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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 2023, which was 619,6 exajoules [4], with the energy provided by the Sun in an hour,� 430

quintillion joules [5], it becomes clear that the Sun hourly delivers more energy than mankind

consumes in a year. Moreover, the amount of solar energy absorbed by Earth in three days cor-

responds 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 e�ciency [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 e�ect, while

the solar concentrator uses internal re�ection on its surface to redirect captured energy to the

edges where solar cells are located [3]. There are di�erent technologies of solar cells, among

which dye-sensitized solar cells (DSSC) represent a sustainable option based on the natural

photosynthesis e�ect [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, �uorescent dye is an active component
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1.1 General concept

whose structural and optical properties can be modeled, in that way in�uencing the overall

e�ciency of the system. Altogether, the general concept of the thesis represents the theoretical

design of �uorescent dyes as new materials for application in DSSC and TLSC technologies.

An e�cient DSSC design involves a sensitizer that interacts with semiconductor �lm, 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 e�ciency [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 e�ciency [18]. Furthermore, coinage metal doping of silver NC within bio-nano

hybrids enhances their stability at TiO2 surface. Theoretical modeling of bio-nano hybrids

o�ers a solution for improving the e�ciency of natural-based DSSC sensitizers, which has to

be further experimentally con�rmed.

In the case of TLSC, e�cient design requires bringing together two opposed properties;

transparency through near-infrared (NIR) absorption and high �uorescence 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 �rst 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 �uorescence QY. The

aim of this study is to determine the reliability of theoretical prediction for �uorescence QY by

con�rming 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

scienti�c contribution to the �eld 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 (TD-DFT) are used. The focus is on investigating photovoltaic and

photochemical properties, including energy conversion e�ciency and �uorescence QY.

The introduction is structured as follows: �rst, 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 �rst section (cf. Chapter 2) addresses the theoretical design of DSSC sensitizers

anchored to TiO2 support, speci�cally cyanidin-silver nanocluster hybrids. The second section

focuses on the design of luminophores for TLSC, including the theoretical prediction of �uo-

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 e�ect was discovered [27�29], and not until the mid-20th century that the �rst 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 speci�cally, 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 e�ciency of solar cells

There are three generations of solar cells. The �rst-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-e�ective than

conventional energy sources [37, 38] and limits their future advancement [36]. Nevertheless,

due to their e�ciency that can reach up to 25% in high performance, they remain the most com-

mercially abundant [36]. In search of more cost-e�ective technology, the second-generation of

solar cells, also known as thin-�lm solar cells, has been developed. They consist of amorphous

silicon instead of crystalline silicon deposed in single or multiple layers, making them thin and

�exible [9, 37]. In the meantime, they have expanded to include other thin-�lm semiconductor

materials, such as cadmium telluride and copper indium gallium sul�de/selenide/diselenide [9].

Third-generation solar cells consist of several di�erent PV technologies that have a shared goal

of achieving high e�ciency 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-e�ective cells, easy to fabricate with potential for

further improvements in e�ciency 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 �rst 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 �lm. 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 e�ciency in absorbing and

injecting electrons into the semiconductor conducting band [11]. Among di�erent 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 e�cient performance of DSSC sensitizer, several design requirements have to

be satis�ed [11]:

ˆ E�ective photo-induced electron transferfrom the dye to the semiconductor conduction

band that depends on the alignment between energy levels of sensitizer, semiconductor,

and electrolyte.

To ensure e�cient 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. � G8= 942Crefers 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.

ˆ E�cient charge-transfer complexwhich 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.

ˆ Enhancement of absorption intensitythat directly increases the e�ectiveness of light

absorption, such as the light-harvesting e�ciency (LHE). Furthermore, with better light

absorption, more excited electrons contribute to enhancing the photocurrent response.

ˆ High incident photon-to-current conversion e�ciency (IPCE)quanti�es the ratio of the

generated photocurrent to the number of incident photons. As a measure of the e�ciency

of converting light into electrical energy, IPCE represents the key parameter in assessing

the performance of photovoltaic devices.

ˆ Anchoring to the semiconductor surfacethat 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 e�cient electron injection

[55].

ˆ High photostabilityis a precondition of e�cient light harvesting, as well asthe compati-

bility with cell elements such as semiconductor and electrolyte [18].

The details for theoretical determination of photovoltaic parameters, such as incident photon

conversion e�ciency (IPCE), driving force for electron injection (� G8= 942C), and light harvesting

e�ciency (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 e�ciency 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 �avylium 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 e�ciency 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 modi�cations of natural dyes in the form of hybrids have been investigated, with the aim

of e�ciency 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 andc-c* 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 a�ected 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 in�uence the photon to conversion e�ciency.

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 a�ects their entire electronic

structure and stability [76, 77]. Coinage metal atoms, speci�cally gold and copper are charac-

terized by a smaller s-d energy gap compared to silver atoms [78, 79], which in�uences their

participation in bond formation. Furthermore, due to relativistic e�ect 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� G8= 942Cdriving force for electron injection, donor-acceptor

charge-transfer character, and enhanced absorption e�ciency. As a result, they have large LHE

and better overall photocurrent e�ciency. 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 re�ection 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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1.2 Solar energy harvesting: A sustainable solution

(TLSC) [10]. The main di�erence 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 e�cient luminophore design for TLSC applications [22, 87]:

ˆ Wavelength selectivityas 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, speci�cally outside the 435-675 nm wavelengths [20].

ˆ Optimal band-gapthat 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 e�ciency improved by

optimising band-gap, all while preserving transparency [86].

ˆ Narrow emissionandseparated emission and absorption, both properties minimise the

energy loss due to photon reabsorption. In this way, e�ciency increases towards Shock-

ley�Queisser (SQ) limit [88]. The theoretical SQ limit represents the upper boundary of

solar power conversion e�ciency. 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, e�cient light absorption is ensured and overall energy conversion is

enhanced.

ˆ High �uorescence QYserves as an e�ciency measurement of the photoluminescence. The

�uorescence QY indicates how e�ciently 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 signi�cant theoretical challenge. This is because obtaining absorption in the NIR

region while simultaneously achieving high �uorescence QY contradicts the energy gap law

[89]. According to this law, as the energy di�erence (� � ) 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 �uorescence 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

7



1.2 Solar energy harvesting: A sustainable solution

rule is the most widely used since it o�ers a balance between accuracy, computational e�ciency,

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 �uorescence QY is de�ned as

a ratio between radiative (kA) and the sum of all other transition rates, the competition between

radiative and non-radiative transitions signi�cantly in�uences the QY e�ciency.

Prediction of QY based on Fermi's golden rule relies on the �rst-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 �nal 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 �nal

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 di�erent harmonic models within the vertical (V) or adiabatic (A) approach. They

di�er in the description of PES expansion of the �nal 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 di�er in equilibrium geometries, ASF and VGF include equilibrium geometry as well

as di�erent frequencies of initial and �nal states. AH and VH are the most complex as they

also include di�erent 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 �uorescence QY and transition rates have been

performed within FCclasses3 [105].

In addition, theoretical modeling of photochemical properties can be strongly in�uenced

by the broadening description of spectral line. This is particularly important for IC prediction,

where choice of the broadening can have a signi�cant in�uence 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

8



1.2 Solar energy harvesting: A sustainable solution

the convolution of the Lorentzian and Gaussian pro�les. Homogeneous broadening uniformly

outlines the radiation of molecules or atoms and is primarily caused by the �nite lifetime of

excited states and is described by the Heisenberg uncertainty principle [106]. In contrast, the in-

homogeneous broadening results from a response to di�erent variation shifts in the environment

[107]. The computation of transition rates and �uorescence QY with di�erent harmonic models,

and broadening functions involves theoretical constraints that must be carefully considered in

the context of reliability. The reliable prediction of �uorescence 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 �uorescence. These properties result from the phenomenon

of supramolecular self-organization at the nanoscale, speci�cally 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 e�ects: 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 �uorescence 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 e�ect 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

transconformation with an inversion center (SQA). Incissquaraine (SQB) with C2E 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 �uorescence QY. Due to these
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1.3 Methodology

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

di�erent software programs have been developed to calculate molecular ground and excited

states, as well as to determine di�erent 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 �eld 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 �rst semiempirical andab initio programs

[130, 131]. Today, computational photochemistry together with experimental methods o�ers 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:

�k = �k (1.1)

where� is the Hamiltonian operator, E is the total energy andk is the wavefunction of the

system. Furthermore, the Hamiltonian of an N-particle system is de�ned as the sum of the

potential and kinetic energies:

� C>C= ) = ¸ ) 4 ¸ +== ¸ +44 ¸ +=4 (1.2)

where) = corresponds to the kinetic operator of the nuclei and) 4 of the electrons.+== is the

potential energy operator for nuclear repulsion,+44 for electron-electron repulsion, and+=4 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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1.3 Methodology

be treated as stationary. The obtained expression can be solved for the electron wavefunction

with the electronic Hamiltonian operator given by:

� 4 = ) 4 ¸ +== ¸ +44 ¸ +=4 (1.3)

Solving the electronic Schrödinger equation for many di�erent nuclear con�gurations 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-calledab 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 densityd. 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 e�ects has the in�uence 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) »d¼can be

divided into two parts: a larger contribution in the form of kinetic energy under the assumption

of non-interacting electrons) B»d¼, and a smaller part in the form of exchange-correlation term

� 4G»d¼. In that way, the DFT energy of the ground state can be written as:

� � �) »d¼= ) B»d¼ ¸� =4»d¼ ¸� »d¼ ¸� 4G»d¼ (1.4)

where� »d¼is the Coulomb (electrostatic) interaction, and the nuclei-electron attraction� =4»d¼

corresponds to the external potential at ground state minimum+4GC¹Aº. The remaining exchange-

correlation energy� 4G»d¼is unknown and must be further approximated by di�erent functionals.

Functional represents a mathematical form of "a function of a function". There are di�erent

functionals developed based on the properties of the system. In this context, the choice of the

exchange-correlation functional can signi�cantly in�uence 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,+4GC¹®A– Cº. The external potential represents interactions

or external �elds. This map is obtained by solving the time-dependent Schrödinger equation for

the system with the �xed initial state, and by calculating the resulting densities in response to

the di�erent 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 function2¹Cº:

+4GC¹®A– Cº � +0
4GC¹®A– Cº < 2¹Cº (1.5)

they will result in di�erent densities [138]. RG theorem enables the application of TDDFT to

systems evolving in time under the in�uence of external �elds.

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 in�uence 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 studied phenomena as well as on experimental measurements, environment

description includes systems in the vacuum, in the solvent, or on the surface. Computation in

the gas phase usually corresponds to experiments in a vacuum, where only the intramolecular

forces are part of the model. Furthermore, gas phase simulations provide insight into intrinsic

12



1.3 Methodology

molecular properties like electronic structure, energies, spectra, or chemical reactions without

external interference [140].

However, in the cases of liquids where the environment has a signi�cant in�uence on the

system or its speci�c 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 de�ned 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 di�erent cavity descriptions such as solvent-accessible

surface (SAS), solvent-excluded surface (SES), and van der Waals (vdW) surface [141]. The

�rst 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 de�nes the boundary that the center of the probe can reach, representing

the accessible surface area. In contrast, the SES boundary is de�ned 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] de�nition of vdW radii being the most commonly used.

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

»� 4 5 5̧ +8=C¼k = �k (1.6)

with +8=Crepresenting solute-solvent interaction potential, and the Hamiltonian is simpli�ed to

focus on the solute and its interaction with the solvent as a continuous medium. In that way

obtained e�ective Hamiltonian:

� 4 5 5¹ 5 – Aº = � ¹ 5º ¸ � 8=C¹ 5 – Aº (1.7)

consists of the "focused" (f) solute part and solute-solvent interaction, while the "remained"

(r) solvent part is neglected. One of the �rst 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 e�ective 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]. Di�erent PCM models have been proposed to

de�ne 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 di�erent approximations or with

the use of lower theoretical levels. The solids in crystalline form can be modeled as an in�nite

crystal cut to a �nite 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 di�erent anchoring can in�uence molecule-surface binding energy, electronic properties,

and overall system stability.

1.3.4 Limitations of computational approach

Since DFT and TDDFT methods are relatively e�cient 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.

ˆ Dependence on the exchange-correlation (xc) functional choice. This is particularly

signi�cant for TDDFT accuracy and is considered a major method limitation. The xc

functional incorporates spin-correlated e�ects, 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] andl B97XD [156].

ˆ Inadequate description of strong correlation e�ects. This is related to DFT and TDDFT

dependence on the choice of xc functional. Strong electron-electron correlation e�ects

emerge when electrons are not equally delocalised over the molecular system but tend

to localize in atomic orbitals. These e�ects 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.

ˆ 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.

ˆ Description of excited-state relaxation. In light emission e�ects, 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 e�ects are included.

Solvent response to electron excitation can be classi�ed 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.

ˆ Description of relativistic e�ects. Relativistic e�ects introduce speci�c 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

e�ects in TDDFT is the area of continuous theoretical e�ort [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 e�ects.

1.4 Research objectives

The core issue in solar energy production is its lower e�ciency compared to conventional

fossil fuels. In order to address this, there is a strong focus on developing new photovoltaic

materials that are both e�cient 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 speci�c applications such as solar cells and

solar concentrators. The aim of the thesis is to theoretically design �uorescent dyes as new

photovoltaic materials with enhanced light-harvesting e�ciency.

Fluorescent dye, whether utilised as a sensitizer in DSSC or as a luminophore in TLSC, is a

component whose modi�cation a�ects their overall e�ciency. 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 e�ciency

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 speci�cally, the in�uence 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 e�ciency. Nanoclusters possessing an even

number of valence electrons are identi�ed as e�ective 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 con�rmation 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 �uorescence QY for

application in TLSCs. Design of luminophores as novel TLSC materials requires reliable

prediction of transition rates (kA, k82) and �uorescence 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 di�erent 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 �uorescence 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 �ndings have been con�rmed by available experimental data, making them suitable

TLSC candidates.

Altogether, the theoretical design of new materials with improved properties stimulates experi-

mental investigation and o�ers 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 �eld promote the development and optimisation of materials for

more e�cient solar energy conversion.

1.4.1 Modeling cyanidin-silver nanocluster hybrids at TiO2 support

Chapter 2.1 provides a simple yet e�ective concept of enhancing charge-transfer and e�ciency

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 e�ciency. Second, silver NCs induce donor-acceptor character

in hybrids, with the NC acting as the acceptor and the cyanidin dye as the donor, promoting

e�ective electron injection. In particular, the cyanidin-Ag= (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 �ndings are consistent with previous investigations [78]. As a result, they have a negative

value of� G8= 942C, 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 e�ciency. Larger NCs, such as Ag¸
9 and Aģ21, are consequently more suitable for

application.

E�cient charge-transfer from the sensitizer to the semiconductor is essential for increasing light-

to-electricity conversion and enhancing the solar cell e�ciency 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 e�ective electron injection into the semiconductor. {Cyanidin-Ag9}-

TiO2 complex shows a shift to the red region and e�ective 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 e�ciency. 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 in�uence 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-Ag= hybrids with larger NCs, such as Ag¸
9 and Aģ21. Such behaviour arises from

the relativistic e�ects of Au and Cu valence electrons, causing a smaller s-d energy gap [78,

79]. Speci�cally, 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 e�ect arises

from binding energy calculations, which indicate higher values for the doped systems. Overall,

�ndings 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 ful�ll the requirements for an e�ective
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sensitizer. Their HOMO-LUMO levels are well-aligned, their� G8= 942Cvalue is negative, and

they have LHE comparable to that of cyanidin-Ag¸
9 and cyanidin-Aģ21. 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. E�ective

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 signi�cantly 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

a�ordable bio-nano hybrid sensitizers while maintaining enhanced stability and e�ciency. As

a result, doped hybrids enhance the performance of DSSC sensitizers. These �ndings should be

further validated by experimental investigation.

1.4.3 Theoretical prediction of �uorescence 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 (kA), and non-radiative decay rates, speci�cally internal conversion (k82), as

well as the �uorescence quantum yield (QY). Internal conversion is considered to be the only

signi�cant 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 �rst principles are established

[175]. The anharmonicity level can be determined by comparing di�erent 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 kA (Rule I),

while k82depends on the accurate description of emission spectral tail. As a result, to obtain

a reliable harmonic prediction of k82, frequency changes, and Duschinsky rotation need to be

taken into account (Rule II). Furthermore, large k82values are associated with a broad emission

spectrum (Rule III). For the narrow-spectra of coumarins labeled as 102, 343, and 522, the k82

values are small and sensitive to broadening. In contrast, 3-chloro-7-methoxy-4-methylcoumarin

ClMMC has a broad spectrum and a large k82. Inhomogeneous broadening does not signi�cantly

in�uence transition rates (Rule IV), while rates that depend on homogeneous broadening are

not reliable (Rule V). Therefore, the k82rate is more a�ected by homogeneous broadening. This

can be explained by the long tail of the Lorentzian pro�le which allows non-radiative transitions

between vibrational states with signi�cant energy di�erence, leading to an increase in k82.
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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 �t 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: ic¹� � º valuesŸ 10� 5: max
ic , the homogeneous broadening and anharmonicity

have a considerable in�uence (Rule VII). The ful�llment of the last rule relies on balancing

two opposite requirements. Smaller� � results in a shift to NIR and an increase of: ic,

while larger vibronic overlap leads to a broader spectrum and lower: 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 �uorescence 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 �uorescence QY. Transparency and high QY are two essential features of visually

appealing and e�cient 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 speci�cally, the in�uence of the number of monomer subunits on their

opto-electronic properties is investigated. Results are in agreement with experimental �ndings

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 signi�cantly increases

the non-radiative rate and, as a consequence, lowers the quantum yield. On the other hand,

J-aggregates exhibit the superradiance e�ect 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 (k82) 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 e�ect 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 �uorescence 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

satis�es the requirements for transparency, whereas the tetSQB shows considerable intensity in

VIS, indicating semitransparency. In SQA, the QY values match experimental �ndings, with

minimal broadening impact on k82 values. Both �ndings serve as reliability checks for QY

prediction. Additionally, �uorescence QY increases with system size, and SQA has a higher

computed QY than SQB, therefore ful�lling the high value for QY. In order to extend the QY

predictions for larger systems, the k82rate is calculated using the Englman-Jortner energy gap law

[89, 112]. This qualitative scaling model supports the aforementioned �ndings. 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 e�cient 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
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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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2.2 Coinage metal doping of cyanidin-silver trimer hybrids
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Mravak and Vlasta Bona£i¢-Koutecký. Enhancing e�ciency of dye sensitized solar cells by

coinage metal doping of cyanidin-silver trimer hybrids at TiO2 support based on theoretical

study.Nanomaterials, 14, 1034, 2024. Reproduced with permission from the Multidisciplinary

Digital Publishing Institute.
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Design of luminophores for transparent luminescent

solar concentrators

3.1 Theoretical prediction of �uorescence quantum yields

Reprinted from:
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rizio Santoro and Vlasta Bona£i¢-Koutecký. Predicting �uorescence quantum yields for molecules

in solution: A critical assessment of the harmonic approximation and the choice of the lineshape

function. The Journal of Chemical Physics, 152 (5), 054107, 2020. Reproduced with the

permission of AIP Publishing.

43


















	Contents
	Introduction
	General concept
	Solar energy harvesting: A sustainable solution
	Development and efficiency of solar cells
	Transparent luminescent solar concentrators

	Methodology
	Density functional theory (DFT)
	Time-dependent density functional theory (TDDFT)
	Environment description
	Limitations of computational approach

	Research objectives
	Modeling cyanidin-silver nanocluster hybrids at TiO2 support
	Doping of cyanidin-silver trimer hybrids at TiO2 support
	Theoretical prediction of fluorescence quantum yields
	Design of J-aggregates squaraine dyes as TLSC materials


	Design of sensitizers for dye-sensitized solar cells at TiO2 support
	Cyanidin-silver nanocluster hybrids
	Coinage metal doping of cyanidin-silver trimer hybrids

	Design of luminophores for transparent luminescent solar concentrators
	Theoretical prediction of fluorescence quantum yields
	Squaraine-based J-aggregates

	Conclusion and outlook
	References
	Appendix to Chapter 2
	 Appendix to Chapter 3
	Curriculum Vitae
	Publications

