transition. For this reason, regardless of
hybrids having larger absorption intensity, LHE values of both
cyanidin dye and hybrids remain similar (cf. Table 1). Cyanidin
dye has the LUMO below the TiO2 conduction band which is

reected in the positive value of the DGinject, and the low
possibility of the electron injection. In contrast, the interaction
with the small silver NC containing an even number of electrons
shis the HOMO and LUMO energy levels matching the TiO2

conduction band and I−/I3
− redox potential. This produces

negative values of the DGinject favoring spontaneous electron
injection from the excited state of the sensitizer to the semi-
conductor conduction band. The trend for the lowering DGinject

is further supported by the increased size of the nanocluster.
Anchoring of cyanidin-Ag9 on TiO2 semiconductor has been

investigated due to the importance of the efficient charge
transfer from the sensitizer to the semiconductor. The details of
the model system are described in the Sections 2 and 3.

The isomers bound to surface over silver cluster have very
low oscillator strengths (cf. Fig. S7A and B†). Therefore, we have
selected the isomer bound over cyanidin which exhibits
stronger interaction (cf. Fig. 3A). The structure of selected cya-
nidin-Ag9 forms two covalent bonds with the TiO2 model, which
results in the adsorption energy (Eads, dened in the supple-
ment) of the hybrid by −2.1 eV. The calculation of the binding
energy of cyanidin to TiO2 has a similar value (−2.13 eV). This
ensures the formation of the complex necessary for the electron
injection from the hybrid cyanidin-Ag9 to the semiconductor.

The calculated absorption spectrum of the cyanidin-Ag9
anchored on TiO2 reveals a bathochromic shi (cf. Fig. 3A)
compared to the spectrum of the cyanidin-Ag9. It also reveals
two distinct regions, one∼ 500 nm and the other one∼ 700 nm.
Both regions consist of transitions with low intensities. The
HOMO of the anchored hybrid is delocalized on the cyanidin
and two silver atoms. Also, it is energetically close to the HOMO
of the hybrid without support. In contrast, the LUMO is entirely
delocalized on the TiO2 model, as reported previously.64 The
HOMO and LUMO orbitals (cf. Fig. 3B) along with the analysis of
transitions corresponding to the largest absorption peaks (cf.
Table S1 and Fig. S8†) demonstrate charge separation between
the hybrid and TiO2 semiconductor which is a prerequisite for
efficient DSSC performance. Altogether, the hybrid cyanidin-Ag9
anchored on the TiO2 surface serves as a model for stabilization
of the bio-nano hybrid at the semiconductor surface.

Fig. 3 (A) TDDFT calculated absorption spectrum at CAM-B3LYP/def2-SVP level of theory for {cyanidin-Ag9}-TiO2 with a structure optimized
with PBE/def2-SVP/W06, (B) HOMO is delocalized at bio-nano hybrid, while LUMO at the surface model.
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5 Conclusion

Theoretical investigation of optical properties of model systems
including the direct estimate of photovoltaic parameters is an
important step in the context of improvement of DSSC perfor-
mance. In the present paper, we have proposed bio-nano
donor–acceptor hybrids as photosensitizers for DSSC applica-
tion. These systems are formed by the interaction of silver NCs
with the most common anthocyanidin dyes represented by
cyanidin. The proposed strategy is based on a simple concept of
bringing together natural dye and silver metal nanoclusters to
form a donor–acceptor hybrid. The hybrids containing NC with
an even number of valence electrons are more stable than those
with an odd number of valence electrons. Therefore, NCs of
selected sizes (with 2, 4, 8, 20 valence electrons) play a key role
for the optical properties of cyanidin-NC hybrids as well as for
determining photovoltaic parameters. In contrast to pure
anthocyanidin dyes, bio-nano hybrids reveal the improvement
of the overall efficiency (cf. LHE and DGinject). The interaction of
the hybrid with TiO2 semiconductor model conrms the
stability of the bio-nano system.

We have demonstrated that silver NCs due to their unique
electronic and optical properties introduce acceptor subunits
interacting with natural pigments as donors. In summary, these
ndings serve to stimulate experimental investigation of optical
and photovoltaic properties of bio-nano hybrids at TiO2

support, in order to realize novel materials at the nanoscale to
improve DSSC's efficiency.
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Enhancing Efficiency of Dye Sensitized Solar Cells by Coinage
Metal Doping of Cyanidin-Silver Trimer Hybrids at TiO2
Support Based on Theoretical Study
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Abstract: Identification of a natural-based sensitizer with optimal stability and efficiency for dye-
sensitized solar cell (DSSC) application remains a challenging task. Previously, we proposed a
new class of sensitizers based on bio-nano hybrids. These systems composed of natural cyanidin
dyes interacting with silver nanoclusters (NCs) have demonstrated enhanced opto-electronic and
photovoltaic properties. In this study, we explore the doping of silver nanocluster within a cyanidin-
Ag3 hybrid employing Density Functional Theory (DFT) and its time-dependent counterpart (TDDFT).
Specifically, we investigate the influence of coinage metal atoms (Au and Cu) on the properties of
the cyanidin-Ag3 system. Our findings suggest that cyanidin-Ag2Au and cyanidin-AgAuCu emerge
as the most promising candidates for improved light harvesting efficiency, increased two-photon
absorption, and strong coupling to the TiO2 surface. These theoretical predictions suggest the viability
of replacing larger silver NCs with heterometallic trimers such as Ag2Au or AgAuCu, presenting
new avenues for utilizing bio-nano hybrids at the surface for DSSC application.

Keywords: bio-nano sensitizer; cyanidin-NC hybrid; DFT; TDDFT; light harvesting efficiency; coinage
metal atoms

1. Introduction

The energy demand rises with increasing the global population and technological ad-
vancement [1,2]. The sun, an easily attainable, clean, renewable, and free energy resource,
emerges as the optimal choice for generating sustainable energy. Consequently, solar
harvesting technology holds the potential to supplant conventional energy sources [2,3].
According to the EU Market Outlook (2023), photovoltaic (PV) technology represents the
fastest-growing energy production in European Union, with installed PV capacity increas-
ing by more than 40% annually in recent years [4]. Additionally, there is an emphasis on
advancing architecture-integrated photovoltaics to maximize solar harvesting efficiency.
This involves integrating PV into smart buildings and surroundings to improve efficiency
and achieve net-zero energy consumption [2,5]. Dye-sensitized solar cells (DSSCs) play
an important role in the field of renewable energy by offering a promising solution, as a
thin layered, flexible, and cost-effective technology. DSSCs were first proposed by O’Regan
and Grätzel [6–8] as photochemical solar cells that imitate natural light absorption [9]. The
fundamental idea behind DSSC lies in the interaction between dye and semiconductor,
where dye absorbs light and sensitizes the transparent TiO2 semiconductor film. This

Nanomaterials 2024, 14, 1034. https://doi.org/10.3390/nano14121034 https://www.mdpi.com/journal/nanomaterials
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allows electrons to be injected into the semiconductor’s conduction band, followed by
regeneration of the dye through the electrolyte [10]. One of their key components is the
dye sensitizer, which requires specific properties for efficient performance in DSSC. This
includes high light harvesting efficiency (LHE) and suitable energy levels of the highest
occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals for effective
charge transfer processes. Furthermore, it requires photostability and compatibility with
other solar cell components, particularly anchoring to the semiconductor film [11]. In
general, dye sensitizers can be classified [12] as organic [13,14], inorganic [15], metal-free
organic dyes [16], and transition metal complexes [17]. Due to their non-toxicity, availabil-
ity, and cost-effectiveness, natural dyes such as anthocyanidins [18] are an environmentally
acceptable alternative to predominantly used Ru-based dyes [14,19–21]. However, the low
efficiency of natural dyes limits their effectiveness [22], thus reducing overall DSSC perfor-
mance. In response, various hybrid modifications of natural dyes have been researched so
far [23–27].

In that context, we have previously computationally explored a new class of bio-nano
sensitizers based on noble metal nanoclusters (NCs) interacting with natural (anthocyani-
din) dyes [28]. In these bio-nano hybrid systems, nanoclusters introduce donor-acceptor
properties shifting the HOMO and LUMO molecular orbitals in the desired direction,
thus satisfying preconditions for successful electron injection and system regeneration [29].
The interaction between the excited states of nanoclusters and the excited π-π* states
of aromatic rings in biomolecules enhances the absorption intensity within the bio-nano
hybrid [30]. Consequently, combined DFT/TDDFT study has demonstrated improvements
in photovoltaic properties, such as light harvesting efficiency (LHE) and driving force of
electron injection (∆Ginject), together with strong coupling to the TiO2 surface [28]. Among
the examined bio-nano hybrids, those including Ag NCs with an even number of electrons
(n = 2, 4, 8, 20) have demonstrated better stability, with cyanidin-(Ag+9 ) and cyanidin-(Ag+21)
emerging as the most preferable model sensitizers.

Previously, DSSC efficiency has been enhanced through doping of nanostructured TiO2
by metal ions which induced electrical surface-state modifications [31]. In the present study,
we theoretically explore the modification of the electronic and photophysical properties of
bio-nano hybrid model sensitizers by hetero-metal atom doping. The justification for this
strategy arises from the known potential of doping to tune the geometric and electronic
properties of NCs while also improving their stability [32,33]. Specifically, we investigate
the effects of substituting a single Ag atom in cyanidin-Ag3 with a coinage metal atom, such
as gold or copper. In addition, to examine trimetallic hybrids, we also study the influence
of mixed gold-copper doping. The selection of coinage metal atoms (Au, Cu) is motivated
by their electronic configurations similar to that of Ag, leading to a closed shell for all
doped systems. While silver atoms have a large s-d energy gap, gold and copper atoms
possess significantly smaller s-d energy gaps [34,35]. Consequently, s electrons are crucial
for bond formation in Ag clusters in contrast to d electrons in Au and Cu clusters [34].
Moreover, copper is a highly abundant, inexpensive metal and has familiar coordination
chemistry [36]. Although gold is more expensive, it is nontoxic and shows promising linear
and nonlinear optical properties when used as a dopant in ligated silver NCs [37].

Altogether, first, we elucidate how coinage metal doping influences the properties of
hybrid systems. Second, we examine if systems with small doped NCs are viable alter-
natives to hybrids with larger silver clusters. For the computation of opto-electronic and
photovoltaic properties, we adopt Density Functional Theory (DFT) and Time-Dependent
Density Functional Theory (TDDFT) approaches. In addition to examining linear optical
properties like one-photon absorption (OPA), the nonlinear optical properties, particularly
two-photon absorption (TPA) are also investigated. Subsequently, we compare the obtained
findings with those obtained from the reference monometallic hybrid system, cyanidin-Ag3.
After the investigation of the doping effect in bio-Ag3 system, the role of TiO2 surface has
been studied.
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2. Computational Methods

The optimized geometry of the cyanidin-Ag3 was taken from our previous work
as a reference model since this is the smallest investigated hybrid system with decent
photovoltaic properties [28]. All cyanidin-Ag2Au and cyanidin-AgAuCu hybrids were
optimized with the Perdew–Burke–Ernzerhof (PBE) [38] functional using the Gaussian
16 program [39]. The split valence polarization atomic basis set (SVP) [40] has been used
for all atoms. Relativistic effective core potential (19-e− RECP) [41] for silver and gold
atoms has been employed. Previous studies on nanocluster-biomolecule hybrids [35] have
demonstrated that this method accurately describes bio-nano hybrid systems containing
silver, gold, and copper. To determine optical properties, the Coulomb-attenuated version
of Becke’s three-parameter nonlocal exchange functional together with the Lee–Yang–Parr
gradient-corrected correlation functional (CAM-B3LYP) [42] has been employed together
with the same AO basis set. Nonlinear optical properties were obtained using the Dalton
program [43,44]. TPA spectra and cross-sections (σ) [45] were calculated applying single
residue or double residue quadratic response procedure [46,47].

The binding energy Eb of the doped NC to the cyanidin dye is given by:

Eb = Ecyanidin−NCdoped
− (Ecyanidin + ENCdoped) (1)

with Ecyanidin−NCdoped
representing energy of the optimized doped hybrid, Ecyanidin energy

of cyanidin, and ENCdoped energy of the doped trimer.
The photovoltaic properties, such as light harvesting efficiency (LHE) is calculated

according to Equation (2):
LHE = 1 − 10− f (2)

where f represents the oscillator strength of the maximum absorption. In addition, the
driving force of electron injection (∆Ginject) is calculated according to Equation (3):

∆Ginject = (−HOMO − λmax)− ECB (3)

where λmax is the maximum absorption energy and ECB experimental conduction band
energy of TiO2 (−4 eV [7,48,49]).

The TiO2 surface model consisting of 30 TiO2 units capped with 12 hydrogens has
been adopted from our earlier work [28]. The calculation of the structural and optical
properties of the TiO2 model was performed at the same level of theory as for the hybrids,
with the addition of W06 density fitting [40,50]. Different adsorption features strongly
affect the binding of the hybrid to the surface and as a result, influence the efficacy of charge
separation [12,51,52]. For that reason, we have previously modeled different positions of
the hybrid relative to the surface and analyzed the electronic and optical properties of
those structures [28]. The bio-nano hybrids are strongly anchored to the semiconductor
model over cyanidin, showing significantly greater absorption intensities compared to other
adsorption characteristics. Consequently, the modeling of the doped bio-nano hybrids’
anchoring to the semiconductor was carried out using the cyanidin dye. Adsorption energy
Eads to TiO2 is given by:

Eads = Ecomplex − (ETiO2 + Ecyanidin−NCdoped
) (4)

where Ecomplex is the energy of the DFT optimized adsorbed hybrid and ETiO2 energy of the
TiO2 model.

3. Results and Discussion
3.1. Structural and Electronic Properties of Cyanidin-Trimer Hybrids

The single Au-doped structures were obtained by substituting one Ag atom at various
positions in Ag3

+ with a single Au atom, resulting in three different cyanidin-Ag2Au
isomers. Similarly, the single Cu-doped structures were obtained by exchanging one Ag
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by one Cu. Additionally, to investigate the effects of mixed Au-Cu doping, cyanidin-
AgAuCu systems were examined. Here, the two Ag atoms were simultaneously replaced
by one Au and one Cu atom, yielding six possible combinations. During optimization,
the two structures reached the same minimum and were consequently considered as one,
resulting in five Au-Cu-doped isomers. Figure 1 illustrates the obtained isomers and their
corresponding relative energies. Note that Ag3

+ has a closed shell, so the replacement
of one or two Ag atoms by the coinage metal atom (which is in the same periodic group)
results in a closed shell system.

Figure 1. Isomers of cyanidin-Ag2Au, cyanidin-Ag2Cu and cyanidin-AgAuCu optimized at
PBE/def2-SVP level of theory. Numbers I–V indicate the order of isomers. Ag, Au, Cu, C, O,
and H atoms are depicted in grey, yellow, brown, green, red, and white.

An illustration of bonding between the cluster and the cyanidin, as well as the bond
length analysis within each doped trimer isomer, is presented in Figure 1 and Table S1,
respectively. The lowest energy isomer of cyanidin-Ag2Au forms a single Au-C bond
between the trimer and the dye. By comparison, the lowest energy isomer of Cu-doped
systems forms a single Cu-C bond. In contrast, in cyanidin-AgAuCu isomer I, the cluster is
bound to the dye through three Cu-C bonds.

This diverse bonding between the trimer and the dye significantly changes the stability
of the systems as evident by the energy difference between isomers. Since the doping of Ag3
generally affects their stability [32], the binding energies (Eb) of the doped trimer bound to
the cyanidin dye have also been calculated (Table 1) and compared to Eb of cyanidin-Ag3
(−12.45 eV) [28]. Overall, the binding energies of the doped systems are increased by
∼0.2 up to ∼1.1 eV, suggesting that the doping with single Au or Cu and mixed Au-Cu
significantly enhances the stability of the hybrids. Considering that Ag NCs often suffer
from lower stability [32], doping could be an important strategy for the future applicability
of bio-nano hybrid systems.

Furthermore, the charge transfer between different atoms within doped trimers plays a
key role in their structural and electronic properties [34]. For this purpose, Mulliken charge
analysis has been performed, revealing variation in NC/dye charge transfers between
different isomers of the same doping group. The sum of the charges on the single Au-
doped trimers ranges from −0.19 to 0.07, for Cu-doped trimers from 0.11 to 0.2, and mixed
Au-Cu-doped from −0.24 to 0.08 (cf. Table 1). Notably, Au atoms exhibit negative charges
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in all Au-doped and mixed Au-Cu-doped systems, consistent with previous findings that
Au withdraws electrons from Ag in Au-Ag NCs [34].

Table 1. Binding energies of the doped NCs to the dye and the analysis of Mulliken charges on the
doped-NCs within bio-nano hybrid systems. The order of silver atoms (Ag1, Ag2) is chosen starting
from Au atoms clockwise.

Au Doping

Eb [eV] Net Trimer Charge Au Charge Ag1 Charge Ag2 Charge

Isomer I −12.95 0.02 −0.20 0.09 0.13
Isomer II −12.87 0.07 −0.07 0.15 −0.01
Isomer III −12.63 −0.19 −0.28 0.05 0.04

Cu Doping

Eb [eV] Net Trimer Charge Cu Charge Ag1 Charge Ag2 Charge

Isomer I −12.77 0.20 0.17 0.01 0.02
Isomer II −12.61 0.11 0.20 −0.03 −0.06
Isomer III −12.17 0.12 0.09 0.09 −0.06

Au-Cu Doping

Eb [eV] Net Trimer Charge Au Charge Cu Charge Ag Charge

Isomer I −13.56 −0.24 −0.22 −0.07 0.05
Isomer II −13.50 −0.06 −0.21 0.15 −0.001
Isomer III −13.29 0.08 −0.13 0.22 −0.01
Isomer IV −13.12 0.02 −0.10 0.20 −0.08
Isomer V −12.92 0.02 −0.17 0.21 −0.02

3.2. Linear Optical and Photovoltaic Properties of Cyanidin-Trimer Hybrids

Appropriate positioning of the HOMO and LUMO levels is crucial to meet the prereq-
uisites for successful electron injection and system regeneration [10]. Our previous study
on bio-nano hybrids has demonstrated that the addition of Ag NCs to anthocyanidin dyes
effectively shifts the HOMO and LUMO levels in the desired direction [28]. Accordingly,
analysis of HOMO and LUMO levels shows that all of the doped isomers have favor-
ably positioned HOMO and LUMO levels. HOMO is lying below I−/I3

− redox potential
(−4.6 eV [53] vs. vacuum) and LUMO above TiO2 conduction band, thus satisfying the
requirement for an efficient sensitizer. The HOMO, LUMO values, maximum absorptions,
and the key photovoltaic properties are listed in Table 2.

Due to a connection between the strong and broad sensitizer absorption in visible and
near-infrared (NIR) and the photocurrent generation [10], we have examined the UV-VIS
spectra for all modeled systems. Figures S1–S3 provide orbital analysis and comparison
of the absorption spectrum of cyanidin-Ag3 with those of isomers within the Au, Cu, and
Au-Cu doping groups, respectively.

Generally, absorption spectra of the doped hybrids exhibit characteristic features
similar to the hybrid with monometallic Ag NC. Specifically, two distinct transition regions
can be observed, one around 300 and the second around 500 nm. For all systems, the first
peak characterized by very low intensity corresponds to the HOMO → LUMO transition.
Orbital analysis of the doped model systems reveals that the HOMO is predominantly
delocalized over cyanidin and one trimer atom directly connected to the carbon atom of
the dye (cf. Figures S1 and S2). By comparison, the doped systems containing Au bound to
the dye through a single bond exhibit delocalization over the entire structure, including
both the trimer and the dye (cf. Figure 2a,c). In contrast, the LUMO is delocalized only
on the trimer. The strongest transition is S2 for most of the isomers, representing the
HOMO → LUMO + 1 transition. The latter orbital is delocalized over the trimer and the
area around its connection with the dye.
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Table 2. Calculated HOMO, LUMO levels, wavelengths (λmax) and oscillator strengths ( fe) of
maximum absorption, LHE, ∆Ginject and HOMO-LUMO gaps at CAM-B3LYP/def2-SVP level
of theory.

HOMO [eV] LUMO [eV] λmax [nm] fe LHE ∆Ginject [eV] HOMO-LUMO

cyanidin-Ag3 * −5.35 −1.65 467 0.57 0.73 −1.30 3.70
cyanidin-Ag9 * −5.28 −1.68 311 0.71 0.80 −2.71 3.60
cyanidin-Ag21 * −4.82 −2.52 332 0.68 0.79 −2.91 2.30

cyanidin-Ag2Au I −5.58 −2.08 463 0.81 0.85 −1.10 3.50
cyanidin-Ag2Au II −5.52 −1.71 435 0.52 0.70 −1.33 3.81
cyanidin-Ag2Au III −5.29 −2.53 518 0.46 0.65 −1.10 2.77

cyanidin-Ag2Cu I −5.51 −1.84 440 0.37 0.57 −1.31 3.67
cyanidin-Ag2Cu II −5.30 −0.98 444 0.52 0.70 −1.49 4.33
cyanidin-Ag2Cu III −5.29 −1.72 457 0.51 0.69 −1.42 3.57

cyanidin-AgAuCu I −5.68 −1.96 449 0.23 0.41 −0.26 3.72
cyanidin-AgAuCu II −5.42 −2.12 228 0.27 0.46 −4.01 3.29
cyanidin-AgAuCu III −5.51 −0.86 425 0.45 0.65 −1.41 4.65
cyanidin-AgAuCu IV −5.53 −1.06 419 0.62 0.76 −1.43 4.47
cyanidin-AgAuCu V −5.54 −1.89 468 0.72 0.81 −1.11 3.65

* Ref [28].

Figure 2. One-photon absorption spectra of (a) cyanidin-Ag2Au (isomer I) and (c) cyanidin-AgAuCu
(isomer V) at CAM-B3LYP/def2-SVP level of theory. The inset figures represent HOMO and LUMO
orbitals. (b,d) Molecular electrostatic potential (MEP) surfaces of corresponding doped systems with
red color representing electron-rich and blue color electron-poor area. For atom color legend please
refer to the caption of Figure 1.

As shown in Figures S1 and S3, and Table 2, the overall largest maximum absorption
is present in the spectra of cyanidin-Ag2Au I and cyanidin-AgAuCu V. Their maximum
absorption is almost at the same wavelength as in the case of the cyanidin-Ag3 (∼460 nm,
cf. Table 2, Figure 2a,c), but the oscillator strength is increased from 0.57 to 0.81 and 0.72,
respectively. This has direct consequences on the calculation of the LHE which is the
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highest for the Au-doped isomer I (0.85) while the second best LHE corresponds to isomer
V of Au-Cu-doped systems (0.81). These values are approximately the same as those of
cyanidin-(Ag+

9 ) and cyanidin-(Ag+
21) which were identified as optimal sensitizers in our

previous study [28]. This shows the potential of replacing larger Ag NCs in bio-nano hybrid
systems with smaller doped trimers, opening new possibilities for designing cost-effective
bio-nano-based sensitizers with improved stability and light harvesting efficiency.

The two systems with the largest LHE have trimer bound to cyanidin via a single
Au-C bond. Overlapping these two structures shows that dihedral angles between the
Au-C bond and the indoline plane (118◦ for the Au-doped and 113◦ for the Au-Cu-doped
hybrid) are nearly the same. Interestingly, in both cases the sum of Mulliken charges on
the doped trimer is 0.02, demonstrating the importance of the charge and its redistribution
within the different metal atoms on the LHE. The type of the dopant atom(s), as well as its
position, affects the LHE improvement.

Following earlier studies, we have also examined the electronic distribution of the
cyanidin-Ag2Au I and cyanidin-AgAuCu V by visualizing their molecular electrostatic
potential (MEP) surfaces, presented in Figure 2b,d. In agreement with the previous findings,
two distinct regions are present; the electron-rich area on the trimer (the donor) and the
electron-poor area on the cyanidin dye (the acceptor).

Further analysis of isomers II and III in the Au-doped group reveals LHE values
similar to the reference ones. The Cu-doping isomers generally exhibit comparable but
slightly lower LHE, with isomer II demonstrating the highest value within the group (0.7).
The mixed Au-Cu doping group exhibits diverse LHE values, ranging from 0.41 to 0.81.

In addition to the LHE, ∆Ginject also indicates if the selected models are suitable for
DSSC application. The negative ∆Ginject, observed in all doped systems, suggesting that
the electron injection process is spontaneous for all examined systems.

3.3. Nonlinear Optical Properties of Cyanidin-Trimers Hybrids

While conventional photovoltaic materials primarily rely on OPA to generate electron-
hole pairs per absorbed photon, TPA enables the creation of such pairs through the simulta-
neous absorption of two photons. This mechanism substantially enhances the absorption
cross-section of materials in DSSCs, allowing for the capture of a greater number of light
photons across a wider spectrum of wavelengths. Consequently, it has the potential to
increase light harvesting efficiency under low intensity light and improve the overall effi-
ciency of the photovoltaic device [54–56]. TPA spectra for the monometallic cyanidin-Ag3
model, as well as the dopant models cyanidin-Ag2Au (isomer I) and cyanidin-AgAuCu
(isomer V), are illustrated (cf. Figure S4). For the cyanidin-Ag3 model, a substantial cross-
section is already observed in the visible part of the spectra, around 460 nm (cf. Figure S4a).
Doping with gold significantly enhances the intensity of the cross-section, highlighting
the donor-acceptor nature and charge transfer between cyanidin and the heterometallic
cluster in the gold-doped bio-nano hybrid (cf. Figure S4b). Additionally, when copper
is added to the gold-doped bio-nano hybrid, a prominent peak emerges, surpassing the
others in intensity (cf. Figure S4c). Analysis of the molecular orbitals for the last model
demonstrates that the HOMO and LUMO for S39 excited state are concentrated solely on
the Ag-Au-Cu nanocluster. Doping with Au and Cu induces enhanced values of cross-
sections around 460 nm, due to resonance between one-photon and two-photon excited
states (cf. Figure S5). The optical properties of Au, Ag, and Cu atoms differ because of
variations in their electronic configurations, particularly the occupancy of their s and d
orbitals [57–60]. These electronic configurations determine how the atoms interact with
light. Previous studies have established that gold with the smaller s-d energy gap [34],
has a more pronounced relativistic effect compared to silver, allowing the d electrons to
participate in bonding.
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3.4. Cyanidin-Trimer Sensitizer Anchored on a TiO2 Model Surface

We have selected cyanidin-Ag2Au (isomer I) with the largest LHE and anchored it to
a semiconductor model in order to create a realistic system of the doped dye adsorbed on a
TiO2 surface. The bonding between the TiO2 model over two Ti-O bonds ensures a strong
binding energy of −1.9 eV. Even though the region of maximum absorption is at the ap-
proximately same wavelength (∼480 nm), the absorption spectrum of the supported doped
hybrid reveals much stronger intensities compared to anchored cyanidin-Ag3 (Figure 3a).
The HOMO is localized over the whole cyanidin-Ag2Au I and it is energetically at the same
position as the free doped hybrid, while the LUMO is completely delocalized on the TiO2
surface model (Figure 3b). Also, the energy level of the LUMO is close to the LUMO of the
dye. The spatial distribution of the HOMO, LUMO orbitals illustrates the charge transfer
between the dye and the semiconductor model. The main contributions to the strongest
peak include transitions from the bio-nano hybrid to the trimer and semiconductor model
(LUMO + 43) and entirely to the semiconductor (LUMO + 6, LUMO + 18) (cf. Table S2 and
Figure S6).

Figure 3. (a) Absorption spectrum of {cyanidin-Ag2Au}-TiO2 at CAM-B3LYP/def2-SVP level of
theory. (b) Visualization of HOMO and LUMO orbitals; HOMO orbital is delocalized entirely at the
bio-nano hybrid and LUMO at the TiO2 model. Ti atoms are depicted in lilac color.

4. Conclusions

In this contribution, we have theoretically investigated the doping strategy for tuning
the opto-electronic and photovoltaic properties of bio-nano hybrid systems at TiO2 surface.
Extensive analysis of single Au, single Cu, and mixed Au-Cu doping of Ag NC within the
hybrid revealed that the isomers cyanidin-Ag2Au I and cyanidin-AgAuCu V exhibit the best
LHE value while also satisfying other preconditions for efficient DSSC sensitizer. Overall,
these systems share similar structural properties and the same net trimer charge. This is the
result of charge redistribution between the dopant atom(s) and the Ag which plays a key
role in the structural properties of heterometallic trimer. Furthermore, the origin of their
superior opto-electronic and photovoltaic properties is most likely due to the influence of
the different s-d energy gaps for Ag and Au/Cu. Remarkably, TPA calculations on isomers
I and V exhibit substantially higher intensities compared to the monometallic cyanidin-
trimer hybrid, with cyanidin-AgAuCu having the largest cross-section. In addition, a
successful electron injection is ensured through strong binding to the TiO2 semiconductor
with the anchored system revealing significantly enhanced calculated absorption compared
to our previous studies. Thus, such systems could substitute previously predicted bio-nano
hybrids based on larger Ag9

+ and Ag21
+ clusters. Our preliminary studies on single Au-

doped cyanidin-Ag8Au have shown no improvements in photovoltaic properties. Hence,
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an effect of single Au and mixed Au/Cu doping is pronounced only on smaller cyanidin-
trimer hybrids. The open question is whether doping with two or more atoms would
produce the same effect on larger NCs.

Since low stability in silver nanoclusters (Ag NCs) is present, strategies such as coinage
metal doping emerge as an important way for enhancing the stability of bio-nano hybrid
systems at surfaces. The cost-effective way to design new bio-nano-based sensitizers with
improved stability and light harvesting efficiency is the replacement of larger Ag NCs in
bio-nano hybrid systems by smaller doped trimers. Future experimental preparation of
such bio-nano sensitizers should connect the theory and application, with the ultimate goal
of designing energy harvesting systems with superior properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano14121034/s1, Figure S1: Comparison of absorption spectra of
cyanidin-Ag2Au isomers and cyanidin-Ag3 at CAM-B3LYP/def2-SVP level of theory; Figure S2:
Comparison of OPA spectra of cyanidin-Ag2Cu isomers and cyanidin-Ag3 at CAM-B3LYP/def2-
SVP level of theory; Figure S3: Comparison of OPA spectra of cyanidin-AgAuCu isomers and
cyanidin-Ag3 at CAM-B3LYP/def2-SVP level of theory; Figure S4: TPA spectra obtained by TDDFT
at CAM-B3LYP/def2-SVP level of theory for cyanidin-Ag3, cyanidin-Ag2Au isomer I, and cyanidin-
AgAuCu isomer V; Figure S5: Energies of one-photon OPA and two-photon TPA illustrating the
resonance in cyanidin-Ag3, cyanidin-Ag2Au isomer I, and cyanidin-AgAuCu isomer V; Figure S6:
Absorption spectrum of {cyanidin-Ag2Au}-TiO2 at CAM-B3LYP/def2-SVP level of theory with the
main transitions; Table S1: Analysis of bond lengths of the doped NCs within bio-nano hybrid systems;
Table S2: Analysis of the key excited states of {cyanidin-Ag2Au}-TiO2 at CAM-B3LYP/def2-SVP level
of theory.
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ABSTRACT

For the rational design of new fluorophores, reliable predictions of fluorescence quantum yields from first principles would be of great help.
However, efficient computational approaches for predicting transition rates usually assume that the vibrational structure is harmonic. While
the harmonic approximation has been used successfully to predict vibrationally resolved spectra and radiative rates, its reliability for non-
radiative rates is much more questionable. Since non-adiabatic transitions convert large amounts of electronic energy into vibrational energy,
the highly excited final vibrational states deviate greatly from harmonic oscillator eigenfunctions. We employ a time-dependent formalism
to compute radiative and non-radiative rates for transitions and study the dependence on model parameters. For several coumarin dyes,
we compare different adiabatic and vertical harmonic models (AS, ASF, AH, VG, VGF, and VH), in order to dissect the importance of
displacements, frequency changes, and Duschinsky rotations. In addition, we analyze the effect of different broadening functions (Gaussian,
Lorentzian, or Voigt). Moreover, to assess the qualitative influence of anharmonicity on the internal conversion rate, we develop a simplified
anharmonic model. We address the reliability of these models considering the potential errors introduced by the harmonic approximation
and the phenomenological width of the broadening function.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143212., s

I. INTRODUCTION

Luminescence has many technological applications, such as
organic light-emitting diodes, luminescent solar concentrators,1 and
in vivo fluorescence imaging.2 The high cost for synthesizing and
characterizing new molecules has revived the interest in reliable

prediction of fluorescence and phosphorescence quantum yields
(QYs) from first principles. To identify the candidate molecules
for synthesis, virtual screenings could be performed for identify-
ing the most promising novel compounds with high quantum yields
and other desirable properties, such as low emission energy in the
infrared part of the spectrum.
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Recently, several programs3,4 were developed for predicting
rates for radiative and non-radiative (internal conversion, IC,5,6 and
intersystem crossing, ISC7,8) decays using Fermi’s golden rule. They
are based on the idea that the decay processes are slower than
thermalization and that the couplings are small. In addition, all
of these approaches make use of the harmonic approximation for
the ground- and excited-state potential energy surfaces (PESs) since
this is at the moment the only way how to deal with systems of
interest having dozens or hundreds of normal modes. Some of the
methods can account for mixing of modes (Duschinsky rotation),
the Herzberg–Teller correction, and temperature dependence. The
scope of this article is to investigate the range of validity of these
state of the art methodologies. Despite some contributions in the
literature,9 this question is not yet well assessed.

Differences between simulated IC rates based on Fermi’s
golden rule and experimental non-radiative rates can have many ori-
gins: additional decay channels (ISC or conical intersections, dark
trap states), additional effects that were not considered (Duschin-
sky or Herzberg–Teller effect), or simply a questionable descrip-
tion of the electronic structure. These issues can be treated by
more advanced harmonic models that take all relevant vibronic
effects into account or by including additional rate constants for
pronounced non-harmonic processes, such as thermally activated
decay through a conical intersection.10,11 However, what about the
harmonic approximation itself, on which the whole theory rests?

The harmonic approximation is the central issue for calcu-
lations of radiative and internal conversion rates, in particular, if
one is interested in large systems. All kinds of transitions (radia-
tive, IC, ISC, and charge transfer) can be formulated in terms
of Fermi’s golden rule making use of the harmonic approxima-
tion.3,12 However, the approximation is not equally applicable to
all transitions. Radiative rates are usually determined by transi-
tions between vibrational ground states or states with few vibra-
tional quanta. Intersystem crossing is most effective if the singlet
and triplet states are almost degenerate so that the ISC rate is also
dominated by transitions between vibrational ground states. On
the other hand, internal conversion involves transitions to highly
excited vibrational final states (see Fig. 1). Electronic energy of a
few electron volts is converted into vibrational energy, which is
enough to overcome the barriers that separate different isomers on
the ground-state PES. These considerations should be taken as warn-
ings regarding the use of the harmonic approximation. However,
it is the only practical approach because of the convenient form of
multidimensional Gaussian integrals and it is very difficult to go
beyond it.

To test how well the harmonic approximation is suited for pre-
dicting fluorescence quantum yields, we study a series of coumarin
dyes for which experimental non-radiative rates and quantum yields
are available. We use a quite general time-dependent formalism13 to
compute rates as Fourier transforms of correlation functions. Den-
sity functional theory in combination with a polarizable continuum
model (PCM) for solvation provides the vibrational structure of the
initial and final electronic states. Since only a few standard elec-
tronic structure calculations are required and the time-dependent
formalism is very efficient, this approach for ab initio prediction of
fluorescence quantum yields seems attractive.

However, the question remains whether the harmonic approx-
imation is valid and how we can test its validity without knowing

FIG. 1. Morse potential for a C==C stretching mode. The initial and final states for
radiative (top) and non-radiative (bottom) transitions are also shown both for the
Morse potential (anharmonicity χ = 0.014, solid lines) and the harmonic approx-
imation (χ = 0.0, dashed lines). The radiative rate is dominated by the transition
between two vibrational ground states, for which the harmonic approximation is
valid. With perfect energy conservation, the non-radiative rate is determined by
the transition between a vibrational ground state on the excited-state PES and
a highly excited vibrational state on the ground-state PES. The wavefunction of
the final vibrational state differs considerably from a harmonic oscillator wave-
function. However, the overlap between the initial and the final state is very low
due to the narrow oscillations in both the Morse and the harmonic oscillator
wavefunction.

the exact solution. For 1D and 2D systems, the exact solution can
be obtained, but such low-dimensional systems are not relevant
models for typical chromophores, which contain dozens to a 100
vibrational modes, whose frequencies span the range from <50 cm−1

to >3500 cm−1.
Since in principle molecular PESs are not harmonic, one has

to choose a point at which the quadratic approximation is made.
This choice defines different harmonic models.14 The models can
be separated into two classes, depending on around which point the
potential energy surface of the electronic ground state is expanded
to second order. In adiabatic models (AS/ASF/AH), the potential
is expanded around the geometry of the ground-state minimum,
while in vertical models (VG/VGF/VH), the surface is expanded
around the excited-state minimum. The models can be further dis-
tinguished depending on whether the initial and final states have
different equilibrium geometries, but the same normal modes [adi-
abatic shift (AS) and vertical gradient (VG)] differ in equilibrium
geometry and frequencies [adiabatic shift frequencies (ASF) and ver-
tical gradient frequencies (VGF)] or differ in equilibrium geometry
and the Hessian matrix [adiabatic Hessian (AH) and vertical Hessian
(VH)].

In this contribution, we compare the performance of these
models. There is a clear hierarchy with those higher up being in
principle more accurate: AS < ASF < AH and VG < VGF < VH.
Although AH and VH are the best models, retaining inferior ones
has the advantage that we can decompose the non-radiative rate into
contributions from different effects. Moreover, since AH and VH
models should deliver identical results if harmonic approximation is
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exact, we will inquire to what extent an analysis of their difference is
a trustworthy reporter of the importance of anharmonic effects.

As a second step of our analysis, in this contribution, we explic-
itly tackle the study of possible anharmonic effects on the inter-
nal conversion rate by considering simple models. More specif-
ically, for this purpose, we formulate a model that interpolates
smoothly between the harmonic approximation and a fictitious
anharmonic system.15 Realistic harmonic frequencies, displace-
ments, and electronic non-adiabatic coupling vectors are taken from
a TD-DFT+PCM calculation. These are the same quantities needed
for the adiabatic shift (AS) model, where ground- and excited-state
PESs differ only by a vertical shift in energy and a horizontal shift
of the equilibrium geometries. To incorporate anharmonicity, each
normal mode is replaced by a Morse potential that is characterized
by an anharmonicity χ. For χ = 0, the Morse potential turns into a
harmonic potential with the same frequency and equilibrium posi-
tion as the corresponding harmonic potential. χ is a global parameter
and it is the same for all modes. For χ > 0, the modes acquire some
anharmonicity. Since the dissociation energy D of a Morse potential
with frequency ω is related to the anharmonicity via D = h̵ω

4χ , modes
with low frequencies are more affected.

It is important to note that the anharmonic model is not a
realistic representation of any molecule for a number of reasons:
low-lying modes, such as rotations, do not have the form of a
Morse potential; the modes are assumed to be independent of each
other and all other approximations made in the AS model, except
for the harmonicity of the potential, still apply. With these caveats
in mind, we investigate how the rate of internal conversion in
3-chloro-7-methoxy-4-methylcoumarin, ClMMC, changes with the
anharmonicity χ.

This paper is structured in the following way: in Sec. II, we
sketch the time-dependent formalism for obtaining transition rates
in the harmonic approximation and derive the anharmonic AS
model. Section III gives the computational details. In Sec. IV, we
present vibrationally resolved emission spectra, non-radiative rates,
and quantum yields for a selection of coumarin dyes, focusing on
the influence of anharmonicity, choice of the harmonic model, and
broadening function.

II. THEORY

A. Harmonic models—Transition rates
in the time-dependent formalism

Non-radiative transitions are treated with first-order perturba-
tion theory. We invoke the Born–Oppenheimer approximation so
that the initial (excited) and the final (ground) state can be expressed
as products of an electronic (Ψ) and a vibrational (Θ) wavefunc-
tion. The non-adiabatic transition is mediated by the nuclear kinetic
energy operator V̂ = T̂nuc,

∣Ψes,Θes,i⟩ V̂Ð→ ∣Ψgs,Θgs,f ⟩. (1)

We further assume that the probability to be initially in state i
is given by the Boltzmann distribution with partition function
Z = ∑i e

−βE(es)
i with β = 1/(kBT). The internal conversion rate is then

given by Fermi’s golden rule,

kic(ΔE) = 2π
h̵ ∑i,f

e−βE(es)
i

Z
∣⟨Ψes,Θes,i∣V̂ ∣Ψgs,Θgs,f ⟩∣2

× δ(ΔE + E(es)
i − E(gs)

f ). (2)

For the definition of the vibrational energies E(es)
i and E(gs)

f and
the adiabatic excitation energy ΔE, see Fig. 2. Enumerating and
summing over all relevant vibrational states in even a medium-
sized molecule is very difficult. In the time-dependent formalism,
this problem is solved by replacing the summation by a propaga-
tion in time. The lineshape function δ(. . .), which enforces energy
conservation, is replaced by its Fourier decomposition,

δ(ΔE + E(es)
i − E(gs)

f ) = 1
2π ∫

∞
−∞ eı(ΔE+E(es)

i −E(gs)
f )t f̃ (t) dt. (3)

Here, f̃ (t) is the Fourier transform of the lineshape function and
accounts for homogeneous and inhomogeneous broadening. In this
way, the Fourier transform of the rate is expressed formally as a time
correlation function,

k̃ic(t) = 2π
h̵

1
Z

Tr(e(ıt−β)Ĥ(es)
V̂e,ge−ıtĤ(gs)

V̂†
e,g). (4)

Ĥ(es) and Ĥ(gs) are the vibrational Hamiltonians of the excited and
ground states, respectively, and V̂e,g = ⟨Ψes∣V̂ ∣Ψgs⟩ is the matrix
element of the coupling operator between the electronic parts of
the wavefunctions. The rate is obtained by the inverse Fourier
transform,

kic(ΔE) = 1
2π ∫

∞
−∞ dt eıΔEt f̃ (t)k̃ic(t). (5)

The same formalism can also be applied to the radiative rate. Eval-
uating the correlation function in Eq. (4) is still a formidable task,
unless the vibrational Hamiltonians Ĥ(es) and Ĥ(gs) are approxi-
mated by harmonic oscillators. For the general case of two har-
monic potential energy surfaces, the working equations for comput-
ing radiative and non-radiative rates have been derived in Refs. 3,

FIG. 2. Harmonic potential energy surfaces, adiabatic excitation energy ΔE, and
vibrational energies of an initial and a final state.
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13, 16, and 17. The reader is referred to these publications for more
details. The formalism can deal with the changes in frequencies and
mixing of normal modes (Duschinsky effect) and only requires stan-
dard electronic structure calculations. Geometry optimizations and
frequency calculations can be routinely applied to the excited states
of medium-sized molecules. Two of us, Santoro and Cerezo, have
implemented the time-dependent formalism into a development
version of the code FCclasses3.4

To study the effect of anharmonicity, we modify the simplest
of the harmonic models, the AS model, by replacing the quadratic
potentials with Morse potentials. We now describe the anharmonic
AS model and derive the corresponding expressions for the non-
radiative rate.

B. The anharmonic adiabatic shift model—internal
conversion rates

An adiabatic shift (AS) model for internal conversion is fully
characterized by the adiabatic excitation energy ΔE, the vibra-
tional frequencies ωi, the displacements ΔQi, and the electronic
non-adiabatic couplings between the ground and excited electronic
states, Ci = ⟨Ψes∣∂Ψgs

∂Qi
⟩, for each of the independent vibrational

modes Qi (i = 1, . . ., N). Using these quantities, we construct poten-
tial energy surfaces for the electronic ground and excited states,
where the harmonic oscillators for both the ground and excited
states of a mode i are replaced by Morse potentials,18,19

V(i)gs (Qi) = Di(1 − e−αiQi)2, (6)

V(i)es (Qi) = Di(1 − e−αi(Qi−ΔQi))2 + ΔE. (7)

The ground- and excited-state minima lie at Qi = 0 and Qi = ΔQi,
respectively. Around them, the potential energy surfaces can be
approximated by a harmonic oscillator potential with frequency ωi,

V(i)gs (Qi) ≈ 1
2
ω2
iQ

2
i , (8)

V(i)es (Qi) ≈ 1
2
ω2
i (Qi − ΔQi)2 + ΔE. (9)

The parameters Di and αi in the definition of the Morse potential
can be expressed in terms of the frequency ωi and an anharmonicity
parameter χ,

Di = ωi

4χ
, (10)

αi =√2ωiχ. (11)

For χ → 0, the Morse potentials turn into the harmonic oscillator
potentials of Eqs. (8) and (9). The time-independent Schrödinger
equation,

− h̵2

2
∂2ϕ(i)
∂Q2 + V(i)(Q)ϕ(i)n (Q) = ϵϕ(i)n (Q), (12)

is exactly solvable for the Morse potential, leading to bound states
with the eigenenergies

ϵ(i)n = h̵ωi((n +
1
2
) − χ(n +

1
2
)2) n = 0, 1, . . . ,nmax. (13)

The index of the highest vibrational state nmax, which is still bound,
can be determined by the requirement that the energy increases
monotonically with the index n; therefore,

∂ϵ
∂n
∣
n=nmax

= 0 ⇒ nmax = ⌊1
2
(1
χ
− 1)⌋. (14)

The main difference between the harmonic and the Morse potential
is that in the latter most states are unbound so that the density of the
final states is increased if the adiabatic excitation energy exceeds the
dissociation energy.

We solve the Schrödinger equation for the ground- and excited-
state Morse potential numerically for each mode on an equidistant
grid by diagonalizing a finite difference Hamiltonian. The over-
lap integrals between eigenfunctions on the excited state (ni) and
the ground state (mi), ⟨n′i ∣mi⟩ = ∫dQiϕ(i)n (Qi − ΔQi)∗ϕ(i)m (Qi),
as well as the nuclear non-adiabatic coupling vectors,

⟨n′i ∣∇mi⟩ = ∫dQiϕ(i)n (Qi −ΔQi)∗ ∂ϕ(i)m (Qi)
∂Qi

, are evaluated numerically
and tabulated. The fact that the eigenenergies are known exactly and
that the Franck–Condon factors should sum to ∑mi=0 ∣⟨n′i ∣mi⟩∣2 = 1
serves as a check.

A multidimensional potential energy surface (for the ground or
excited state) is constructed as a sum of the N Morse potentials,

V(Q1,Q2, . . . ,QN) = N∑
i=1

V(i)(Qi). (15)

A vibrational wavefunction is specified by the number of phonons
mi in each mode

∣m⃗⟩ = ∣m1,m2, . . . ,mN⟩, (16)
with eigenenergies

Em⃗ = N∑
i=1

ϵ(i)mi . (17)

Vibrational relaxation in the excited state is taken to be very fast
as compared to electronic relaxation. Therefore, the probability of
being in the initial vibrational state n⃗ is given by the Boltzmann
distribution Pn⃗ = e−βEn⃗

Z .
The total rate of internal conversion is the sum over all transi-

tions between the initial states ΨesΘes,n⃗ and the final states ΨgsΘgs,m⃗
weighted by the probability Pn⃗,

kic(ΔE) = 2π ∑⃗
n,m⃗

Pn⃗∣∑
i
⟨Ψgs∣∂Ψes

∂Qi
⟩⟨Θgs,m⃗∣∂Θes,n⃗

∂Qi
⟩∣2

× δ(ΔE + En⃗ − Em⃗). (18)

δ(. . .) enforces (approximate) energy conservation between the ini-
tial and final states, ΔE+En⃗ ≈ Em⃗. In the time-dependent formalism,
the non-radiative rate is expressed as

kic(ΔE) = 1
2π ∫

+∞
−∞ eıΔEt f̃ (t)k̃ic(t)dt, (19)

where f̃ (t) is the Fourier transform of the lineshape function
[Gaussian f̃G(t) = 1/(2π) exp(−1/2σ2t2), Lorentzian
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f̃L(t) = 1/(2π)[exp(γt)θ(−t) + exp(−γt)θ(t)] with θ(t) the Heavi-
side step function, or a Voigt profile f̃V(t) = f̃G(t)f̃L(t)] and k̃ic(t) is
a correlation function,

k̃ic(t) = uicZ−1 ∑⃗
n
e−βEn⃗ ∑⃗

m
Fn⃗,m⃗N

2
n⃗,m⃗e

−ı(Em⃗−En⃗)t . (20)

The factor uic = 2.598 × 1017 s−1 converts the rate to s−1 if
all other quantities are given in atomic units. The sum extends
over all vibrational initial and final states with occupation num-
bers n⃗ and m⃗, respectively. Fn⃗,m⃗ is the product of Franck–Condon
factors FCFni ,mi ,i = ∣⟨n′i ∣mi⟩∣2,

Fn⃗,m⃗ = ∣⟨n⃗∣m⃗⟩∣2 = N∏
i=1

FCFni ,mi ,i, (21)

and Nn⃗,m⃗ is the scalar product of the electronic with the nuclear non-
adiabatic coupling vector (divided by the overlap),

Nn⃗,m⃗ = N∑
i=1
⟨Ψes∣∂Ψgs

∂Qi
⟩ ⋅ ⟨n′i ∣ ∂

∂Qi
∣mi⟩⟨n′i ∣mi⟩ =∑

i
Ci ⋅ Kni ,mi ,i. (22)

To bring Eq. (20) into a manageable form, we define

Gn,m,i(β, t) = e−βϵ(i)n Fn,m,ie−ı(ϵ(i)m −ϵ(i)n )t (23)

and sums over products Gn ,m ,i with the non-adiabatic couplings
Kn ,m ,i,

g(0)i (β, t) =∑
m
∑
n
Gm,n,i(β, t), (24)

g(1)i (β, t) =∑
m
∑
n
Gm,n,i(β, t)Kn,m,i, (25)

g(2)i (β, t) =∑
m
∑
n
Gm,n,i(β, t)K2

n,m,i. (26)

For a harmonic oscillator, these sums can be obtained analytically,
in the case of the Morse potentials, the sum runs over all eigenstates,
whose number is limited by the size of the grid that was used to
calculate them.

It can be shown that with these abbreviations, the correlation
function becomes

k̃ic(t) = uicZ−1

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
N∑
i=1

N∑
j=1

g(1)i (β, t)g(1)j (β, t)∏
k
k≠i
k≠j

g(0)k (β, t)

+
N∑
i=1

g(2)i (β, t)∏
k
k≠i

g(0)k (β, t)
⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭

. (27)

III. COMPUTATIONAL DETAILS

For the simulation of vibrationally resolved fluorescence spec-
tra of the studied systems, the molecular structure has been first opti-
mized in the framework of density functional theory (DFT), using
the PBE0 hybrid functional (25% HF exchange)20,21 and the B3LYP

hybrid functional22,45 in combination with the def2-SVP23 basis set
as implemented in the Gaussian1624 software package. The PBE020

functional was employed for the main part of the analysis, because it
has been found to give reasonably accurate spectral lineshapes in the
previous studies of coumarin dyes.25,26 The excited-state properties
have been calculated using time-dependent density functional the-
ory (TD-DFT) with the same functional and basis set. The solvent
effects are treated in an implicit way via the polarizable continuum
model (PCM).27 For the calculation of excited-state properties, the
reaction field of the solvent is adjusted to the electronic density
of the first excited state (equilibrium solvation). The vibrationally
resolved emission spectra together with radiative and non-radiative
rates from the lowest electronic excited state were simulated within
the harmonic and Franck–Condon approximations employing the
FCclasses34 program.

The internal conversion rates based on the anharmonic AS
model are calculated for a range of anharmonicity parameters,
χ = {0.0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07}. The correlation
function k̃ic(t) of Eq. (27) is evaluated on an equidistant time grid
covering the interval [−T, T] for T = 1000 fs with Nt = 214 + 1
samples. k̃ic(t) is Fourier transformed followed by interpolation on
the discrete energy grid to obtain the rate kic(ΔE) at the emission
energy ΔE.

IV. RESULTS

To test whether we can predict fluorescence quantum yields
using harmonic models, we selected a sample of coumarin deriva-
tives, for which experimental quantum yields in solution are avail-
able in the literature.28–33 Coumarin derivatives are versatile laser
dyes34 and photosensitizers in solar cells and have been studied
before by some of us.35 Interestingly, coumarin itself does not flu-
oresce presumably because of a conical intersection that opens an
ultrafast decay channel to the ground state through ring cleavage.36

In other coumarin derivatives, fluorescence is diminished by the
presence of a dark nπ∗ state below the photoexcited ππ∗ state, whose
relative position depends on the polarity of the solvent.36 Since we
want to study the validity of the harmonic approximation separately
from other problems that might occur, we selected coumarins 102,
343, 522, and ClMMC, which are well-behaved from the theoret-
ical point of view: they do not have low-lying accessible conical
intersections. Their S1 state is bright and of ππ∗ character and is
separated by a large energy gap from higher states so that no mixing
of states and breakdown of the Born–Oppenheimer approximation
has to be considered. In coumarins 102 and 343, the amine group is
rigidized by six-membered rings,34 which impedes pyramidalization
and rotation.

A. Harmonic models and broadening functions

First, we compare different harmonic models. In Fig. 3 (and
Figs. 1 and 2 in the supplementary material), we present emission
spectra and radiative and internal conversion rates for all coumarins.
Comparing vertical (V∗) and adiabatic (A∗) models gives us the
opportunity to assess the degree of anharmonicity, because corre-
sponding adiabatic and vertical models should give the same results
for a strictly harmonic potential. In this case, the point around which
the potential is expanded to second order becomes irrelevant. The
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FIG. 3. c343 in EtOH (top) and ClMMC in cyhex (bottom) (at T = 300 K). (a) Vibrationally resolved emission spectrum for different harmonic models (with Gaussian broadening
of HWHMG = 0.02 eV). (b) IC rate vs emission energy for different models and the same Gaussian broadening. (c) IC rate with the AH model for different broadening functions:
Gaussian (HWHMG = 0.02 eV), Voigt I (HWHMG = 0.02 eV and HWHML = 0.001 eV), and Voigt II (HWHMG = 0.02 eV and HWHML = 0.0001 eV). The solid (dashed) red line
marks the adiabatic (vertical) emission energy.

agreement between vertical and adiabatic models, however, is only
a necessary but not sufficient condition for the validity of the har-
monic approximation, since the models become identical if the shift
between the initial and final state minima is very small.

The accuracy of the harmonic approximation for the radiative
decay rate kr is remarkable (see Table I). For all cases, in which
experimental data are available, our computations agree within a fac-
tor of 2, except the AH value for ClMMC in cyhex, which is 37% of
the experimental value. The VH value for coumarin 102 in MeCN
is only 7% smaller than what is measured in experiment. The emis-
sion spectra are narrow and structured for AS and VG models and
are broadened and shifted to lower energies for VH and AH mod-
els. Therefore, the radiative rate, kr, is also larger for AS and VG
models, since the rate scales as ΔE3. Differences in the predictions
of AH and VH models are almost in all cases very minor, except for
ClMMC in cyhex where a factor of 1.7 is observed. This is not unex-
pected since kr mainly depends on the overlap between the thermally
populated vibrational states of the excited states (few quanta) and
the low-energy vibrational states of the ground electronic state (due
to the ΔE3 dependence). These states should be well described in
the harmonic approximation for rigid molecules as the coumarins
considered here.

Moving to the predictions for the internal conversion rate, for
all coumarins, they increase if frequency changes and Duschinsky
mixings are taken into account. The rates of all harmonic mod-
els follow the exponential energy gap law, kic(ΔE) ∝ e−αΔE, yet the
exponent depends on the model. Interestingly, also for kic AH and
VH predictions are always similar, even in those cases in which

kic is very small, order of magnitudes less than what is neces-
sary for a reliable prediction of the fluorescence quantum yield
(see below). This means that if, in those cases, the underestima-
tion of kic is due to anharmonic effects, a comparison between
AH and VH does not seem to be able to highlight it. Interestingly,
broad emission spectra correlate positively with high non-radiative
rates.

The choice of the broadening function has only a moder-
ate effect on the radiative rate but, on the contrary, it can have a
profound influence on the non-radiative rate. It determines how
tightly energy conservation between the initial and final states is
enforced. The physical origin of the broadening is twofold: Inho-
mogeneous broadening (with a Gaussian lineshape) occurs because
different molecules in the solution experience slightly different envi-
ronments leading to small shifts in their energy levels. The energy
shifts in an ensemble of molecules follow a Gaussian distribution.
These random fluctuations increase with temperature so that the
Gaussian broadening can be related to the thermal energy and the
solvent reorganization energy.37,38 The inhomogeneous broadening
can actually be estimated from first principle (using state-specific
solvation models38 or from molecular dynamics simulations39) but
all these estimates may introduce a computational error. Therefore,
due to the scopes of this paper, we prefer to treat is as a phenomeno-
logical parameter to better understand its impact on kr and kic.
In Fig. 4, the vibrationally resolved emission spectra from the AH
model are compared to the experimental spectra. An inhomoge-
neous broadening of HWHMG = 0.125 eV reproduces the spectral
width and shape well. However, since the vibrational structure is
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TABLE I. Fluorescence quantum yields QY = kr(kr + kic)−1 of coumarins predicted by harmonic models. The broadening functions are a Gaussian with HWHMG = 0.02 eV
and a Voigtian with HWHMG = 0.02 eV and HWHML = 0.001 eV. knr is the experimental non-radiative rate. For caveats about using the Voigt profile, see Sec. IV A.

Coumarin Broad. kr/108 s−1 kic (s−1) knr (s−1) QY

(solvent) funct. AH VH Expt. AH VH Expt. AH VH Expt. References

102 Gauss 2.4 2.6 2.8 2.1× 101 5.4× 10−1 2.7× 107 1.00 1.00 0.91 29
(MeCN) Voigt 2.3 2.6 4.6× 107 4.6× 107 0.83 0.85
102 Gauss 1.9 2.1 . . . 1.4× 101 2.6× 10−1 . . . 1.00 1.00 1.05 29
(cyhex) Voigt 1.9 2.1 3.2× 107 3.1× 107 0.85 0.87
102 Gauss 2.3 2.6 1.3 2.0× 101 5.3× 10−1 8.6× 107 1.00 1.00 0.60, 0.77 30 and 31
(EtOH) Voigt 2.3 2.6 4.6× 107 4.6× 107 0.84 0.85
343 Gauss 3.0 3.4 . . . 7.9× 100 9.6× 10−1 . . . 1.00 1.00 0.81, 0.63 32 and 34
(EtOH) Voigt 2.9 3.4 5.8× 107 6.1× 107 0.83 0.85
522 Gauss 1.7 2.0 1.5 4.3× 103 6.9× 102 2.3× 107 1.00 1.00 0.87 29
(MeCN) Voigt 1.7 1.9 6.4× 107 6.3× 107 0.73 0.75
522 Gauss 1.4 1.6 2.3 4.0× 104 1.3× 104 5.0× 106 1.00 1.00 0.98 29
(cyhex) Voigt 1.4 1.6 4.3× 107 4.3× 107 0.76 0.79
ClMMC Gauss 0.7 1.2 1.9 6.6× 109 5.1× 109 1.4× 109 0.01 0.02 0.12 33
(cyhex) Voigt 0.7 1.2 6.7× 109 5.2× 109 0.01 0.02
ClMMC Gauss 2.6 2.9 2.1 4.0× 107 1.4× 107 6.0× 107 0.87 0.95 0.83 33
(water) Voigt 2.6 2.9 7.9× 107 5.2× 107 0.76 0.85

completely washed out, we use a smaller inhomogeneous broaden-
ing of HWHMG = 0.02 eV for presenting the emission spectra in
Fig. 3. The effect of the inhomogeneous broadening on the radiative
and non-radiative rates is only minor.

FIG. 4. Comparison between experimental and theoretical emission spectra. The
theoretical spectra were obtained with the AH model (HWHMG = 0.125 eV and
HWHML = 0 eV) at T = 300 K. To make comparison of the spectral width and
shape easier, the theoretical spectra were shifted so that the maxima of the exper-
imental and theoretical curves coincide. Experimental spectra were digitized from
the following sources: c522 in MeCN,44 c102 in EtOH,30 and ClMMC in water.33

The homogeneous broadening (Lorentzian lineshape) in turn
is due to the finite lifetime τ of vibrational states, with HWHML = γ= 1

τ . This type of broadening can be understood as a consequence of
the Heisenberg uncertainty principle. Both types of broadening are
combined in the Voigt profile, which is the convolution of a Gaus-
sian with a Lorentzian function. Data in Table I show that the effect
of the adopted Lorentzian broadening on kr is negligible. In con-
trast, while results for the non-radiative rate are not very sensitive
to the Gaussian broadening, they can be dramatically affected by the
Lorentzian broadening. A Lorentzian profile has a long tail and, thus,
allows transitions between vibrational states with large energy mis-
match, where the Franck–Condon factors are large. Consequently,
the internal conversion rate increases with γ, as demonstrated in
Fig. 4 of the supplementary material. For large γ, the rate in fact
becomes independent of the vibrational structure and is completely
dominated by the broadening function. It is very difficult to esti-
mate γ without knowledge of the experimental emission spectrum.
If a spectrum is available with some luck a Voigt profile can be fit-
ted to a shoulder of the lowest vibrational peak. However, separating
the inhomogeneous from the homogeneous broadening is a tricky
task, in particular since both types of broadening affect the spectral
width and, thus, the radiative rate, while it is mostly the homoge-
neous broadening which affects the internal conversion rate. Also,
this approach defeats the purpose of predicting decay rates from first
principles. Actually, we compute the contribution to the lifetime due
to spontaneous emission as k−1

r (data in Table I). So we can say that
k−1

r represents an upper bound for the lifetime. It is usually so long
that it does not alter kic.

The choice of the broadening function affects the non-radiative
rates strongly, unless the rate is very large already. The Voigt profile
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gives a high non-radiative rate at energies where the rate is zero with
a Gaussian profile. In this regime, the non-radiative rate depends
solely on the width of the Lorentzian and not on the vibrational
structure. For instance, for coumarin 343 the Gaussian profile pre-
dicts kic ≈ 0.0 s−1 at an adiabatic emission energy of 3 eV, while the
Voigt profile predicts kic = 107 to 109 s−1 depending on the width of
the Lorentzian (see the top of Fig. 3).

In the case of ClMMC (see the bottom of Fig. 3), accounting for
frequency changes (ASF and VGF) increases the rate dramatically by
several orders of magnitude relative to the displaced oscillator mod-
els. The Duschinsky effect, which in the case of ClMMC is small,
increases the rates further. Here, adiabatic and vertical models give
similar results pointing to the validity of the harmonic approxima-
tion. Unlike all other coumarins, the non-radiative rate does not
depend on the broadening function, and Gaussian and Voigt profiles
give the same results over the entire energy range.

We proceed to compare the predicted fluorescence quantum
yields, QY = kr(kr + kic)−1, with experiment in Table I. The large
difference between AS/VG and the other models shows that the
assumption of independent modes is usually not valid. In Table I,
we, therefore, only list rates and quantum yields for the AH and
VH models. With the exception of ClMMC, the Gaussian profile
yields non-radiative rates, which are orders of magnitude too low so
that the fluorescence quantum yield is always 1. With a Voigt pro-
file, the non-radiative rates increase to a reasonable level; however,
they depend on the arbitrary choice of the width of the Lorentzian.
The apparent agreement between the experimental and theoretical
rates when using the Voigt profile with γ = 0.001 eV can be mis-
leading. If we interpret the homogeneous broadening as the result
of a finite lifetime of the excited state, this γ corresponds to a life-
time of 658 fs, i.e., to the existence of another non-radiative decay
process (e.g., ISC and CI) that has k′nr = 1.5 × 1012 s−1. If this pro-
cess exists, it completely dominates the other ones and brings QY
to 0 since QY = kr(kr + kic + k′nr)−1. In other terms, the fact that
the internal conversion rate increases from 101 to 107 s−1 is of little
interest. No excited-state population decays via internal conversion
since the other process is much faster. Before internal conversion can
set in, all population has already decayed via the additional chan-
nel. Thus, if a large γ is needed to reproduce experimental rates,
this means that either the most important decay channel is miss-
ing in the model or that anharmonicities are not negligible. There-
fore, fitting γ to reproduce experimental non-radiative rates40 is not
advisable.

A possible way to determine a unique γ is to use a self-
consistent procedure: we start with an arbitrary γ and compute the
radiative and IC rates. In the following iterations, we set γ = kr + kic
and repeat the calculation of the rates with the new Lorentzian
broadening. γ converges typically after a few iterations to a unique
value that does not depend on the initial starting value. The self-
consistent broadenings are close to 0: γSC = 4.4 × 10−6 eV for
ClMMC in cyhex and γSC = 1.0 × 10−7 eV for 343 in ethanol.
Although substituting the results of first-order perturbation the-
ory back into a first-order theory is somewhat questionable, this
procedure shows that if we require γ to be uniquely defined, its
value is much smaller than what would be necessary to reproduce
experimental non-radiative rates.

Only for ClMMC in water and cyclohexane (cyhex), the quan-
tum yield is predicted reliably.

We can identify two conditions that should be met if the results
are to be trusted: (1) AH and VH models should agree and (2) Gaus-
sian and Voigt profiles should not differ greatly at the adiabatic
emission energy. There is also an apparent connection between the
width of the emission spectrum and the robustness of the predicted
rates to the choice of the broadening function.

For systems with short vibronic progressions (narrow spec-
tra), such as coumarins 102, 343, and 522, the rate is small and
very sensitive to the broadening, while for those with long vibronic
progressions (broad spectra), such as ClMMC in cyhex and to
a lesser degree in water, all broadening functions give the same
result.

One of the decay processes we have neglected so far is inter-
system crossing from S1 to the energetically close T2 state (see
Table 1 in the supplementary material). Although the spin-orbit
couplings are very small, we cannot exclude that this decay chan-
nel contributes significantly to the non-radiative rate. We leave this
question to a future study. In a relativistic treatment, where spin
is not a good quantum number anymore, singlet and triplet states
would be mixed so that the distinction between IC and ISC becomes
blurred. Therefore, all of the above considerations would also apply
to ISC. However, we expect the harmonic approximation to be
better justified in the case of ISC since the energy gap is usually
smaller.

B. Anharmonic AS model—Anharmonicity
and broadening function

Finally, we consider the effects of anharmonicity and the choice
of the broadening function on the internal conversion rate in the
adiabatic shift model. We use coumarin ClMMC in cyhex as an
example.

Figure 5 depicts kic(ΔE) for increasing anharmonicity. At inter-
mediate energies (0.5 < ΔE < 3.0 eV), the anharmonic rates are
higher than the harmonic one, but log(kic) still decreases linearly
with ΔE, while at higher energies (3.0 < ΔE) the rates start to devi-
ate from the exponential energy gap law.41 High internal conversion

FIG. 5. ClMMC in cyhex. Internal conversion rates from an anharmonic AS model
for different degrees of anharmonicity χ. The dashed line shows the rate obtained
with FCclasses3 for the AS model, which should be identical to the χ = 0.0 case.
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rates require energy conservation and large Franck–Condon factors,
but these two conditions cannot be fulfilled at the same time: if the
final states are low-lying vibrational states, the Franck–Condon fac-
tors are high but energy conservation is poorly fulfilled. On the other
hand, if the final states are highly excited vibrational states such that
the sum of the vibrational energies equals the optical gap ΔE, the
Franck–Condon factors are very low, due to the oscillatory nature
of high-lying vibrational states. In the harmonic approximation, the
Franck–Condon factors |⟨n′|m⟩|2 vanish quickly as m → ∞. The
effect of including anharmonicity is that the Franck–Condon factors
decrease slower with increasing m (see Fig. 3 in the supplementary
material). Therefore, more final states are available, which have rel-
atively high overlaps with the initial states in the anharmonic case
than in the harmonic case.

What value should one take for the anharmonicity χ? A pos-
sible qualitative argument for selecting a plausible value for χ is
the following: in infrared spectroscopy, it is rather customary to
multiply the computed harmonic frequencies by a factor, usually
0.96 for B3LYP/6-31G(d),42 since this improves the comparison of
the harmonic vibrational frequencies with the experimental fun-
damentals. Of course, this is just a phenomenological parameter
and it corrects also for other errors, but it is considered that one
of the most important effects is anharmonicity.42 According to
Eq. (13), the ratio of the first transition energy and the harmonic
frequency is

ϵ1 − ϵ0

h̵ω
= 1 − 2χ. (28)

Therefore, if we impose that this fraction is 0.96, we get χ = 0.02. This
suggests that the values χ = 0.03, . . ., 0.07, where the deviations of kic
from the harmonic approximation are sizable, might be too large.
On the other hand, the anharmonic AS model just includes diagonal
anharmonicities, while for the harmonic models, we have seen that
quadratic couplings (frequency changes and Duschinsky effect) play
an important role. Therefore, it is conceivable that the off-diagonal
anharmonicities would be even more important than the diagonal
ones.

These simple calculations with the AS model show that devi-
ations from the energy gap law are attributable to anharmonici-
ties. Choosing a large Lorentzian broadening γ has a similar effect
(cf. Fig. 4 in the supplementary material). However, a large γ actually
implies the existence of a non-radiative process we have not consid-
ered, which reduces the lifetime of the excited states. In both cases
(large χ or large γ), the rates are higher and the function log(kic(ΔE))
exhibits a kink, where the slope of the curve suddenly becomes less
steep.

Furthermore, it should be noted that the choice of the method
to describe the electronic structure adds another uncertainty to the
computed rates. Even within density functional theory, the choice of
the functional type (GGA, hybrid, range-corrected hybrid) and the
solvation model can lead to differences in the vibrational structure
and, above all, to deviations in the vertical/adiabatic energies in the
order of 0.5 eV. The differences in the resulting emission energies
and IC rates between the PBE0 and the B3LYP functional are shown
in Table II. Since the slope of the curve kic vs ΔE is very steep, the
choice of the functional can change the internal conversion rates by
several orders of magnitude.

TABLE II. Emission energies and internal conversion rates for the functionals PBE0
and B3LYP. Eem is the energy at the maximum of the emission spectrum. The
theoretical spectra were obtained with the AH model (HWHMG = 0.125 eV and
HWHML = 0 eV) at T = 300 K. Sources for experimental spectra are the same as
in Fig. 4, except for coumarin 34343 (PhotochemCAD online database).

Coumarin Eem (eV) kic (s−1)

(solvent) PBE0 B3LYP Expt. PBE0 B3LYP

102 (MeCN) 3.06 2.63 . . . 2.1× 101 4.1× 103

102 (cyhex) 3.26 2.99 . . . 1.4× 101 9.0× 102

102 (EtOH) 3.06 2.64 2.65 2.0× 101 3.9× 103

343 (EtOH) 2.88 2.77 2.65 7.9× 100 1.5× 102

522 (MeCN) 2.78 2.39 2.42 4.3× 103 4.6× 105

522 (cyhex) 2.99 2.70 . . . 4.0× 104 3.8× 105

ClMMC (cyhex) 3.43 3.40 . . . 6.6× 109 1.2× 1010

ClMMC (water) 3.31 3.32 3.04 4.0× 107 3.0× 107

V. CONCLUSION

In this work, we investigated the reliability of the harmonic
approximation for the prediction of the radiative and non-radiative
decay rates and, therefore, of the fluorescence quantum yield of a
number of coumarin dyes. We first examined the performance of a
hierarchy of vertical and adiabatic harmonic models, and afterward,
we developed and applied a simple AS anharmonic model in order
to qualitatively analyze the possible effect of anharmonicity. There-
fore, we can try to enunciate a number of “rules of thumb” that can
help judging whether the results predicted from harmonic models
are reliable:

(Rule I) Harmonic predictions for kr are in good agreement with
experiment for the few cases where experimental data are available.
Frequency changes and Duschinsky mixings have only a moderate
effect and tend to slightly decrease kr. (Rule II) As far as the predic-
tion of kic is concerned, it is fundamental to account for frequency
changes and Duschinsky rotation since they increase kic strongly. In
the examples considered, the Duschinsky effect is more moderate,
but this is a peculiarity of coumarins, and there are many other sys-
tems where mode mixing can be significant. Therefore, we advise
against using the AS and VG models, as they neglect the effects
that contribute most to the non-radiative rate. kic shows a much
larger dependence on the specificity of the molecule and the adopted
methodology than kr. Therefore, it is much more difficult to com-
pute. This is an expected result since kic mainly depends on a reliable
description of strongly excited vibrational states, i.e., the same states
that are responsible for the very far tail of the emission spectrum.
(Rule III) As a matter of fact, a broad emission spectrum correlates
with large kic. These observations suggest that a further check of
the reliability of computational estimates might be: do the calcula-
tions allow for a realistic reproduction of the low-energy tail of the
emission spectrum?

Broadening functions insert phenomenologically those effects
that attenuate the energy conservation rule. They account for impor-
tant facts like the effect of energy fluctuations, lifetimes, and other
effects that matter. (Rule IV) The inhomogeneous broadening has
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a weak impact on kr and practically no impact on kic. The homo-
geneous broadening is connected with the lifetime of the excited
state, which is equal to or shorter than the fluorescence lifetime k−1

r .
Of course, other processes can decrease the lifetime so that we also
treated γ as a parameter. However, since, in general, we are not able
to compute a realistic number for the lifetime, we use this analysis
only to set a limit on the reliability of our results. (Rule V) If our
results strongly depend on γ, they are not reliable. In fact, in those
cases, kic is not dominated by the vibronic profile (which carries
information on the target molecule) but by the phenomenological
width of the Lorentzian γ. This happens when, with our level of
theory, we predict a very small kic. It may be that in reality, the non-
radiative decay is much faster than what we predict, but this depends
on other processes—conical intersections, intersystem crossing, and
internal conversions due to interactions with the environment (a
kind of pressure broadening)—that have not been considered in
our calculations. They would strongly modify the prediction of the
fluorescence quantum yield and, clearly, their effect cannot be repro-
duced by a phenomenological increase in γ in the computation of
the non-radiative process we have considered. In summary, when
they are important, they should be identified and properly taken into
account. This clearly makes a reliable computational prediction of
QY for these systems much more complicated.

The effect of anharmonicity (beyond the AS model) is the
most delicate and elusive point since anharmonicities can be many.
In principle, conical intersections and multiple conformations all
fall into the category of extreme anharmonicities. Assuming Morse
potentials for all modes, we find that for a typical value of χ = 0.02,
anharmonic effects are not drastic. One should bear in mind, how-
ever, that a Morse potential does not describe low-energy modes,
such as rotations around single bonds correctly, and that the cou-
pling between different modes is also neglected in the AS model.
Including anharmonic corrections for a realistic model of coupled
modes is not feasible so far.

(Rule VI) An obvious condition is that results from AH and VH
models must be similar, as this is necessary for the validity of the
harmonic approximation. Since we should expect that the error is at
least equal to the difference of AH and VH predictions, this sets a
lower bound for the accuracy. Our results, however, clarify that it is
only a necessary and not a sufficient condition. A second condition
is that small values of the Lorentzian broadening should not strongly
modify our estimate of the QY.

(Rule VII) Interestingly, our results suggest that the width of
the Lorentzian function and anharmonic effects start ruling kic for
values of ΔE, for which kic(ΔE) < 10−5kmax

ic . In summary, we can
conclude that our methodology can be considered reliable only
for molecules with adiabatic excitation energies such that kic(ΔE)> 10−5kmax

ic . Since kmax
ic is typically 1012 to 1013 s−1, the critical val-

ues for which our computed non-radiative rates start not being
robust anymore are 107 to 108 s−1, i.e., the typical values for kr.
This limits our predictability to the extreme case QY = 0: if kic ≫ kr
already in the harmonic approximation, the prediction QY = 0 is
very robust since anharmonicity and homogeneous broadening only
increase the internal conversion rate. However, values of QY > 0 are
likely those more challenging for our theory and in those cases our
prediction will always be a little bit questionable.

The fulfillment of the condition kic(ΔE) > 10−5kmax
ic depends

on two factors working in different directions: the value of ΔE and

the extension of the vibronic progressions. The smaller ΔE and the
longer the vibronic progressions, the easier it is that the condition
is true. Small ΔE means emission in the red region of the visible
spectrum or in the near infrared. Long vibronic progression means
molecules with broad emission spectra and, therefore, characterized
by significant displacements of the excited- and ground-state equi-
librium geometries and, according to our analysis, also significant
changes in the normal mode frequencies. It is worthwhile to reiter-
ate the hypotheses underlying these considerations: we assume that
direct internal conversion from a thermalized bright state to the
ground state, triggered by non-adiabatic couplings, is the only rel-
evant non-radiative process. In other words, sequential decay, possi-
ble ISC, photoisomerizations, and decay at conical intersections are
neglected.

The chosen examples illustrate that in order to make theoret-
ical predictions for fluorescence quantum yields, it is not sufficient
to compare only simulated quantum yields with the experimental
ones, but it is recommendable to compare and analyze the radiative
and non-radiative rates and the influence of varying the harmonic
model and broadening parameterization. If there is a drastic differ-
ence in the obtained values for kic, one should not consider these
results accurate enough for the description of fluorescence quantum
yields. In conclusion, a “black-box” method for predicting fluores-
cence quantum yields from first principles does not seem within
reach, yet.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures men-
tioned in the text.
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Design of J-aggregates-like oligomers built from
squaraine dyes exhibiting transparency in the
visible regime and high fluorescence quantum
yield in the NIR region†

Margarita Bužančić Milosavljević a and Vlasta Bonačić-Koutecký *abc

New materials for transparent luminescent solar concentrators (TLSCs) are of large interest. Therefore,

we investigated the optical properties of J-aggregates-like oligomers (hereinafter referred to as

J-aggregates) based on covalently bound squaraine dyes in toluene solvent using DFT and TD-DFT

methods. In addition, the rate constants needed for the prediction of fluorescence quantum yield (QY)

have been calculated using Fermi’s Golden rule and vertical harmonic approximation (VH) for ground

and excited states. In the context of QY prediction, different broadening of the lineshape has also been

employed. We found that J-aggregates based on squaraine dyes exhibit near-infrared (NIR) selective

absorption and emission as well as high fluorescence QY. Comparison of the properties obtained for

dimers, trimers and tetramers belonging to two classes (SQA and SQB) of J-aggregates allows us to

select the tetramer of SQA J-aggregates as suitable for application. The scaling model for N Z 4

monomer subunits supports quantitative findings. Therefore, we propose J-aggregates containing N Z

4 subunits of SQA with a central squaric acid ring with two oxygen atoms in toluene solvent as a

suitable candidate for TLSC application.

1 Introduction

The design of materials with properties suitable for transparent
luminescent solar concentrators (TLSCs) is a challenging task.
TLSCs contain a harvesting surface with luminophores that
should absorb and emit mainly outside the visible (VIS)
region.1–4 Adequate materials for such devices require high
aesthetic quality and high power conversion efficiency,5 which
can be realized through transparency and by tuning optical
efficiency. For this purpose, luminophores that harvest the
ultraviolet (UV) and near-infrared (NIR) parts of the solar
spectrum6,7 and at the same time have high fluorescence
quantum yield (QY)5,8 are needed. For TLSC applications, the
photophysical properties of luminophores, such as energy
losses, have to be also considered. Among different lumino-
phore energy losses, the reabsorption of photons seems to be

the important issue.9 The minimization of the reabsorption
loss can be achieved with lowering of the non-radiative decay
processes and consequently enhancing the QY.10–13 In the
context of transparency and QY, some aggregates14,15 have been
studied.

In this contribution, we investigate J-aggregates based on
covalently bound squaraine dyes as candidates fulfilling both
conditions of transparency and high QY. Numerous applica-
tions of squaraine dyes have been accomplished, including
their use in photovoltaic devices.16,17 They have also been
studied in the context of both high QY and NIR optical
properties.18–20 Experimental and theoretical work has been
performed on J-aggregates built from squaraine dimers and
trimers21–23 to gain insight into their structural, optical, and
exciton properties. In addition, the influence of oligomer chain
length on optical characteristics has been investigated.24–27

Recently, a review on luminescent solar concentrators (LSCs)
gave a critical view of the field and its potential for the future.28

Squaraine based J-aggregates with a given number N of
subunits producing a high QY can serve as UV and NIR selective
harvesting materials. Therefore, they might be good candidates
for integration into greenhouses, mobile electronics, and elec-
tric automobiles.

Fluorescence QY is determined by the ratio of the radiative
rate kr to the sum of the radiative rate kr and all other non-
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radiative decay rates knr = kic + kisc including internal conver-
sion (IC) and intersystem crossing (ISC). A high value of QY can
be obtained by increasing kr and decreasing knr rates. This is
particularly difficult to achieve in NIR since kic increases
strongly with the reduction of the excitation energy. Since the
optimization of a single chromophore in order to reach a high
QY depends on many parameters, J-aggregates might be a
simple alternative. The enhancement of the fluorescence QY
in some J-aggregates has been assigned to superradiance due to
the linear growth of the radiative rate with the delocalization
length. Furthermore, the internal conversion rate kic simulta-
neously decreases with delocalization length. Both effects
depend on the delocalization of excitons.29

In this contribution, in addition to optical properties, we
present theoretical results for the QY prediction of SQA and
SQB indolenine squaraine dyes in toluene solvent packed in
J-aggregates. SQA contains a central squaric acid ring with two
oxygen atoms as subunits and SQB squaraine dyes are formed by
the dicyanovinylene group substitution at the central squaraine
ring (cf. Scheme 1). For both J-aggregates built from SQA and SQB
in toluene solvent, we investigated the optical properties in the VIS,
UV, and NIR regimes in the context of application as materials for
TLSC. Comparison of the theoretical and experimental optical
properties of J-aggregates built from squaraine dimers and trimers
serves to estimate the reliability of theoretical predictions. The
results on the optical properties for tetramers of J-aggregates built
from SQA and SQB squaraine dyes in toluene solvent, as well as QY
values, serve to initiate additional experiments.

In order to determine the general trend of the internal
conversion rate kic with the size N of the SQA and SQB
J-aggregates, we use the scaling relation29 based on the Engl-
man and Jortner energy gap law.30 This qualitative approach
predicts lower kic and consequently higher QY values for SQA
than for SQB J-aggregates. Although the SQB J-aggregates for N
r 4 have QY values above 50%, higher QY values are preferable
in the context of applications. In addition, minimized reabsorp-
tion loss can be achieved. We define the theoretical limit for
intensity above 1.0 fe as semitransparency in the VIS region of
the absorption spectrum.

Altogether, both conditions, such as transparency in the
visible regime as well as absorption and emission in NIR with

high fluorescence QY can be satisfied for SQA J-aggregates with
N Z 4. Therefore, we propose J-aggregates formed by SQA
tetramers or by a larger number of subunits as new materials
suitable for TLSC application.

2 Computational

Calculations of structural and optical properties, including the
absorption and emission of J-aggregates in a solvent are neces-
sary before determining radiative kr and internal conversion
rate kic constants needed for the calculation of fluorescence QY.
For this purpose, we use density functional theory (DFT) for the
optimization of molecular structures and time-dependent den-
sity functional theory (TD-DFT) to determine excited state
properties using the Gaussian1631 program. In both cases,
the PBE0 hybrid functional32,33 and def2-SVP34 basis set are
employed since they provide acceptable agreement with avail-
able experimental data. A comparison of the absorption spectra
obtained by larger basis sets shows that the def2-SVP with 1230
AOs is adequate since the absorption spectra are not dependent
on the choice of the tested basis sets (cc-pVTZ with 2628 AOs
and def2-TZVP with 3050 AOs). The influence of different
functionals on the absorption spectra has also been investi-
gated. Comparison between experimental data for the most
intense transition of the absorption spectrum for the trimer
SQA J-aggregate shows the largest difference for CAM-B3LYP
and wB97XD (B100 nm) and a smaller difference for B3LYP
(30 nm) and PBE0 (63 nm) functionals. This supports the
choice of either PBE0 or B3LYP functionals. The solvent effect
has been included implicitly via the polarizable continuum
model (PCM),35 where excited state properties are calculated
with equilibrium solvation (cf. ref. 36). For J-aggregates we use
toluene solvent. Notice that optimization of structures for J-
aggregates in toluene solvent has been carried out without
symmetry constraints. If structural symmetry is present it has
been introduced for the calculation of spectral properties.

Computational programs have been developed for the pre-
diction of radiative kr and non-radiative knr rates based on
Fermi’s Golden rule and harmonic approximation for ground
and excited states.37,38 In this contribution, we employ the
FCclasses3 code to simulate vibrationally resolved fluorescence
spectra and to determine the rate constants needed for the
calculation of QY values (version FCclasses3-0.1,2019.38). Pre-
diction of fluorescence quantum yields for molecules in
solution remains a challenging task due to the harmonic
approximation and the choice of line shape function. The used
approximations have been previously critically addressed in the
context of reliable rate prediction.36

Molecular potential energy surfaces (PES) are in principle
not harmonic and therefore, the choice of the point at which
the quadratic approximation is made defines different harmo-
nic models. The models can be separated into two classes
depending on around which point the PES of the electronic
ground state is expanded to the second order. In the adiabatic
hessian (AH) model the potential is expanded around the

Scheme 1 Structures of J-aggregates forming tetramers: (A) tetSQA and
(B) tetSQB.
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geometry of the ground state minimum and excited state
minimum, respectively. In the vertical hessian (VH) model
the expansion occurs around the excited state minimum for
both states. AH and VH models differ in equilibrium geometry
and Hessian matrix.39,40 They are the best models and should
provide equal results if the harmonic approximation is valid.
However, the AH model where two electronic states are described
around different minimum energy structures (ground and
excited) is not appropriate in the presence of large structural
displacements. In this case, the VH model is recommended.
Notice that for the VH model, the internal curvilinear coordinates
better describe low-frequency modes than Cartesian coordinates,
which can be responsible for the appearance of imaginary
frequencies.41 For calculations of semi-rigid molecules as
J-aggregates, we use the VH model with internal curvilinear
coordinates, as implemented in the FCclasses3 code and compare
the results with experimental data. We have chosen temperature
T = 300 K for the calculation of QY.

The broadening of the lineshape is also an important issue
because of its different origins. The inhomogeneous broad-
ening (Gaussian lineshape) is due to the fact that the environ-
ment acts differently on different molecules in solution.
Therefore, it causes small shifts in energy levels, which in the
ensemble of molecules form a Gaussian distribution that can
be related to the thermal energy and the solvent reorganization
energy.42,43 The effect of inhomogeneous broadening on kr and
kic is usually small. Homogeneous broadening corresponding
to the Lorentzian lineshape is a consequence of Heisenberg’s
uncertainty principle. Both types of broadening are combined
in the Voigt profile. We use Voigt I and Voigt II, where the
contribution of Lorentzian lineshape is an order of magnitude
higher in Voigt I. The effect of Lorentzian broadening is
negligible for kr. In contrast, it influences substantially kic.
The reliability of the predictions based on the first principle
approach is not easy to judge. Therefore comparison with
experimental results is useful. Nevertheless, due to the super-
radiant properties of J-aggregates, the trend of QY prediction
is of interest in the context of applications and should be
considered qualitatively. The influence of different broadening
has been extensively investigated in ref. 36 and we consider
the choice of broadening as a phenomenological parameter.
For Gaussian broadening the choice of HWHMG = 0.02 eV
reproduces well the experimental lineshape (cf. Fig. 1). Even if
Lorentzian broadening can be estimated from the lifetime of
the state 1/t, it yields 4 � 10�5 eV (for dSQA) which in
combination with Gaussian broadening (0.02 eV) within Voigt,
does not influence the rates. Therefore, we use Lorentzian
broadening as a parameter for checking reliability; if the kic

dependence on broadening is large, the prediction is not
reliable.36

Concerning charge transfer and transition dipole moments
of studied J-aggregates, Fig. S1 and S2 (ESI†) confirm previous
findings.21–23,25–27 In addition, Fig. S1 (ESI†) also shows that
the choice of functional, PBE0 versus CAM-B3LYP, does not
influence the electron density difference (EDD) between the
first excited state (S1) and ground (S0) states. The investigated

squaraine J-aggregates exhibit linear structures (cf. Fig. 2) with
localized transition dipole moments, which are arranged head-
to-tail having out-of-phase orientation. The calculated electron
density difference (cf. Fig. S1, ESI†) illustrates exciton nature
according to Kasha’s molecular exciton model.44 Fig. S2 (ESI†)
shows the enlargement of the dipole strength (m2) as the
number of subunits increases, with higher values for SQA than
SQB J-aggregates. With an increasing number of subunits in the
J-aggregates, a superposition of the transition dipole moments
causes a bathochromic shift and an increase in the intensity of
the first excited state. These results agree with characteristics of
absorption spectra of dimers, trimers and tetramers as shown
in the Results and discussion (cf. Fig. 2, Fig. S3 and S4, ESI†).

In order to determine the qualitative trend of kic values as a
function of the number of subunits N of the J-aggregate, we use
the scaling relation (cf. Table S2 and eqn (S1) and (S2), ESI†) for
SQA and SQB. For this purpose, the required parameters are
taken from Table S2 (ESI†). These parameters are determined
from DFT and TD-DFT calculations of SQA and SQB monomers
in toluene solvent, while exciton coupling is calculated from
Davydov splitting. The same functional and AO basis set have
been used as for the calculation of structural and optical
properties. For J-aggregates with weak exciton coupling,29 the
scaling relation yields a decrease of kic rate with the length N.
This result together with the superradiative effect of J-
aggregates is responsible for the high QY.

3 Results and discussion

The aim is to find J-aggregates built from squaraine dyes
suitable for TLSC application. Therefore, we first address
theoretically obtained optical properties of SQA and SQB
dimers and trimers forming J-aggregates in toluene solvent

Fig. 1 Comparison between experimental (dashed line) and theoretical
(full line) emission spectra for (A) dSQA, (B) tSQA, (C) dSQB, and (D) tSQB in
toluene solvent. Theoretical emission spectra are obtained within the
vertical hessian (VH) model using Gaussian broadening (HWHMG = 0.02),
at 300 K. Experimental spectra were digitized from ref. 21.
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for which experimental data21 are available. They have been
already investigated in different contexts.22,23 Our calculated
absorption and emission spectra for dimers (dSQA; dSQB) and
trimers (tSQA; tSQB) are shown in Fig. S3 and S4 (ESI†). There
are three groups of excited states (I, II, and III) present in the
absorption spectra. Transitions due to HOMO–LUMO excita-
tion with dominant intensities belong to group I, while groups
II and III contain transitions with almost negligible intensities
within the VIS and UV regimes, respectively. In order to obtain
transparency for luminophores, the most intense transitions
should be outside the VIS regime (435–675 nm2).

In the case of the dSQA, the calculated absorption spectrum
in toluene solvent consists of two transitions characteristic of
the J-aggregate peak splitting. The state 11B with the highest
intensity is located at 625 nm (1.98 eV, group I), and the 41B
state with very low intensity at 525 nm (2.36 eV, group II). They

correspond to the experimental ones measured at 690 nm
(1.80 eV) and 621 nm (2.00 eV). States within the UV region
(group III) have almost zero intensities (cf. Fig. S3A, ESI†). The
dSQB spectrum is red shifted with respect to dSQA by 56 nm
(cf. Table S1, ESI†). The most intense transition within group I
lies outside the VIS regime and the transition 51A with very low
intensity (group III) enters the VIS region (cf. Fig. S3B, ESI†).
The difference between experimental and theoretical results is
acceptable (cf. Computational).

The structure of the trimer tSQA has an inversion center and
the absorption spectrum is characterized by two groups I and II
belonging to J-aggregate features, which are also found experi-
mentally (at 714 nm (1.74 eV) and 621 nm (2.00 eV)). They
correspond to theoretically predicted 11Au (at 652 nm (1.90 eV))
and 41Au (at 563 nm (2.20 eV)) states as shown in Fig. S4A
(ESI†). Group III does not contain any intense transitions. All

Fig. 2 TD-DFT absorption spectra of J-aggregates forming tetramers in toluene solvent: (A) tetSQA (blue) built from squaraine dyes with the central
squaric acid ring and oxygen atoms, and (B) tetSQB (violet) built from squaraine dyes with the central squaric acid ring substituted with the
dicyanovinylene group. The transitions are divided into groups I, II, and III. The most intense transitions (I) are labeled according to symmetry point
groups. fe labels oscillator strengths. The visible regime (VIS) is shown within gray lines. HOMO–LUMO gaps are 2.26 eV for tetSQA and 2.12 eV for tetSQB
J-aggregates. Comparison between emission spectra of (C) tetSQA and (D) tetSQB J-aggregates in toluene solvent (cf. Computational). Notice that
monomer subunits forming J-aggregates are covalently bound (1.5 Å).
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three groups of transitions for the tSQB J-aggregate are shifted
to lower energies with respect to those of tSQA. Therefore, the
101A peak of tSQB (group III) is entering the VIS regime and the
most intense transition (group I) is in the NIR (cf. Fig. S4B,
ESI†). Comparison between absorption spectra of dimers and
trimers confirms the characteristic bathochromic shift that
J-aggregates exhibit with an increasing number of monomers.
The calculated properties of SQA and SQB monomers including
absorption and emission spectra as well as kic rates, shown in
Fig. S5 and S6 (ESI†), are in qualitative agreement with the
measured ones.21

The fluorescence spectra obtained from the calculations of
dimers and trimers demonstrate analog features as their
equivalent absorption spectra. Their characteristic is a narrow
emission J-band whose maximum is located in the NIR region.
The difference between normalized theoretical emission spec-
tra calculated within the vertical hessian model (VH) and
experimental ones for dimers and trimers of J-aggregates in
toluene solvent is not larger than 27 nm (cf. Fig. 1). In addition,
the lineshapes of the theoretical and experimental emission
spectra are very similar (cf. Fig. 1) justifying the use of the VH
model. Notice that in comparison with measured spectra the
calculated absorption and emission spectra for dimers and
trimers of J-aggregates are always blue shifted by 62–66 nm
(cf. Table S1, ESI†) and by 19–27 nm (cf. Fig. 1), respectively. For
these J-aggregates, the experimental data21 are in qualitative
agreement with calculated properties.

Altogether, the described examples show the difference in
absorption spectra between SQA and SQB of J-aggregates built
from squaraine dyes. The increase in the number of subunits
from dimers to trimers causes a red shift of absorption and
emission. In addition, the qualitative agreement between the-
ory and experiment for dimers and trimers motivated us to
investigate J-aggregates containing tetramers as materials with
suitable properties for applications.

Therefore, we present a comparison between theoretical
absorption and emission spectra of tetramers tetSQA and
tetSQB forming J-aggregates in toluene shown in Fig. 2. These
results illustrate the influence of substitution at the central
squaric acid ring by the dicyanovinylene group (tetSQB), but
also show the red shift of the absorption due to increased size.
Both tetSQA and tetSQB exhibit peak splitting within groups I
and II following the J-aggregate features. Due to system elonga-
tion by one subunit, with respect to the SQA and SQB trimers,
the calculated absorption spectra of the investigated tetramers
are red shifted by 10 to 12 nm (cf. Table S1, ESI†). In addition to
finding that the tetSQB state 11A is at 719 nm (1.72 eV), the
location of the 11B state at 662 nm (1.87 eV) for the tetSQA J-
aggregate is reaching the NIR region. In spite of the blue shift
emerging from theoretical calculations due to the choice of
DFT functional, the state with the largest intensity in the NIR
region is present for both tetramers. The transparent visible
regime of tetSQA contains low intensity states belonging to
groups II and III located at 491–586 nm (2.53–2.12 eV) and 303–
375 nm (4.09–3.31 eV), respectively. This is also valid for tetSQB
transitions at 555–679 nm (2.23–1.83 eV) within group II.

In contrast, due to the state 171A in the VIS regime (at
449 nm (2.76 eV)) the transition intensities of tetSQB within
group III are not negligible, therefore representing semitran-
sparency. According to the above spectral analysis, the tetSQA J-
aggregate fulfills the transparency requirements. The tetSQB
NIR shift is in agreement with the smaller HOMO–LUMO gap in
comparison with the tetSQA (cf. caption of Fig. 2). The emission
spectra of both tetramers are in the red regime but tetSQA has a
larger intensity for emission and absorption spectra than
tetSQB. In addition, the shape of the absorption and emission
spectra is important in the context of reabsorption loss. Notice
that there is no significant overlap between absorption and
emission spectra since the absorption spectral tail is character-
ized by the sharp edge and the emission spectra have a narrow
shape. This is convenient because the small overlap can mini-
mize the reabsorption loss by lowering the non-radiative rate
and enhancing the QY value.

The calculated radiative kr and internal conversion rate kic in
toluene solvent for dimers, trimers and tetramers of J-
aggregates together with the fluorescence QY, obtained using
the FCclasses code, are presented in Table 1. The most challen-
ging aspect of kic rate prediction is the choice of the broadening
function. The predicted values strongly depend on details of the
simulated emission spectrum (cf. Fig. 1). As described in ref. 36
the predicted value of kic has to be critically considered. Since
kic depends on the description of highly excited vibronic states
which are responsible for the very far tail of the emission
spectra, they are only approximately described by different

Table 1 Fluorescence quantum yields QY = kr/(kr + kic) of J-aggregates
calculated within the vertical hessian model (VH) in toluene solvent
(at 300 K) using the FCclasses3 program (version FCclasses3-0.1,2019.38). The
broadening functions are Gaussian (HWHMG = 0.02 eV), Voigt I (HWHMG =
0.02 eV, HWHML = 0.001 eV) and Voigt II (HWHMG = 0.02 eV, HWHML =
0.0001 eV). knr labels the experimental non-radiative rate

Squaraine Broad. f.

kr (108 s�1) kic (s�1) knr (s�1) QY

VH Exp. VH Exp. VH Exp.21

dSQA Voigt I 4.1 4.9 3.2 � 108 1.1 � 108 0.56 0.82
Voigt II 4.2 1.2 � 108 0.77
Gauss 4.2 1.0 � 108 0.80

dSQB Voigt I 2.6 2.7 2.7 � 108 1.2 � 108 0.49 0.69
Voigt II 2.6 4.6 � 107 0.85
Gauss 2.6 2.2 � 107 0.92

tSQA Voigt I 5.4 5.4 2.3 � 108 9.6 � 107 0.70 0.85
Voigt II 5.6 2.4 � 107 0.96
Gauss 5.6 1.7 � 106 1.00

tSQB Voigt I 3.0 2.8 2.7 � 108 2.1 � 108 0.53 0.58
Voigt II 3.1 2.9 � 107 0.92
Gauss 3.2 1.8 � 106 0.99

tetSQA Voigt I 6.5 2.6 � 108 0.71
Voigt II 6.7 3.5 � 107 0.95
Gauss 6.7 9.2 � 106 0.99

tetSQB Voigt I 3.7 3.6 � 108 0.51
Voigt II 3.9 9.1 � 107 0.81
Gauss 3.9 6.1 � 107 0.87
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broadenings. For example, a broad emission spectrum is con-
nected with large kic. The influence of broadening on kic values
has been illustrated in Table 1 on examples of Voigt I, Voigt II
and Gaussian lineshapes (cf. Computational). Voigt I provides
the closest results of kic to the available experimental one. The
kr values are independent from broadening and correlate very
well with measurements for investigated dimers and trimers
(cf. Table 1). In both cases, experimentally and theoretically,
there is a clear superradiance effect observed, with enlargement
of the kr rate with the system size including the tetramers. This
increase of radiative rate is experimentally much less pro-
nounced for dSQB and tSQB with respect to the dSQA and tSQA.

The experimental kic rates for dimers and trimers decrease
for SQA and increase for SQB. The calculated kic rates for SQA
J-aggregates decrease also from dimer to trimer and in the case
of tetSQA, the kic value is smaller than for dSQA. This produces
an increase of QY (0.56–0.71, Voigt I) with system size. The QY
values for the SQA dimer and trimer in toluene are in accep-
table agreement with experimentally measured values, which
are larger than 80%. In the case of SQB J-aggregates the
theoretically predicted kic follows the experimental trend: the
dimer and trimer have the same value for kic which increases
for the tetramer. However, together with the enlargement of kr,
similar values for theoretically predicted QY for SQB J-
aggregates have been obtained, including a very small decrease
from trimer to tetramer (0.53–0.51, Voigt I).

The dSQB and tSQB have lower QY values in toluene solvent
than dSQA and tSQA. Notice that the polarity of the solvent can
strongly influence the values of QY. Therefore lower QY values
for J-aggregates built from SQB in a polar solvent26 (trichlor-
omethane) than in non-polar solvent21 (toluene) are to be
expected. In addition, dSQB and tSQB are more dependent on
broadening. In the case of Voigt I, the values of broadening are
in agreement with the measured ones, which are lower than for
SQA dimers and trimers. Furthermore, the theoretical value of
quantum yield for tetSQA is larger than 70% and for tetSQB is

larger than 50%, as shown in Table 1. The influence of broad-
ening on all calculated kic rates for SQA and SQB is shown in
Fig. S7 (ESI†). In the case of tetSQA and tetSQB, the broadening
does not influence substantially the kic values allowing us to
accept the prediction that QY is lower for tetSQB than for
tetSQA. Therefore, the SQA tetramer satisfies both conditions,
transparency and high QY. In order to extend the QY predic-
tions for systems with subunits N Z 4, we present a comparison
of kic rate constants for the SQA and SQB J-aggregates using the
scaling factor relation29 in Fig. 3 (for very approximate qualita-
tive scaling relation cf. ESI†). Both kic rates decrease with N, but
kic for SQA J-aggregates is considerably lower than kic for SQB
J-aggregates under the assumption of weak exciton coupling Jge

for SQA and SQB (�881 cm�1 and �645 cm�1) defined in
ref. 29. The qualitative approach supports our computational
results also for tetramers. This means that the values of QY are
larger for SQA than for SQB J-aggregates. In summary, accord-
ing to the described findings and in order to initiate new
experiments, we propose SQA J-aggregates with subunits Z4
as suitable materials for TLSC applications.

4 Conclusions

Our theoretical study of optical properties as well as prediction
of QY for SQA and SQB squaraine-based J-aggregates in toluene
solvent provided us with the following results:

(i) Increasing number of subunits in J-aggregates is respon-
sible for the red shift and intensity enhancement of the
absorption and emission spectra.

(ii) Characteristics of J-aggregate’s spectral properties con-
taining one dominantly intense state and several states with
very low intensities are present for all investigated cases.

(iii) The main findings in the context of TLSC application are
the difference between SQA and SQB J-aggregates for the given
number of subunits. This includes both the presence of absorp-
tion and emission states with large intensities outside the VIS
regime and high fluorescence QY.

(iv) In the case of SQA dimers and trimers, the estimated
computational error for the most intense transition is 62–
66 nm. Therefore, the most intense transition is within the
NIR regime.

(v) The SQA tetramer shows the dominant state in the NIR
regime based on theoretical predictions including estimated
computational error (cf. iv).

(vi) The calculated QY for SQA is larger than for SQB. These
findings are also supported by a qualitative approach based on
the scaling model.

Altogether tetSQA squaraine J-aggregate in toluene solvent
or SQA J-aggregates with a larger numbers of subunits seem to
be appropriate materials for TLSC application.
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Fig. 3 Scaling of kic rate with length N of SQA (blue) and SQB (violet)
J-aggregates. Parameters for scaling are determined from TD-DFT calcu-
lations of SQA and SQB (cf. Scaling relations and Table S2 in the ESI†).
Comparison of kic values for SQA/SQB as a function of N subunits: 7.9 �
109/6.1 � 1012 for N = 1; 4.6 � 107/6.5 � 1010 for N = 2; 2.1 � 106/3.9 � 109

for N = 3; 2.0 � 105/4.8 � 108 for N = 4; and 3.1 � 104/8.8 � 107 for N = 5.
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Conclusion and outlook

The present study, motivated by the global energy and climate crisis, proposes novel harvesting
solutions in the field of material science. The aim was to theoretically design new materials for
solar energy harvesting, by investigating the properties of bio-nano hybrid sensitizers for DSSC
and J-aggregate luminophores for TLSC applications.

Theoretical predictions of optical and photovoltaic properties enable the design of materials
with improved performance. In this context, the concept of bio-nano donor–acceptor systems for
hybrid DSSC photosensitizers has not been previously investigated. The idea is based on merging
specific properties of silver-NCs with anthocyanidin dyes to create novel bio-nano hybrids
with donor-acceptor characteristics. Theoretical characterization of bio-nano hybrids reveals a
favourable alignment of the hybrid sensitizer energies with those of the TiO2 semiconductor band
edge and I−/I3

− redox potential. It also shows enhanced spectral intensity, improved photovoltaic
properties, charge-transfer character, and stability on the TiO2 surface. This applies to bio-nano
hybrids with an even number of NC valence electrons. Altogether, bio-nano hybrid sensitizers
exhibit desirable properties, such as high light-harvesting and photocurrent efficiency.
In addition, the doping of NCs in bio-nano hybrids by coinage metal (Au and Cu) atoms on the
TiO2 surface was investigated. It has been shown that single-gold atom and mixed gold-copper
doping enhance the photovoltaic properties of silver trimer NCs in hybrids. Both cyanidin-Ag2Au
and cyanidin-AgAuCu demonstrate better LHE efficiency and stability in comparison with larger
Ag NCs. This improvement can be attributed to their unique opto-electronic properties due to
the s-d band gap. However, these results refer specifically to trimer NCs, while the influence
of doping on the larger NCs needs to be investigated. Overall, the findings show the potential
of bio-nano hybrids for DSSC applications, encouraging experimental research with a focus on
enhancement of efficiency and designing improved energy-harvesting systems.

The theoretical design of new materials for TLSC requires reliable prediction of excited
state properties such as decay rate transitions and fluorescence QY. They rely on the harmonic
approximation models and the choice of broadening function. The reliability of the harmonic
approximation for radiative and internal conversion rates was investigated on coumarin dyes.
Additionally, several "Rules of thumb" were determined based on comparisons between differ-
ent harmonic models and the influence of broadening on QY predictions. These rules are valid
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primarily for IC rate, since the radiative rate is less sensitive to prediction. In comparison with
other harmonic models the AH and VH yield better results, while a large influence of broadening
can produce unreliable results. Furthermore, similar values obtained from vertical and adiabatic
approaches confirm the harmonicity of the potential energy surface. These conclusions show
the need for harmonic approximation analysis and its comparison with experimental findings.
The theoretical design of J-aggregate luminophores for TLSC applications was performed within
the reliability of fluorescence QY prediction as a measure of light emission efficiency. More
specifically, the structural, optical, and excitonic properties of squaraine-based tetramers in
toluene solvent were proposed. It has been shown that increasing the number of subunits results
in enhanced absorption, narrow emission, shift to the NIR region, and high QY. Both SQA and
SQB tetramers exhibit characteristic exciton features. In the context of TLSC, SQA shows to be
more efficient compared to SQB. In addition, the results are further supported by a qualitative
scaling model. These properties correlate with the J-aggregate excitonic nature and the superra-
diance effect, demonstrating that the SQA J-aggregates with a larger number of subunits present
a novel, transparent, and highly efficient material as TLSC luminophore.

In summary, the thesis provides valuable insights into the design and optimization of bio-
nano hybrids and J-aggregates as novel materials for DSSC and TLSC harvesting technologies. It
encourages future research which should include experimental validation of predicted properties.
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Photovoltaic parameters

Incident photon to conversion efficiency (IPCE) of dye-sensitized solar cells (DSSC):

IPCE = LHE · Φinjc · ηc (1)

can be evaluated as a product of light harvesting efficiency (LHE), electron injection efficiency
(Φinjc) and charge collection efficiency (ηc).
Light harvesting efficiency is approximated using the equation:

LHE = 1− 10−f (2)

where f is the oscillator strength of maximum absorption. High performance of DSSCs is related to
the large value of the LHE.
Electron injection efficiency (Φinjc), is proportional to the driving force (∆Ginject), which cor-
responds to the difference between oxidation potential energy of the excited state (Edye∗

ox ), and
reduction potential energy of conduction band (ECB).1

Edye∗
ox = Edye

ox − λmax (3)

where redox Edye
ox is potential of the ground state, and λmax is maximum absorption energy of the

sensitizer. Finally, ∆Ginject can be written as:

∆Ginject = (Edye
ox − λmax)− ECB (4)

Edye
ox = −HOMO (5)

Experimental ECB of TiO2 has a value of -4 eV2–4 vs. vacuum.
To obtain effective photo-induced electron transfer from the dye sensitizer to the semiconductor,
energy levels of the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals
of the dye are required to match the redox potential of the electrolyte, I−/I−3 (-4.6 eV5 vs. vacuum)
and the conduction band edge of the semiconductor.1

Binding energy

The binding energy of the hybrid system Eb corresponds to the:

Eb = Ehybrid − (Ecyanidin + ENC) (6)

where Ehybrid, Ecyanidin and ENC are energies of optimized cyanidin-NC hybrid, cyanidin dye, and
NC systems, respectively.

The binding (adsorption) energy Eads of the cyanidin-Ag9 at TiO2 surface model is defined as:

Eads = Ecomplex − (ETiO2
+ Ecyanidin−Ag9) (7)

Ecomplex is the energy of adsorbed cyanidin-Ag9, ETiO2
is the energy of the optimized TiO2 model

and Ecyanidin−Ag9 energy of the optimized cyanidin-Ag9.

2



Figure S1: DFT calculated HOMO–LUMO (and HOMO-1, LUMO+1) energy gaps versus vac-
uum[eV] for the anthocyanidin dyes in comparison with the experimental TiO2 conduction band
edge (red line) and I−/I−3 redox level (dashed red line).

Figure S2: TDDFT calculated absorption spectrum for cyanidin dye employing CAM-B3LYP/def2-
SVP method. The structure has been optimized at PBE/def2-SVP level of theory.
DFT HOMO, LUMO orbitals, and HOMO, LUMO, HOMO-1 and LUMO+1 energy gaps versus
vacuum. Experimental TiO2 conduction band edge (full red line) and I−/I−3 redox level (dashed red
line).
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Figure S3: TDDFT calculated absorption spectra for the: A) (cyanidin-Ag6)−, B) (cyanidin-Ag12)−
employing CAM-B3LYP/def2-SVP method. Structures have been optimized at PBE/def2-SVP level
of theory.
DFT HOMO, LUMO, HOMO-1, and LUMO+1 energy gaps versus vacuum[eV] and HOMO-LUMO
orbitals. Experimental TiO2 conduction band edge (full red line) and I−/I−3 redox level (dashed red
line)
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Figure S4: The bond lengths and dihedral angles between cyanidin and silver NC of hybrid systems
are shown for A) cyanidin-Ag3, B) cyanidin-Ag9 with an even number of electrons, and C) (cyanidin-
Ag6)−, D) (cyanidin-Ag12)− with an odd number of electrons. The blue rectangle represents the
plane of the indoline group of the cyanidin dye, θ is the dihedral angle between the plane and silver
NC.
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Figure S5: TDDFT calculated absorption spectra for the: A) Ag3+, B) Ag5+, C) Ag9+ and D)
Ag21+ clusters with structures from cyanidin-NC hybrids at CAM-B3LYP/def2-SVP level of theory.
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Figure S6: TPA spectra obtained by TDDFT for cyanidin (left) and cyanidin-Ag9 (right).
MO analysis is shown. TPA cross sections for states in NIR regime are also presented (middle).
The resonance between OPA (blue) and TPA (green) states is included (bottom).
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Figure S7: A) Isomers of {cyanidin-Ag9}-TiO2 with different adsorption modes. B) TDDFT calcu-
lated absorption spectra for isomers I, II and III of {cyanidin-Ag9}-TiO2 at CAM-B3LYP/def2-SVP
level of theory. S1 state of isomer I is located at 6090 nm (fe=0.027).
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Table S1: Excited states corresponding to the largest calculated absorptions for {cyanidin-Ag9}-
TiO2 at CAM-B3LYP/def2-SVP level of theory with calculated wavelengths λ, oscillator strengths
fe and predominant transitions

Excited state λ[nm] fe Transitions
S3 691 0.1425 H → L+25 (39%)

H → L+26 (26%)
H → L+29 (11%)

S7 620 0.0440 H → L+2 (38%)
H → L+14 (13%)
H → L+12 (12%)

S14 551 0.0742 H → L+49 (20%)
H → L+51 (16%)
H → L+52 (10%)

S18 531 0.0868 H → L+19 (19%)
H-1 → L+25 (15%)

Figure S8: Transitions representing S3, S7 and S18 states are shown. S3 state corresponds to
transitions from HOMO orbital delocalized on the hybrid to higher LUMO orbitals delocalized
partly at support and partly at Ag9. The transitions associated with the excited states higher in
energy (S7, S18) demonstrate clear charge transfer from HOMO (HOMO-1) to higher LUMO orbitals
delocalized entirely at TiO2 model.
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Supplementary Materials: Enhancing Efficiency of Dye
Sensitized Solar Cells by Coinage Metal Doping of
Cyanidin-Silver Trimer Hybrids at TiO2 Support Based on
Theoretical Study
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and Vlasta Bonačić-Koutecký 1,4,5,∗

Table S1. Analysis of bond lengths of the doped NCs within bio-nano hybrid systems. The order of
silver atoms (Ag1, Ag2) is chosen starting from Au atoms clockwise.

Au doping

Au-Ag1 [Å] Au-Ag2 [Å] Ag1-Ag2 [Å]

Isomer I 2.79 2.78 2.61
Isomer II 2.64 2.77 2.72
Isomer III 2.73 2.60 2.87

Cu doping

Cu-Ag1 [Å] Cu-Ag2 [Å] Ag1-Ag2 [Å]

Isomer I 2.64 2.52 2.64
Isomer II 2.52 2.45 2.81
Isomer III 2.43 2.57 2.76

Au-Cu doping

Au-Ag [Å] Au-Cu [Å] Ag-Cu [Å]

Isomer I 2.82 2.47 2.27
Isomer II 2.83 2.48 2.47
Isomer III 2.77 2.44 2.53
Isomer IV 2.79 2.52 2.46
Isomer V 2.90 2.48 2.42
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Figure S1. Comparison of absorption spectra of cyanidin-Ag2Au isomers and cyanidin-Ag3 at CAM-
B3LYP/def2-SVP level of theory. The structures of Au-doped isomers optimized at the PBE/def2-SVP
level of theory are shown on the right. The transitions with orbitals analysis corresponding to S1 and
S2 states are shown below.
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Figure S2. Comparison of OPA spectra of cyanidin-Ag2Cu isomers and cyanidin-Ag3 at CAM-
B3LYP/def2-SVP level of theory. The structures of Cu-doped isomers optimized at the PBE/def2-SVP
level of theory are shown on the right. The transitions with orbitals analysis corresponding to S1 and
S2 states are shown below.
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Figure S3. Comparison of OPA spectra of cyanidin-AgAuCu isomers and cyanidin-Ag3 at CAM-
B3LYP/def2-SVP level of theory. The structures of Au-Cu-doped isomers optimized at the PBE/def2-
SVP and transitions with orbitals analysis corresponding to S1 and S2 states are shown below.
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Figure S4. TPA spectra obtained by TDDFT at CAM-B3LYP/def2-SVP level of theory for (a) cyanidin-
Ag3, (b) cyanidin-Ag2Au isomer I, and (c) cyanidin-AgAuCu isomer V. TPA cross sections for states
in IR/NIR regime are presented as insets. The molecular orbital analysis for leading excitations is
shown on the right.
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Figure S5. Energies of one-photon OPA (blue) and two-photon TPA (green) states illustrating the
resonance between (a) cyanidin-Ag3, (b) cyanidin-Ag2Au isomer I, and (c) cyanidin-AgAuCu isomer
V.
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Table S2. Analysis of the key excited states of {cyanidin-Ag2Au}-TiO2 at CAM-B3LYP/def2-SVP level
of theory.

Excited state λ[nm] fe Transitions

S1 765 0.0134 H → L+9 (100%)
S4 550 0.0718 H → L+1 (27%)

H → L+13 (21%)
S10 479 0.4592 H → L+43 (25%)

H → L+6 (25%)
H → L+18 (11%)

Figure S6. Absorption spectrum of {cyanidin-Ag2Au}-TiO2 at CAM-B3LYP/def2-SVP level of theory
with the main transitions.
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Supporting Material: Predicting fluorescence quantum yields for molecules in
solution: A critical assessment of the harmonic approximation and the choice
of the lineshape function

Coumarin E(S1) E(T2) ET−S SOC

(Solvent) / eV / 10−6 eV

102 (MeCN) 3.28 3.46 0.18 25.8
102 (cyhex) 3.39 3.46 0.071 24.0
102 (EtOH) 3.28 3.46 0.18 25.8
102 (water) 3.28 3.45 0.17 25.8
343 (EtOH) 3.14 3.11 −0.035 27.3
522 (MeCN) 3.03 3.34 0.31 61.1
522 (cyhex) 3.16 3.39 0.23 56.3
ClMMC (cyhex) 4.04 3.68 −0.36 5.4
ClMMC (water) 4.01 3.68 −0.33 4.6

TABLE I. Vertical excitation energies of S1 and T2, singlet-
triplet energy gap ET−S = E(T2)−E(S1) and spin orbital cou-
pling matrix elements SOC=

∣∣〈S1|HSOC|T2〉
∣∣, computed at the

PBE0/def2SVP level of theory as implemented in the ORCA
software package1.

1F. Neese, WIRES Comput. Mol. Sci. 2, 73 (2012).
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FIG. 1. c102 in acetonitrile (I.), cyclohexane (II.) and ethanol (III.) and c343 in ethanol (IV.), all at T = 300 K. a) Vibrationally
resolved emission spectrum for different harmonic models (with Gaussian broadening of HWHMG = 0.02 eV. b) IC rate versus
emission energy for different models and Gaussian broadening. c) IC rate with AH model for different broadening functions:
Gaussian (HWHMG = 0.02 eV), Voigt i (HWHMG = 0.02 eV, HWHML = 0.001 eV) and Voigt ii (HWHMG = 0.02 eV,
HWHML = 0.0001 eV). The solid (dashed) red line line marks the adiabatic (vertical) emission energy.
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FIG. 2. c522 in acetonitrile (I.), cyclohexane (II.) and ClMMC in cyclohexane (III.), water (IV.), all at T = 300 K. a)
Vibrationally resolved emission spectrum for different harmonic models (with Gaussian broadening of HWHMG = 0.02 eV.
b) IC rate versus emission energy for different models and Gaussian broadening. c) IC rate with AH model for different
broadening functions: Gaussian (HWHMG = 0.02 eV), Voigt i (HWHMG = 0.02 eV, HWHML = 0.001 eV) and Voigt ii
(HWHMG = 0.02 eV, HWHML = 0.0001 eV). The solid (dashed) red line line marks the adiabatic (vertical) emission energy.
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FIG. 3. Franck–Condon factors for a C=C stretching mode
at T = 300 K. As the anharmonicity χ increases, the overlap
between the initial vibrational state and highly excited final
vibrational states becomes larger.

FIG. 4. ClMMC in cyclohexane (PCM). Internal conver-
sion rates from harmonic AS model with Voigt broadening
function. The Gaussian part of the Voigt profile was set to
HWHMG = 0.02 eV, while the Lorentzian part was varied
between γ =HWHML = 0 and 10−3 eV.



Supporting Material: Design of J-aggregates-like oligomers built
from squaraine dyes exhibiting transparency in the visible regime

and high fluorescence quantum yield in the NIR region

Margarita Bužančić Milosavljević1 and Vlasta Bonačić-Koutecký1,2,3,*

1Center of Excellence for Science and Technology-Integration of Mediterranean Region
(STIM), Faculty of Science, University of Split, Ruđera Boškovića 33, 21000 Split, Croatia.
2Interdisciplinary Center for Advanced Science and Technology (ICAST) at University of

Split, Meštrovićevo šetalište 45, 21000 Split, Croatia
3Department of Chemistry, Humboldt Universität zu Berlin, Brook-Taylor-Strasse 2, 12489

Berlin, Germany.

Table S1: Comparison of experimental1 and theoretical absorption maxima for J-aggregates formed by
squaraine dyes in toluene solvent.

λmax(exp)
1 λmax(theor)

nm (eV ) nm (eV )

dSQA 690 (1.80) 625 (1.98)
dSQB 747 (1.66) 681 (1.82)
tSQA 714 (1.74) 652 (1.90)
tSQB 773 (1.60) 707 (1.75)
tetSQA 662 (1.87)
tetSQB 719 (1.72)

1
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Figure S1: Comparison of calculated electron density difference (EDD) between first excited (S1) and
ground (S0) state for squaraine J-aggregates in toluene solvent, for functionals PBE0/def2-SVP and CAM-
B3LYP/def2-SVP in Multiwfn 3.6 software program.2 Blue/white regions label the loss/gain of electronic
charge during the transition.

Figure S2: The calculated squared transition dipole moments (µ2=dipole strength) for SQA (blue) and SQB
(violet) J-aggregates in toluene solvent as a function of the number of subunits N.
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Figure S3: TD-DFT absorption spectra of J-aggregates forming dimers in toluene solvent: A) dSQA (green)
built from squaraine dyes with the central squaric acid ring and oxygen atoms, and B) dSQB (orange)
built from squaraine dyes with the central squaric acid ring substituted with the dicyanovinylene group.
Transitions are divided into groups I, II, and III. The most intense transitions (I) are labeled according
to symmetry point groups. fe labels oscillator strengths. The visible regime (VIS) is shown within gray
lines. HOMO-LUMO gaps are 2.35 eV for dSQA and 2.22 eV for dSQB J-aggregates. Comparison between
emission spectra of C) dSQA and D) dSQB J-aggregates in toluene solvent (cf. Computational). Notice that
monomer subunits forming J-aggregates are covalently bound (1.5Å).
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Figure S4: TD-DFT absorption spectra of J-aggregates forming trimers in toluene solvent: A) tSQA (red)
built from squaraine dyes with the central squaric acid ring and oxygen atoms, and B) tSQB (brown)
built from squaraine dyes with the central squaric acid ring substituted with the dicyanovinylene group.
Transitions are divided into groups I, II, and III. The most intense transitions (I) are labeled according to
symmetry point groups. fe labels oscillator strengths. The visible regime (VIS) is shown within gray lines.
HOMO-LUMO gaps are 2.29 eV for tSQA and 2.15 eV for tSQB J-aggregates. Comparison between emission
spectra of C) tSQA and D) tSQB J-aggregates in toluene solvent (cf. Computational). Notice that monomer
subunits forming J-aggregates are covalently bound (1.5Å).
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Figure S5: TD-DFT absorption spectra of monomer squaraine dyes in toluene solvent: A) SQA squaraine
dye with the central squaric acid ring and oxygen atoms, and B) SQB squaraine dye with the central squaric
acid ring substituted with the dicyanovinylene group. The most intense transitions (I) are labeled according
to symmetry point groups. fe labels oscillator strengths. The visible regime (VIS) is shown within gray
lines. Comparison between emission spectra of C) SQA and D) SQB in toluene solvent (cf. Computational).
HOMO and LUMO molecular orbitals involved in excitations within the first excited state together with
the energies of Kohn-Sham orbitals and HOMO-LUMO gap are shown for E) SQA and F) SQB squaraine
dyes. Both monomers have the first excited state with a bright π-π* character within the VIS regime which
is separated from higher excited states. Therefore no mixing of states nor breaking of Born-Oppenheimer
approximation occurs.

Figure S6: IC rate vs. adiabatic energy profiles (VH model) for: A) SQA, and B) SQB squaraines in toluene
solvent. The broadening functions are a Gaussian (HWHMG = 0.02 eV), Voigt I (HWHMG = 0.02 eV,
HWHML = 0.001 eV) and Voigt II (HWHMG = 0.02 eV, HWHML = 0.0001 eV). The solid black line marks
the adiabatic energy and dashed black line vertical emission energy. C) IC rates squaraine dyes calculated
within vertical hessian model (VH) in toluene solvent (at 300K) using FCclasses3 program. knr labels the
experimental non-radiative rate taken from Ref.1 Internal conversion rates kic for monomers show larger
dependence on different broadening in comparison with J-aggregates.
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Figure S7: kic rates vs. emission energy (VH model) for: A) dSQA, B)tSQA, C) tetSQA, D) dSQB, E)
tSQB and F) tetSQB J-aggregates in toluene solvent for different broadening functions: Voigt I (HWHMG =
0.02 eV and HWHML = 0.001 eV), Voigt II (HWHMG = 0.02 eV and HWHML = 0.0001 eV) and Gaussian
(HWHMG = 0.02 eV). The solid black line marks the adiabatic emission energy and the dashed black
line vertical emission energy. The broadening has been described in the Computational part and has been
investigated in Ref.3
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Table S2: Parameters for scaling relations obtained from DFT and TD-DFT calculations for SQA and SQB
monomers in toluene solvent.

Nv S(1) |τ⃗(1)| [Bohr−1] ∆ϵ(1) [eV ] ωeff [cm−1] Jge [cm−1]
SQA 174 0.006 1.39 2.09 1579 -881
SQB 186 0.009 1.24 1.81 1568 -645

Nv labels the number of vibrational modes, S the average Huang-Rhys factor, |τ⃗ | the non-adiabatic cou-
pling vector, and ∆ϵ excitation energy. The effective vibrational mode ωeff corresponds to the C-C stretch
vibration. S(1), |τ⃗(1)|, and ∆ϵ(1) are monomer values, as indicated in brackets. The excitonic couplings Jge
are determined from calculations of Davydov splitting for dSQA and dSQB.

The following expression for internal conversion rate4 kic is used:

kic = uic

√
π

2
|τ⃗(1)|2

[
1 + 2

Jge
∆ϵ(1)

cos

(
π

N + 1

)]−2
1√
X

exp

(
−X

[
log

(
NX

NvS(1)

)
− 1

]
− NvS(1)

N

)
(1)

where electronic excitation is:
X =

∆ϵ(1)

ωeff
+ 2

Jge
ωeff

cos

(
π

N + 1

)
(2)

N is the number of monomer units in J-aggregate, and the factor for the conversion of atomic units in s−1

is uic = 4.13× 1016 s−1.
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