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Abstract 
In the last decades, the global perception of the energy crisis has encouraged the research 

to the development of novel technologies from renewable sources. In particular, great 

emphasis has been devoted to solar energy conversion devices. While the international 

photovoltaic market is still dominated by silicon-based solar cells, perovskite solar cells 

(PSCs), dye-sensitized solar cells (DSSCs) and luminescent solar concentrators (LSCs) 

are considered as promising alternative technologies in terms of improved 

manufacturability and for the possibility to reduce the costs and enhance the light trapping 

of high efficiency silicon-based solar cells. Additionally, in the last years PSCs have 

become potentially competitive to silicon-based solar cells for their high efficiency, while 

DSSCs and LSCs have the great advantage to work under diffused light and they can be 

easily incorporated into the building-integrated photovoltaics (BIPV). Despite the 

attractive features, these technologies still present some efficiency and instability issues 

related to their components. For this reason, the design of novel materials for highly 

performant and stable solar energy conversion devices has become an attractive and 

challenging issue involving worldwide researchers. In this context, this thesis addresses 

the design of novel organic compounds to be employed in PSCs, DSSCs and LSCs. In 

particular, the design of novel organic i) hole transport materials (HTMs) in PSCs, ii) 

sensitizers in DSSCs and iii) fluorophores in LSCs has been carried out with the aim of 

contributing to the development of potentially more efficient devices. To this end, state-

of-the-art Density Functional Theory (DFT) and Time Dependent Density Functional 

Theory (TDDFT) methods represent powerful tools for the discovery of promising 

materials in the solar energy field. Here, they have mainly been applied for the prediction 

of the most relevant physical-chemical properties of the designed compounds and for the 

investigation of the structure-property relationships. In such a way it is possible to make 

an assessment of their suitability to be employed in the aforementioned devices. The 

outcomes of these studies would provide the fertile ground for future projects that will 

hopefully contribute to accelerate the research in this field. Indeed, the increased 

knowledge on the behavior of these materials is the key for boosting the development of 

solar energy conversion devices in the near future. 
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Chapter 1. Introductory Remarks 
In the very recent years the global awareness of climate change and energy issues has 

risen. In this regard, Greta Thunberg, the most famous and debated activist for the climate 

change, has catalyzed the attention of many youngers to environmental problems. 

Considering the international scenario, many countries have been adopting new policies 

to limit the use of fossil fuels as primary source for energy production and to contrast 

greenhouse gases (GHGs) emissions, in particular CO2 emissions, which are the main 

responsible for the global warming [1]. As matter of fact, the first real steps in the pathway 

to the environmental sustainability have been accomplished in 2015. On one side, signed 

by 190 Parties, the Paris agreement has been adopted during the Paris Climate Conference 

(COP21), targeting to limit the rise of global surface temperature to well below 2ºC (better 

if 1.5ºC) compared to pre-industrial levels [2]. On the other side, the United Nations have 

defined the Sustainable Development Goals for 2030 [3]. Among them, the 7th goal 

reported in the 2030 Agenda, “Ensure access to affordable, reliable, sustainable and 

modern energy for all”, defines the real need to replace fossil fuels with renewables 

sources [3].  

More recently, the green European revolution is dated to 14 July 2021, the day in which 

the European Member States have adopted a climate legislative package, part of the 

European Green Deal presented in 2019. In order to achieve the carbon neutrality by 

2050, it aims to reduce the greenhouse gas emissions to 55%, to increase the energy 

efficiency to 36-39% and to increase the renewable share to 40% by 2030 [4]. The 

European Green Deal is considered a lifeline to left behind the sanitary, emotional, 

economic and energetic crisis that the world had to face from March 2020, due to Covid-

19 pandemic. Because of worldwide lockdowns, the global energy demand decreased by 

4% in 2020, mostly affecting oil, coal and gas demand, while the renewable energies 

demand surprisingly inverted the trend. In fact, their usage increased by 3% in 2020 and, 

as predicted, it increased to almost 30% in 2021 [5]. However, as consequence of 

activities recovery after lockdowns, the global energy demand increased again during 

2021, together with the fossil fuels request, making the overall scenario dramatic again 

(Figure 1) [5,6]. Indeed, in the last Intergovernmental Panel on Climate Change (ICCP) 

report (August 2021) it emerged that the major sources of CO2 emissions are human 

activities, which have warmed the climate more than what had been registered in the last 

2000 years [7]. For this reason, in the last COP26 held in Glasgow in November 2021, 
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cooperation between governments, businesses and society has become an imperative to 

accelerate actions to face the climate crisis [8]. 

 

 
Figure 1. (a) CO2 emissions related to global energy demand from 1990 to 2021; (b) 

CO2 emissions related to fossil fuels exploitation from 1990 to 2021 [5].   

 

The linear dependence between emitted CO2 and the global warming has also been 

mathematically proven by Prof. Manabe and Prof. Hasselmann (2021 Nobel Prize in 

Physics along with prof. Parisi), demonstrating that climate models are consistent, despite 

the chaotic behavior of weather [9]. It sounds clear that the energy transition is an urgency 

and an imperative.   

As matter of fact, all the scientific community has the responsibility to join forces to 

accelerate the energy transition. With the aim of developing more efficient technologies 

(a)

(b)
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from renewable sources, chemists’ work gives a fundamental contribution for the design 

of novel materials and the investigation of their working principles.  

In this context, the research carried out by the PhD candidate has been dedicated to the in 

silico design of novel organic compounds for solar energy conversion devices. To this 

end, Density Functional Theory (DFT) and Time Dependent Density Functional Theory 

(TDDFT) methods are universally recognized as powerful computational chemistry 

methods for the identification of promising materials in the solar energy field. Indeed, 

they consent to predict their ground- and excited-states properties, such as molecular 

geometries, molecular orbitals energies, vertical excitations and emission maxima, 

ground- and excited-states redox potentials. Additionally, these methods can help to 

clarify the interface phenomena into the devices.  Hence, the DFT and TDDFT methods 

allow the prediction of the main relevant properties of candidates for solar energy 

conversion devices prior to their synthesis in laboratory. This is essential to save time and 

raw materials, such as expensive chemicals, accelerating the research in this field and 

offering strategies for the construction of more efficient devices [10].  

In this thesis work, DFT and TDDFT methods have been applied to:  

i) the design of a novel family of phenothiazine and triphenylamine-based 

molecules (HTM1-4) through the investigation of the well-known structural 

and electronic properties that they should possess to be considered as suitable 

hole transport materials (HTMs) candidates for applications in perovskite 

solar cells (PSCs); 

ii) the study of interfacial phenomena between the MAPI perovskite and HTM1 

to provide new insights into the hole transport mechanism for the construction 

of potentially more efficient PSCs; 

iii) the investigation of the structural, electronic and photophysical properties of 

novel organic dyes containing the Indigo core and the prediction of ground 

state oxidation potentials of 16 organic dyes, to increase our knowledge on 

how to design potentially more efficient sensitizers for dye-sensitized solar 

cells (DSSCs); 

iv) the in silico characterization of a series of catechol-based molecules, Cat-I-

XV, to explore their suitability as sensitizers for type-II DSSCs, by 

investigating the one-step and the dye-to-TiO2 charge transfer (DTCT) 

mechanisms; 
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v) the computational study of the structural, electronic and photophysical 

properties of three novel class of fluorophores, BBT1-3, DQ1-5 and TPa-c, 

characterized by the same peculiar structure Donor-Acceptor-Donor (D-A-D), 

but endowed by different donor and acceptor groups for applications in thin-

film luminescent solar concentrators (LSCs).  

 

This thesis is composed of 5 Chapters, including this Chapter 1: Introductory remarks, 

and two Appendix sections. Solar energy potentials and the main photovoltaic 

technologies are presented in Chapter 2. In Section 2.1 perovskite solar cells (PSCs) are 

described, focusing the attention on hole transport materials (Section 2.1.1). Dye-

sensitized solar cells (DSSCs) and luminescent solar concentrators (LSCs) are illustrated 

in Section 2.2 and Section 2.3, respectively. Chapter 3 is dedicated to the computational 

methodologies employed. The results obtained during the PhD research work are 

presented in Chapter 4 proceeded by a description of the candidate’s contribution. All the 

results have been the subject of seven manuscripts (Manuscript 1, 3-8) published in peer-

reviewed international journals plus a last one (Manuscript 2) which is to be submitted.   

Chapter 5 contains the conclusions of this research work. Appendix A includes the 

description of the main photovoltaic parameters used for the characterization of solar 

energy devices’ performances and Appendix B contains additional published and 

submitted manuscripts not reported in this thesis.  
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Chapter 2. Photovoltaic Technologies 
 
The sun has the largest potential to completely fulfil the global energy demand, as it is an 

inexhaustible and easily accessible source of energy [1]. Indeed, it has been calculated 

that the energy reaching the Earth in one hour is more than its usage in a year [2].  Even 

if a proper exploitation of this energy source could contribute to mitigate climate changes, 

its influence on energy supply is still negligible [3]. In general, solar-based devices are 

classified in photovoltaic (PV), solar thermal, solar fuels and concentrating solar power 

(CSP) technologies. PV devices are based on semiconductors materials which exploit the 

photovoltaic effect to directly convert the sunlight into electrical energy [4]. Electricity 

generation from PV increased to almost 18% in 2021, approaching 1000 TWh [5]. 

Considering the active material, PV technologies are classified in three main groups: 

Generation 1. Crystalline silicon-based solar cells; Generation 2. Thin-film solar cells; 

Generation 3. Emerging solar cells. Their power conversion efficiencies (PCE) are 

collected by the National Renewable Energy Laboratory (NREL) in a chart updated every 

year (Figure 2.1) [6].  

 

 
Figure 2.1. Solar cells’ efficiency chart [6]. 

 

Crystalline silicon (Si)-based solar cells have been the first commercially available PV 

technology and they present many advantages. First, silicon is non-toxic, and it is the 

second widely diffused element on the Earth. It has a large refractive index, that makes it 

an efficient light absorber, and a suitable band gap (1.12 eV), which can be translated into 
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very efficient (up to 26%) and long-lasting (almost 30 years) devices [7]. Silicon can be 

used in its monocrystalline and polycrystalline forms. In the first case, silicon has a 

defect-free crystal structure which results in more efficient although more expensive 

devices than polycrystalline Si-based solar cells which are formed by several small silicon 

crystals that reduce the overall performance of the devices [8]. In order to diminish global 

costs, researchers tried to reduce the quantity of the semiconductor employed into the 

fabrication of cells, giving rise to thin-film solar cells [8]. The most employed 

semiconductor materials are cadmium telluride (CdTe), copper indium gallium selenide 

(CIGS), gallium arsenide (GaAs) and amorphous silicon (a-Si). Thin-film solar cells are 

not only cheaper than crystalline Si-based solar cells, but they are also flexible, which 

allows their commercialization in independent markets and in the building-integrated 

photovoltaics (BIPV) market [9]. However, nowadays, their PCE is still low compared to 

that of crystalline Si-based PV (Figure 2.1) [6]. Hence, to minimize the energy losses and 

maximize the PCE, multijunction devices made of different semiconductor materials able 

to absorb different wavelengths of solar radiation have been introduced. Despite their 

ideal features, their production costs are very high, limiting their commercial applications 

[10]. 

In this context, the born of emerging solar cells can be found in the necessity to achieve 

a balance between high PCE and low costs by using hybrid and abundant materials. 

Emerging solar cells include a variety of technologies such as perovskite solar cells 

(PSCs), dye-sensitized solar cells (DSSCs), organic photovoltaics (OPV) and quantum 

dot photovoltaics (QDPV) [10]. Nowadays, while the international market is still 

dominated by crystalline Si-based solar cells whose production costs have been gradually 

diminishing, worldwide research efforts are focused on the improvement of emerging 

solar cells’ technologies in terms of efficiency, stability and scalability.  

Additionally, Si-based solar cells have the disadvantage to be efficient only under direct 

light irradiation and all the unconverted energy becomes heat in excess that should be 

dissipated in a proper way [11]. In this context and being devices able to work under 

diffused light, also the luminescent solar concentrators (LSCs) have recently caught great 

attention within the PV community [12].  
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2.1. Perovskite Solar Cells 

Perovskite solar cells (PSCs) have been introduced in 2009 when lead halide perovskite 

compounds have been investigated as sensitizers in PV cells, and, since then, their PCE 

progressed from 3.9% to 25.5% in 2021 [13, 14]. The name perovskite was originally 

given to the mineral CaTiO3 and nowadays is used to indicate all the materials having the 

general formula ABX3 (where A and B are cations, while X is an anion) and having the 

same crystal structure of CaTiO3. [15]. Among them, organic-inorganic halide-based 

perovskites have shown suitable electrical and optical properties to be applied in PV 

technologies. In this case, A is an organic monovalent cation (i.e., CH3NH3+, 

CH3CH2NH3+, NH2CHNH2+), B is a divalent cation (i.e., Pb2+, Sn2+, Ge2+), and X are 

halogen anions (i.e., Cl−, Br−, I−, F−) [16]. The most common perovskites are the 

formamidinium lead trihalides, such as FAPbI3, and methylammonium lead trihalides, 

such as CH3NH3PbI3, which is generally known as MAPI. The latter, which has also been 

used in the simulations done in this PhD thesis’ work, is characterized by different 

structural phases: the cubic at high temperature (T>330 K), the tetragonal at 160 ≤	T ≤ 

330 K and the orthorhombic at low temperature (T<160 K). The cubic structure has been 

proven to be the most stable and, in this case, MA and Pb cations coordinate with 6 I 

anions, creating a PbI6 octahedral network that occupies the corners of the structure, while 

MA cations are located among them (Figure 2.2) [15].  

 

 
Figure 2.2. MAPI crystal structure, adapted from ref. 15.  

 

The stability of perovskites can be estimated by the tolerance factor t, defining the 

formation of an ideal cubic structure, and by the octahedral factor #, determining its 

distortions (Equations 2.1 and 2.2, respectively): 

 

MA
Pb2+

I-
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$ = 	
!!"	!"

√%(!#"!")
    (2.1) 

# =
!#
!"

                (2.2) 

 

where RA, RB, and Rx are the ionic radii of A and B cations and X anion, respectively. 

Generally, perovskites are expected to be stable when 0.8 ≤	t ≤ 1.1 and 0.45 ≤ μ ≤0.89 

[16]. The high PCE of PSCs can be partially related to the unique electronic and optical 

properties of perovskites. For example, MAPI possesses a tunable band gap of 

approximately 1.55 eV, strong absorption, weak exciton binding energy and, 

consequently, good free carriers’ mobility [17].  

The device architecture of a PSC is characterized by the transparent conductive oxide 

(TCO), which is generally fluorine-doped tin oxide (FTO), the electron transport material 

(ETM), the perovskite material, the hole transport material (HTM) and the metal electrode 

(typically Au, Ag and Al). Two different configurations are available, the first one is 

called “normal” (n-i-p) (Figure 2.3 (a), (b)) and the second one “inverted” (p-i-n) (Figure 

2.3 (c), (d)) depending on the position of the ETM and HTM layers. In both arrangements, 

the perovskite material can be present in a planar (Figure 2.3 (a), (c)) or in a mesoporous 

form (Figure 2.3 (b), (d)). The planar form, which has demonstrated to be easier to 

produce, consists of a compact nanometer perovskite layer, while in the mesoporous 

configuration the perovskite is deposited on TiO2 (Figure 2.3) [18]. 

 

 
Figure 2.3. Representation of (a) normal planar configuration, (b) normal mesoporous 

configuration, (c) inverted planar configuration and (d) inverted mesoporous 

configuration of a PSC. 
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The working principle of a PSC consists in the photoexcitation of the perovskite that leads 

to the creation of excitons (electron-hole pairs), followed by the injection of the electrons 

into the ETM and the injection of the holes into the HTM. Lastly, the charges are collected 

at their respective electrodes and the current is generated (Figure 2.4) [19].  

 
Figure 2.4. Working principle of a PSC. 

 

Nevertheless, some undesired reactions, such as the recombination of photogenerated 

carriers and the back electron (or hole) transfer to the perovskite, can occur and they are 

detrimental to the PSCs performances [19]. Regarding performances, the ETM and the 

HTM materials play a key role. Indeed, n-type semiconductor materials having high 

carrier mobility fit well for ETMs and can also contribute to prevent the charge 

recombination. Other important requirements that n-type semiconductor materials should 

satisfy to be suitable as ETMs are the transparency to the visible light and an appropriate 

conduction band (CB) alignment, lower than that of the perovskite [19]. Concerning 

HTMs, they must be able to efficiently extracts the holes from the perovskite and to 

transport them to the counter electrode, preventing their direct contact, hence the 

degradation at the metal-perovskite interface. At present, the most employed ETM and 

HTM are TiO2 and Spiro-OMeTAD, respectively [15].  

PSCs have rapidly caught the worldwide research interest, not only for their high PCE, 

but also for the potential low costs of raw materials, simple manufacturing techniques and 

for the possibility to realize flexible devices [20]. However, large-scale PSCs production 

is still hindered by some environmental drawbacks, mainly deriving from the use of lead 

in conventional perovskites, and the lack of long-term stability of devices, which is 
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compromised by the rapid degradation of PSCs components. In this regard, the 

encapsulation technique has been proposed as a strategy to cover, and hence protect, the 

devices to external agents. Additionally, the encapsulation method has also been proven 

to be efficient in reducing the Pb release [21]. However, the most valid strategy to 

overcome instability issues is definitely the optimization of PSCs components, in 

particular the HTMs, which have demonstrated to largely affect the stability and the 

efficiency of PSCs. In section 2.1.2. the importance and the main features of HTMs are 

presented.  

 

2.1.2. Hole transport materials 
To guarantee an efficient hole extraction and transport, HTMs should fulfill a series of 

requirements: the highest occupied molecular orbital (HOMO) of HTMs has to be higher 

in energy than the valence band (VB) of perovskite (-5.4 eV for MAPI), as well as the 

lowest unoccupied molecular orbital (LUMO) has to be higher in energy than the CB of 

perovskite (-3.9 eV for MAPI); they must be transparent to visible light, to avoid the 

competition with perovskite absorption, and they should have an ideal hole mobility 

higher than 10−3 cm2 V−1 s−1; additionally, they should present chemical and 

photochemical stability and low-cost preparation methods. Several inorganic molecules, 

polymers and small organic molecules have been investigated as HTMs [22]. Among 

inorganic molecules, the most common are nickel oxides (NiOx), copper-based materials, 

such as CuSCN, CuI, CuO and Cu2O, and transition metal oxides, such as MoO3. Even if 

these molecules have good hole mobility and a suitable band alignment, they still have 

poor efficiency compared to conventional PSCs using Spiro-OMeTAD, which can 

achieve 25.2% of PCE employing FAPbI3 perovskite [14]. Indeed, the highest reached 

PCE is c.a. 20% and it has been achieved by devices employing NiOx compounds [15,23]. 

Concerning polymers, the most employed are poly(3-hexylthiophene) (P3HT), poly (3,4-

ethylenedioxythiphene): poly(styrenesulfonate) (PEDOT:PSS) and poly-triarylamine 

(PTAA). In this case, the molecular weight (MW) of polymers plays a crucial role in 

affecting the efficiency and the stability of PSCs devices. Indeed, it has been recently 

demonstrated that doped-PTAA with high MW can achieve more than 20% of efficiency 

on small cells and more than 17% of efficiency on modules, which are among the best 

performances for these molecules [24]. Even if the aforementioned HTMs are under 

widespread investigation, those made of small organic molecules are by far the most 
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explored, due to the possibility to tune their optoelectronic properties thanks to 

appropriate design rules. The most commonly used small organic molecule is Spiro-

OMeTAD, (2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]- 9,9′-spirobifluorene), 

employed for the first time in DSSCs [25]. Its molecular structure (Figure 2.5) consists 

of two extended π-systems linked to a carbon sp3 hybridized atom. The 

dimethoxydiphenylamines (DPA-OMe) moieties are responsible for the molecule’s 

donor properties and the OMe groups can act as binding sites to the perovskite [26].  

 

 
Figure 2.5. Spiro-OMeTAD molecular structure. 

 

Until now, Spiro-OMeTAD is the most popular HTM employed in high efficiency PSCs. 

Indeed, its energy levels are well aligned with common perovskites, it is soluble in many 

organic solvents, and it has high melting temperature, which is fundamental for the 

thermal stability of PSCs. Nevertheless, as it shows low conductivity and hole mobility, 

it requires the addition of dopants, such as lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) and 4-tert-butylpyridine (TBP), to enhance its electrical properties. Anyway, 

these dopants are detrimental to the stability of PSCs devices: LiFTSI has the tendency 

to absorb water and it aggregates in Spiro-OMeTAD films, affecting the interfacial 

energy levels, while TBP corrodes the perovskite and it has the tendency to evaporate 

over time [27]. For this reason, many doped or dopant-free spiro-liked HTMs, and HTMs 

based on triphenylamines (TPA), phenothiazines (PTZ), carbazoles, thiophenes, 

phenoxazines and triazines have been proposed. In particular, great research interest has 

been devoted to TPA moieties, for their unique hole transport properties, and to PTZ unit, 

which has an electron-donating butterfly structure that produces stable radical cations 
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[28]. In particular, HTMs based on a combination of TPA and PTZ-moieties, such as the 

PTZ2 compound reported by Grisorio et al. [29], have shown efficiencies comparable to 

those obtained employing Spiro-OMeTAD. With the aim of contributing to the 

development of potentially more efficient HTMs, in this research work the design of four 

novel TPA and PTZ-based HTMs (HTM1-4) has been carried out. The molecular and 

electronic properties of HTM1-4 have been deeply investigated by means of DFT and 

TDDFT methods and the results are reported in Section 4.1 of Chapter 4.  

Nowadays, even if a wide library of organic HTMs is available, still a deep understanding 

of their electronic features at the interface with the perovskite is missing. Indeed, 

considering the statement “the interface is the device”, it is evident that the optimization 

of the interfacial phenomena is also essential to guarantee a further development of PSCs 

devices in terms of efficiency and stability [18]. As matter of fact, it is well known that a 

correct energy-levels alignment between the perovskite and the HTM directly drives the 

charge extraction and transfer. Moreover, it can largely influence the open-circuit voltage 

(Voc) of the cells [30]. Even if MAPI is the most popular perovskite, the adsorption 

mechanisms at MAPI/organic HTMs interface is still not fully understood and it has never 

been explored for HTMs based on both TPA and PTZ moieties. In this regard, the 

electronic properties of the recently designed HTM1 have been studied at the interface 

with MAPI by means of DFT-D3 method. The same kind of investigation has also been 

carried out considering the state-of-the-art, Spiro-OMeTAD, and well-known TPA and 

PTZ-based HTMs, with the aim of providing additional knowledge on the interfacial 

phenomena. The results of this study are presented in Section 4.2 of Chapter 4.  
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2.2. Dye-Sensitized Solar Cells 
A Nature paper of 1991 by Michel Grätzel and co-workers sets off the born of dye-

sensitized solar cells (DSSCs), also known as Grätzel cells, which showed PCE of 7-8% 

[31]. Since then, the efficiency of these devices has not improved a lot and the last 

certified one is 13% [6, 32]. At the beginning DSSCs were presented as a low-cost 

technology in comparison to silicon PV, but in the recent years the manufacturing costs 

of Si-based solar cells are diminished, thanks to a cooperation between the Chinese 

manufacturing and the support of US investors [33]. However, DSSCs are characterized 

by basic manufacturing processes based on low-costs and scalable raw materials and, in 

comparison to Si-based solar cells, they show the great advantage to work well also under 

ambient and diffused light at high temperature. For these reasons, they find application 

as a low-power technology in electronic devices, aesthetic devices powering lamps, 

environmental and security sensors and, in general, in smart objects for indoor 

applications. Moreover, they consent the realization of flexible and colorful devices that 

allow their integration into building-integrated photovoltaics (BIVP) [2]. All these 

applications make DSSCs still placeable in the PV market.  

The device architecture of a DSSC is composed by the transparent conductive oxide 

(TCO), generally fluorine-doped tin oxide (FTO), deposited on a glass substrate, the 

nanocrystalline semiconductor, the sensitizer (dye), the redox electrolyte and the counter 

electrode [34]. The electrical current in DSSCs can be generated following two different 

electron injection pathways, according to which they can be classified in type-I or type-

II DSSCs [35]. The working principle of type-I DSSCs, which is characterized by a “two-

step” or “indirect” electron injection mechanism, is based on the photoexcitation of the 

dye that promotes the electrons from the ground-state to the excited-state. Then, the 

excited electrons are injected into the CB of the semiconductor, from which they diffuse 

to the photoanode (FTO) and, through an external circuit, they arrive to the counter 

electrode generating the current. The oxidized dye is in contact with the electrolyte, which 

contains the redox couple that regenerates the dye, oxidizing itself. Then, the regeneration 

of the redox couple occurs at the counter electrode (Figure 2.6).  
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Figure 2.6. Working principle of a type-I DSSC. 

 

Nevertheless, some undesired reactions can occur, and they involve the recombination of 

excited electrons from the CB of semiconductor to the HOMO of the oxidized dye or to 

the oxidized form of the redox couple into the electrolyte. To avoid electrons 

recombination phenomena, it is important to adjust the kinetic of fundamental reactions 

and, consequently, the choice of DSSCs components is crucial to achieve improved 

performances [36].  

Since now, the most employed semiconductor has been a network of TiO2 nanoparticles 

in their anatase crystal structure, having an indirect band gap of 3.2 eV. This arrangement 

is characterized by 50% of porosity and it allows a better adsorption of the dye molecule 

[34]. On the other side, the electrolytes should be chemically stable solvents (generally 

organic solvents or ionic liquids), capable to dissolve the redox couple. The first 

employed redox mediator was iodide/triiodide (I-/I3-), as it presents a series of advantages. 

First, it shows a suitable redox potential allowing the regeneration of many dyes, it has 

good stability, and it can be solubilized by lots of organic solvents. However, I-/I3- also 

presents some drawbacks, such as absorption in the 400–500 nm range of the visible 

spectrum and it can corrode some DSSCs components. For these reasons, alternative 

electrolyte compositions have been explored, such as copper redox shuttles, transition 

metal coordination complexes and iodine-free electrolytes [36].  
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The counter electrode (CE) should have a correct energy alignment and high catalytic 

activity to the electrolyte’s redox couple. Moreover, it should have high conductivity, 

reflectance and low costs. Since now, platinum (Pt) fulfills most of these requirements, 

but it is a rare material and it has high costs. Hence, alternative CE have been proposed, 

such as carbon-based materials and conductive polymers [37].  

The core of DSSCs is represented by the sensitizer, which is responsible for light 

absorption. An efficient photosensitizer should have the absorption spectrum covering 

the whole visible and even part of the near-infrared (NIR) regions. It should have suitable 

anchoring groups to be adsorbed on the semiconductor surface and it should be 

electrochemically and thermally stable. In order to ensure the adequate driving force for 

the electron injection into the semiconductor, the LUMO energy level of the sensitizer 

has to be higher (more negative) than the CB of the semiconductor. Additionally, to 

ensure the adequate driving force for the regeneration of the oxidized sensitizer, its 

HOMO energy level has to be lower (more positive) than the redox potential of the redox 

mediator (0.4 vs NHE for I-/I3) [35]. Based on these requirements, many sensitizers have 

been proposed in literature and they can be classified in two main classes: metal 

complexes sensitizers and metal free sensitizers (or organic sensitizers). The formers have 

been crucial to the early development of DSSCs, they are still used as benchmark 

materials and some of them have also been commercialized. Their structure consists of a 

central metal ion with auxiliary ligands. The metal ion is responsible for the light 

absorption through a metal to ligand charge transfer (MLCT) transition, while the overall 

photo and electrochemical properties of the sensitizer can be tuned by introducing 

different substituents to ligands. The most adopted are Ru(II) complexes, as well as 

porphyrin- and phthalocyanine-based complexes [38]. As an alternative to metal 

complexes, the organic sensitizers (e.g., the standard D5) include low-cost and more 

environmentally friendly organic molecules that can be synthetized from a wide range of 

raw materials. Most of them are characterized by the peculiar structure donor group-π 

bridge-acceptor group (D-π-A) that consents to tune the photophysical and 

electrochemical properties of the dyes by exploring a wide array of D and A substituents. 

Indeed, the increase of the electron-donating and the electron-accepting abilities of D and 

A, respectively, results in a decrease of the HOMO-LUMO energy gap with a consequent 

redshifting of absorption. The photoabsorption in D-π-A sensitizers is associated with an 

intramolecular charge transfer (ICT) transition from the donor to the acceptor moiety that 

promotes a rapid injection of the electron into the CB of the semiconductor. In figure 2.7 
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a schematic representation of the photoabsorption process in organic sensitizers is 

illustrated, taking as reference the molecular structure of the D5 dye. 

 

 
Figure 2.7. Schematic representation of D-π-A structure of organic sensitizers.  

 

The absorption properties and the energy levels of organic dyes can be modulated adding 

auxiliary electron-acceptor units, giving rise to D-A-π-A motif [39]. Sensitizers having 

this molecular structure are characterized by blue and green colors and they have been 

demonstrated to enhance the photovoltaic performances of DSSCs, as well as their 

commercial appeal [40].  

In the context of this thesis, to assess the possibility of using the Indigo scaffold for the 

design of green dyes for DSSCs application, a novel organic Indigo-based dye bearing 

D-A-π-A motif, has been designed. The results of the theoretical investigation, carried 

out by using DFT and TDDFT methods, and the experimental characterization are 

reported in Section 4.3 of Chapter 4, together with the results obtained from the design 

of novel Indigo-based dyes having donor-acceptor-donor (D-A-D) structure. 

Additionally, as previously reported, the correct energy levels alignment between the dye 

and the redox couple is one of the main parameters that influence the overall DSSCs 

performances, hence the prediction of ground-state redox potentials of the 

photosensitizers can help to identify the most promising candidates for such application. 

In this regard, the ground-state redox potentials of 16 organic D-π-A and D-A-π-A dyes 

have been computed by means of DFT and TDDFT methods and compared with the 

available experimental data. The results are shown in Section 4.4 of Chapter 4. 
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2.2.1. Type-II Dye-Sensitized Solar Cells 
Differently from type-I DSSCs, where the electron is injected into the CB of the 

semiconductor after the photoexcitation of the dye (“two-step” or “indirect” mechanism), 

type-II DSSCs are characterized by a “one-step” or “direct” electron injection 

mechanism. Indeed, the electron is directly injected from the HOMO of the sensitizer into 

the CB of the semiconductor by photoexcitation of the dye-to-TiO2 charge transfer 

(DTCT) bands [41]. This pathway is faster than the indirect mechanism and it is shown 

in Figure 2.8.  

 

 
Figure 2.8. Working principle of a type-II DSSC. 

 

The most explored type-II sensitizers are catechol-based compounds, known as Cat-dyes, 

(e.g. dopamine and fluorone), as well as natural pigments (e.g. Bromopyrogallol Red and 

anthocyanins), which are all characterized by the DTCT bands in the visible region upon 

binding to TiO2 [42]. For this reason, they are able to absorb a wide spectral range of 

sunlight. In contrast to type-I DSSCs, the efficiency of type-II DSSCs is not affected by 

the correct energy levels alignment between the LUMO of the sensitizer and the CB of 

the semiconductor, but it is determined by a suitable interfacial level alignment between 

the HOMO of the dye and the CB of the semiconductor [43]. However, despite the 

promising light-harvesting capabilities of type-II dyes, the PCE of type-II DSSCs is still 

very low compared to that of type-I DSSCs, as it never exceeded the 2.5%. Additionally, 

the back electron transfer (BET) for type-II mechanism is faster than that of type-I [44]. 

Trying to overcome these problems, several Cat-dyes have been proposed in literature, 
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with the aim of investigating their performances on type-II mechanism. In particular, from 

theoretical and experimental studies, it emerged that the design of Cat-dyes follows some 

specific rules: i) moderate or strong electron-donating and electron-withdrawing 

substituents to the catechol moiety can modulate the electron-injection mechanism; ii) the 

LUMO of the dye-TiO2 complex should be localized on d orbitals of Ti; iii) the DTCT 

band should be associated to transitions from the HOMO of the dye to unoccupied orbitals 

of the dye-TiO2 complex, formed by the interaction between d orbitals of Ti atoms closest 

to the catechol-moiety and p orbitals of catechol oxygen atoms; iv) the HOMO of the dye 

should be well aligned with the CB of TiO2 to slower the BET [44-47]. Moreover, it has 

been found that some dyes can present an intermediate charge injection mechanism 

between pure type-I and pure type-II, upon varying the dye conjugation in the anchoring 

group [48]. In this context and with the aim of increasing the knowledge about the one-

step mechanism and the DTCT features, 15 Cat-dyes have been designed for a possible 

application in type-II DSSCs. The effect of substituents in different positions and the 

effect of conjugation due to the introduction of an ethylene π spacer have been 

investigated by means of DFT and TDDFT methods. The results of this study are reported 

in Section 4.5 of Chapter 4.  
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2.3. Luminescent Solar Concentrators 
The idea of concentrating the solar radiation to lower the price of PV has born at the end 

of 1970s [49, 50]. In that context, luminescent solar concentrators (LSCs) have been 

introduced as devices able to concentrate direct and diffused solar radiation on small PV 

cells, reducing the number of photoactive materials, while preserving their overall 

efficiency. These outstanding features make them exploitable also in cloudy weather 

countries [12, 51]. A LSC consists of a plastic or a glass matrix containing a dispersed 

luminophore, which is able to absorb direct and indirect solar radiation and to re-emits it 

at longer wavelengths. Thanks to the refraction index of the matrix material, which is 

higher than that of the air, the emitted photons, through total internal reflection, are 

concentrated in solar cells placed at the edge of the collector and the electricity is then 

generated (Figure 2.9) [52]. 

 

 
Figure 2.9. Working principle of a LSC.  

 

After 20 years in which they have been almost overlooked, in the early 2000s the interest 

in LSCs has reawaken again in a global context characterized by decreased PV prices 

[12]. Hence, nowadays the research on LSCs is essentially oriented to the optimization 

of the fluorophores and the matrix [52], while their aesthetic features make them active 
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actors in the green architecture revolution. Indeed, they consent the realization of 

transparent and colorful devices that drive their application in the BIPV market [53]. 

Regarding the matrix, the most employed is the poly(methyl methacrylate) (PMMA), 

which has high refractive index, it is transparent, and it has a good compatibility with lots 

of fluorophores, contributing to achieve good performances. Additionally, during the past 

years, the research has devoted great attention towards biopolymers and biomaterials 

obtained from renewable sources or through more ecofriendly processes, which would 

further help the integration of LSCs in modern urban areas [54, 55].  

Concerning the fluorophores, they are key components to realize highly performant 

LSCs, and they should fulfill several requirements. Indeed, they should have: i) wide 

absorption range, ii) high fluorescence quantum yield, that is the number of emitted 

photons with respect to those absorbed, iii) large Stokes shift, in order to limit the overlap 

between the absorption and the emission spectra, iv) long-term thermal and photo-

stability, v) good solubility in the host matrix [56]. Several fluorophores have been 

reported in literature, such as quantum dots, colloidal nanocrystals, rare earths complexes 

and organic molecules [57-60]. Among them, organic molecules are the most 

investigated, because their optical properties can be easily modulated by changing the 

nature of functional groups to reach high quantum yield and absorption coefficients. Most 

of them are based on coumarins, rhodamines, bipyridines, phthalocyanines, BODIPY 

oligomers and benzothiadiazoles [61-63]. The state-of-the-art is represented by the 

Lumogen Red 305 (LR305, Figure 2.9) [12], which has a quantum yield≈ 97% in PMMA 

and its red emission is well matched with the bandgap of Si-based solar cells (≈ 1.1 eV). 

However, it has a small Stokes Shift, which can lead to the reabsorption of emitted 

photons by neighboring luminophores [64].  

With the aim of developing more efficient fluorophores having absorption and emission 

in different spectral ranges, hence high Stokes Shift, in this thesis two novel series of D-

A-D fluorophores are presented. In particular, the molecules of the first series have the 

benzo[1,2-d:4,5-d’]bisthiazole (BBT) acceptor core, while the molecules of the second 

series are endowed with the quinoxaline acceptor scaffold. The fluorophores of both 

series carry different donor groups. The electronic properties of these compounds have 

been investigated by means of DFT and TDDFT methods (Sections 4.6 and 4.7 of Chapter 

4). 

The reabsorption of emitted photons is quite a common feature in red-emitting organic 

fluorophores, and it can limit the generation of electric current by the PV cells. For this 
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reason, near-infrared (NIR) emissive fluorophores, with emissions beyond 750 nm, have 

been proposed as alternatives for LSCs applications. They are generally based on donor-

acceptor (D-A) structures, which are characterized by charge-transfer excited states and 

small bandgaps. However, due to the rigid conjugated structure, they can be responsible 

for the aggregation-caused quenching (ACQ) phenomenon, which can limit their 

application in the solid state. The solution to this problem has been found with the 

introduction of aggregation-induced emission (AIE) molecules, which have a non-

emissive behavior when dissolved in good solvents but became highly luminescent in 

poor solvents or in solid state. This phenomenon is caused by the restriction of the 

intramolecular rotation (RIR) that affects molecules in solid state, hence their limited 

molecular motions bring to energy dissipation through radiative decay [65-67]. For this 

reason, in the last years the research on LSCs has been mainly focused on the 

development of novel NIR fluorophores having AIE properties.  

In this context, in Section 4.8 of Chapter 4 are reported the results of the theoretical and 

the experimental investigation of a novel class of NIR emitting AIEgens featuring D-A-

D structure. These luminophores have been endowed with a thieno[3,4-b]pyrazine 

acceptor core, while the donor group is represented by a triarylamine unit carrying the 

tetraphenylethylene (TPE) moiety, whose introduction is a common strategy to increase 

the emission from the condensed phase.  
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Chapter 3. Computational Methods 
The computational chemistry plays a key role in the design of novel materials for solar 

energy conversion devices. In particular, Density Functional Theory (DFT) methods 

represent a good compromise between accuracy and computational costs, hence they are 

largely employed for the prediction of the electronic and the spectroscopical properties 

of novel compounds in the solar energy field [1].  

In this chapter, a brief overview of the theoretical framework concerning the 

computational methodologies employed in this thesis is given.  

 

3.1. Density Functional Theory 
The naissance of Density Functional Theory (DFT) methods can be found in the necessity 

to finding approaches to solve the time-independent Schrödinger equation for many-

electrons systems at lower computational costs with respect to post Hartee-Fock (HF) 

methods, reaching, however, high accuracy. The time-independent Schrödinger equation 

is an eigenvalue problem, and it can be written as Eq. 3.1: 

 

&'( = )(   (Eq. 3.1) 

 

where &' is the Hamiltonian, ( is the wavefunction and ) is the eigenvalue, i.e. the energy 

of the system. Indeed, post HF methods are wavefunction-based methods, where the 

wavefunction depends on 4N variables (3 spatial coordinates and 1 spin coordinate), 

hence its complexity increases exponentially with the number of electrons of the system. 

On the contrary, using DFT approach, the total energy of a system can be described as a 

functional of the electron density which is a real-space function with only 3 variables, 

independently from the system size. The electron density is defined as in Eq. 3.2:  

 

*	(,) = 	∑ |Ф(|
%)

(   (Eq. 3.2) 
 

where N is the number of electrons in the system and Фi are the molecular orbitals (MOs), 

linear combination of atomic orbitals (AOs) [2-4]. 

In 1964, Hohenberg and Kohn demonstrated that the ground-state energy of a many-

electrons system with a non-degenerate ground-state, as well as its ground-state 

properties, depends only on the electron density. Therefore, the Hohenberg-Kohn 
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Existence Theorem assumes that the ground-state energy is a unique functional of the 

electron density ρ(r) [5]. The second Hohenberg-Kohn Variational Theorem assumes that 

the density obeys a variational principle. Therefore, in order to find the true ground-state 

electron density, which minimizes the energy functional, the energy should be minimized 

by varying the electron-density [5]. Because of the exact form of the universal functional 

E[ρ(r)] is not known, in 1965 Kohn and Sham proposed an expression for the energy 

functional considering the kinetic energy of non-interacting electrons, which will lead to 

a ground state density same as that of the interacting-electrons system (Eq. 3.3) [6]: 

 

)[*(,)] = 3[*(,)] + 5*+[*(,)] + 5++[*(,)] + ),-[*(,)]    (Eq. 3.3) 

 

where 3[*(,)]	is the kinetic energy of the non-interacting system, 5*+[*(,)]	is the 

external potential, i.e. nucleus-electron attraction term, 5++[*(,)]	is the Coulomb term, 

i.e. electron-electron repulsion term, and ),-[*(,)]		is the exchange-correlation 

functional, which accounts for the kinetic energy deriving from the interacting electrons 

and all the other aspects of the true system, which are the non-classical electron-electron 

interactions, i.e. the exchange and the correlation.  

The Kohn-Sham (KS) approach is based on the solution of an eigenvalue problem (Eq. 

3.4): 

ĥ(
./ 	Ф! 	 = $!Ф!	   (Eq. 3.4) 

where ĥ(./ is the KS operator (Eq. 3.5), Ф( are the Kohn-Sham orbitals and 7( are the 

orbital energies.  
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   (Eq. 3.5) 

 

KS approach will return the exact energy only if the exact form of the exchange- 

correlation functional is known. To this end, a Self-Consistent Field (SCF) procedure is 

used to solve the equation: the starting point is an initial guess of the density from which 

a set of orbitals can be derived, leading to a better value for the density that is used in the 

second iteration and so on, until an approximate solution is reached [2,3].  
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3.1.1. Exchange-Correlation Functionals 
Exchange-correlation functionals are key points in the DFT approach. Several 

approximations have been developed for this term and the simplest is the Local Density 

Approximation (LDA). It is based on the uniform electrons gas model, in which the 

electron density is taken constant throughout the space, i.e. it is assumed that a constant 

electron density with the same value as at r replaces the real electron density distribution 

around a volume element at point r. The total exchange-correlation energy is expressed 

as Eq. 3.6: 

 

),-[*(,)] = 	 ∫ *(,)	7:;;*(,)<=,	 (Eq. 3.6) 

 
where 7:;  is the energy density, the sum of individual exchange and correlation 

contributions [2]. The LDA approximation can be extended to the Local Spin Density 

Approximation (LSDA) for systems with unpaired electrons. However, in molecular 

systems the electron density is usually not uniform, thus this approximation results often 

inadequate. For this reason, extensions have been developed, such as the gradient-

corrected functionals, i.e. the Generalized Gradient Approximation (GGA), which is 

based on the gradient of the density at each point in the space and not only on its pure 

value. In these functionals, the exchange and the correlation contributions are treated 

separately. In particular, the exchange part of ):;<<= can be written as in Eq. 3.7: 

 

):;
<<= = ):

>?= − ∑ ∫>	(?@@ )	@
(
) ,⃑ d,⃑  (Eq. 3.7) 

 

where ?@ is the reduced density gradient, which is a local inhomogeneity parameter 

assuming large values both for large gradients and for small region densities. For the 

function F, two approaches have been developed. The first one is based on a GGA 

exchange-correlation functional which includes an empirical parameter. A functional 

developed considering this approach is the Perdew-Wang (PW91) [7-10]. In this thesis, 

it has been used combined with the Time Dependent extension of DFT method to 

investigate the main UV absorption properties of catechol-based sensitizers, as discussed 

in Section 4.5 of Chapter 4. Indeed, PW91 pure functional can satisfy several conditions, 

incorporating some inhomogeneity effects while retaining many features of LDA 

functionals [9]. The second class of GGA functionals does not contain semiempirical 
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parameters, such as the Perdew, Burke and Ernzerhof (PBE) functional [9], which has 

been used in this thesis to determine some of the electronic properties of isolated HTM1, 

but mainly to characterize its interaction with the MAPI surface (See Section 4.2 of 

Chapter 4). Indeed, PBE is one of the most employed functionals within GGA to 

determine extended systems properties.  

In principle, exchange functionals should be combined with any of correlation 

functionals, but only few combinations are currently in use. As the exchange 

contributions are larger than the corresponding correlation effects, an accurate expression 

for the exchange functional is essential to obtain accurate results. For this reason, the 

functionals have been improved including a certain percentage of the HF exact exchange 

energy, which has brought to hybrid functionals. In the approach proposed by Becke [10], 

the exchange-correlation energy is written as Eq. 3.8: 

 

),- = ∫ B:;
A 	=C

0
B   (Eq. 3.8) 

 

where C is a coupling parameter and it can assume values from 0 to 1. When C = 0, the 

Coulomb repulsion between electrons is not considered, while C = 1 accounts for the real 

system with full interactions. The simplest approximation of this integral is a linear 

interpolation (Eq. 3.9). 

 

),- =
0
%
	(B:;

B +	B:;
0 )  (Eq. 3.9) 

 

When C = 0, B:;B  is the exchange-correlation energy of the non-interacting system, then 

it represents the pure exchange energy of the KS determinant that can be exactly 

determined. B:;0  is then the exchange-correlation energy of the full interacting system 

and it can be determined by introducing the LSDA exchange-correlation functional. This 

approach is also known as half-and-half combination of exact exchange and exchange-

correlation functional. A further improvement consisted in eliminating the B:;B  term (Eq. 

3.10): 

 

),- = ):;
>/?= +	FB	():

+,C-D − ):;
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<; +	F- 	∆);
<;   (Eq. 3.10) 

 



 

 34 

where: ):+,C-D is the exact exchange energy, ):;>/?= is the exchange energy under the 

LSDA approximation, ∆):<;  is the gradient correction for the exchange and ∆);<;  is the 

gradient correction for the correlation. FB, F, and F- are empirical coefficients and they 

have values of 0.2, 0.7 and 0.8, respectively. Among these hybrid functionals, the most 

popular is the B3LYP that includes the Becke’s exchange functional along with the Lee-

Yang-Parr (LYP) correlation functional (Eq 3.11) [10,11]: 

 

):;
EF>GH = (1 − H)):

>/?= + H):
+,C-D + I∆):

EII + (1 − J));
>/?= + J);

>GH  (Eq. 3.11) 

 

The popularity of this functional can be attributed to its good performances for lots of 

chemical applications. In this thesis, it has been largely employed to determine the 

ground-state geometries of lots of the designed compounds, to calculate frequencies, as 

well as for the calculation of their molecular orbitals’ energies (See Chapter 4).   

Another hybrid functional employed in this thesis to calculate the spectroscopic 

properties of some of the designed fluorophores, combined to the Time Dependent 

extension of DFT, and to predict the ground-state redox potential of 16 dyes is the 

modified Perdew-Wang 1-parameter model for kinetics, the MPW1K (Sections 4.4, 4.6 

and 4.7 of Chapter 4) [12]. This functional includes ca. 42% of the HF exact exchange 

and it involves a single semiempirical parameter.  

However, to provide a better description of properties which are not only dependent from 

the quality of the occupied KS orbitals, but also on the quality of virtual orbitals, i.e. 

excitation energies, CAM-B3LYP functional has been proven to provide very stable and 

reliable results combined to the Time Dependent extension of DFT. Indeed, it associates 

the hybrid quality of B3LYP to a long-range correction to the exchange potential, known 

as the Coulomb attenuating method (CAM), that accounts for both short- and long-range 

interactions [13]. CAM-B3LYP functional has been used to calculate the excitation 

energies of the designed HTMs, as well as those of NIR-emitting fluorophores (Sections 

4.1 and 4.8, respectively, of Chapter 4).  

 

3.1.2. DFT in crystalline solids 
In crystalline systems, a given set of atoms, i.e. the unit cell, are repeated along the three 

dimensions of the real space according to a given symmetry. The unit cell is characterized 

by three lattice vectors (a, b, c) and three angles between them (F, L, M). All the atomic 
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positions in the unit cell can be expressed as fractional coordinates of such cell vectors 

(Eq. 3.12): 

 

N = OP + QR + ST  (Eq. 3.12) 

 

The periodicity of the lattice implicates that every property, i.e. the electron density value, 

is the same at equivalent positions in the lattice (PBC: Periodic Boundary Conditions). 

Considering that a crystal contains an infinite number of electrons, the Bloch theorem 

(Eq. 3.13) connects the wavefunction of an electron in an external periodic potential with 

the wavefunction at any point of the crystal [14]:  

 

UJ	(N + V) = W(KL	UK	(N)  (Eq. 3.13) 

 

where T is a translational vector and W(KL	is an imaginary phase factor arising from the 

translational symmetry, which is called plane wave. For a particular class of vectors k, 

the plane wave has the same periodicity of the crystal (W(KL=1). They are called reciprocal 

space and any vector of the reciprocal space can be expressed with three primitive vectors 

(Eq 3.14): 

 

X = OY + QZ + S[  (Eq. 3.14) 

 

These primitive vectors are connected to real-space vectors as Eq. 3.15: 

 

Y = 2]
M	,	N
O
; 				Z = 2]

N	P	Q
O
	 ; 				[ = 	2]

Q	,	M
O
					(Eq. 3.15) 

 

where V is the volume of the real-space unit cell 5 = P(P	x	R). K value should be 

confined in a unit cell of the reciprocal space, called Brillouin Zone (BZ), which contains 

all the information of the infinite crystal. In principle, all the equations in solid state 

should be solved within the BZ in the reciprocal space, hence the number of electrons is 

limited to that contained in the unit cell. However, only a finite number of k-points is 

practically selected (k-points sampling), considering the volume of the unit cell and which 

kind of chemical problem should be analyzed. The discrete sampling of the BZ is possible 

because the wavefunctions at close points in the k space are almost identical. A common 
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method for generating k-points sets has been developed by Monkhorst and Pack. It is 

based on an equally spaced k-point mesh by performing nd × ne × nf divisions along the 

d, e and f directions of the BZ [15]. In this thesis, 8 x 8 x 8 Monkhorst-Pack k-point grid 

for sampling the BZ has been considered for the optimization of MAPI bulk, while 8 x 8 

x 1 and 1 x 1 x 1 Monkhorst-Pack k-point grid have been employed for the slabs and 

HTMs optimizations within PBC and to calculate the binding energies of HTMs/MAPI 

systems (see Section 4.2 of Chapter 4).  

 

3.1.3. Time Dependent Density Functional Theory 
As a ground-state theory, DFT has some limitations. Indeed, it is not adequate for the 

description of many-electrons systems in time-dependent fields, as well as for the 

calculation of excitation energies and the excited-state properties. For this reason, a time 

dependent extension of DFT, known as Time Dependent Density Functional Theory 

(TDDFT) has been developed to deal with any time-dependent phenomena. TDDFT can 

be considered as an alternative formulation of time-dependent quantum mechanics based 

on the Schrödinger equation, but it has the advantage to consider the one-body electron 

density. The TDDFT finds its origin in the Runge-Gross theorem that is a time-dependent 

extension of the Hohenberg-Kohn theorem [16]. Indeed, while in DFT the ground-state 

energy can be determined minimizing the total energy functional, in TDDFT the energy 

is not a conserved quantity, but it is substituted by the quantum mechanical action (Eq. 

3.16): 

 

`	[Ф] = 	∫ =$ < Φ($) c	d	
8
8D
− 	Ĥ	($)c

D*
D+

Φ($) >   (Eq. 3.16) 

 

where Φ($) is the Ne-body function. This theorem asserts that there is a unique 

correspondence between the potential g(,, $)	and the density *(,, $) for systems evolving 

from a fixed many-body state (Eq. 3.17). Hence, all the observables of a many-electrons 

system can be calculated knowing the one-body density. 

 

g(,, $) ≠ gR(,, $) + J($) → 	*(,, $) ≠ *R(,, $)  (Eq. 3.17) 

 

To calculate the electron density, an auxiliary system of non-interacting electrons, the KS 

electrons, subjected to an external local potential g./, is used. This potential is unique, 
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and it is chosen such that the density of the KS electrons is the same as the density of the 

original interacting system. For this reason, the KS electrons obey to the time-dependent 

Schrödinger equation (Eq. 3.18) and the density of the interacting system can be 

determined from the time-dependent KS orbitals (Eq. 3.19). 

 

d
S
SD
	j((,, $) = k−

∇,

%
+ g./(,, $)l j((,, $)  (Eq. 3.18) 

 

 *(,, $) = ∑ |j(
U--
( (,, $)%|  (Eq. 3.19) 

 

This implicates that the exact KS potential g./  (Eq. 3.20) determines the exact KS 

orbitals, thus the exact density of the system.  

 

g./(,, $) = g+,D(,, $) +	gVC3D3++(,, $) + g:;(,, $)  (Eq. 3.20) 

 

In Eq. 3.20 the first term is the external potential, the second term is the Hartree potential 

that accounts for the classic electrostatic interactions between electrons and the last term 

is the exchange-correlation potential, accounting for the all the aspects of the true system. 

g:; 	(,, $) can be written as the functional derivative of the exchange-correlation part of 

a new action functional Ã	(Eq. 3.21): 

 

g:;(,, $) = 	
SÃ"-
S6(3,Y)

|6(3,D)  (Eq. 3.21) 

 

As for the ground-state DFT, the exact form of the g:;(,, $) is unknown, hence several 

approximations have been proposed [17].  

TDDFT method has been used throughout this thesis to determine the excitation energies 

and excited-state properties of the designed HTMs for PSCs, sensitizers for DSSCs and 

fluorophores for LSCs (See Chapter 4).  
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3.2. Basis Sets 
A key aspect of the KS approach is represented by the KS molecular orbitals (MOs), 

which yield the ground state density associated with the choice of the exchange-

correlation potential. For this reason, it is fundamental to have a good description of the 

atomic orbitals, also known as basis sets. The Slater Type Orbitals (STOs) would 

represent the best choice (Eq 3.22). 

 

nZ,*,[,\.	(,, o, j, ) = pq[,\.(o, j),
*40W4Z3  (Eq. 3.22) 

 

They are composed by a radial part defined by r that depend on the distance between the 

nucleus and the electrons, and a spherical harmonic part, defined by θ,φ that describes the 

shape of the orbitals. N is the normalization constant and the value of ζ for every STO is 

determined by minimizing the atomic energy with respect to it. STOs are very accurate, 

however the exponential part W43  is very expensive to compute, in particular for large 

systems. Therefore, Gaussian Type Orbitals (GTOs) have been introduced (Eq. 3.23) 

where the exponential 	W43, make them faster to compute. However, they are less 

accurate, falling too rapidly far away from the nucleus.  

 

nZ,*,[,\.	(,, o, j, ) = pq[,\.(o, j),
%*4%4[W4Z3

,   (Eq. 3.23) 

 

Therefore, at least three GTOs are required to represent a single STO and STO-3G is 

known as the minimal basis set, in which 3 primitive Gaussian functions are combined in 

a fixed linear combination to give one contracted Gaussian function. To improve the 

description of valence electrons, Split Valence Double Zeta (DZ) basis sets have been 

introduced, doubling the functions for each orbital, while the core electrons are still 

treated as a minimal basis set (e.g. 6-31G). An additional improvement is to consider the 

change in the shape of the orbitals. For this reason, polarization functions are introduced. 

They have more angular nodal planes than the occupied atomic orbitals, ensuring that the 

orbitals can distort from their original atomic symmetry to better adapt to the molecular 

environment. A typical example of a basis set containing polarization function is the 6-

31G**, or equivalently, 6-31G(d,p), which considers d functions for heavy atoms and p 

functions for hydrogen and helium. To also provide for a description of species such as 

anions and molecules with lone pairs, which have a significant portion of the electron 
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density away from nucleus, the diffuse functions can be added to the basis set. They are 

indicated with the plus sign (+) and only a single + denotes a single set of diffuse functions 

on heavy atoms, two plus signs indicate that they are extended also on hydrogen [2,3].  

Most of the calculation in this thesis have been performed with the TZVP (triple zeta 

valence polarized), 6-31G*, 6-31+G*, 6-31G(d,p), 6-311G(d,p), 6-311+G(2d,p) and 6-

311++G** basis sets (Chapter 4). 

 

3.2.1. Numerical Atomic Orbitals  
Order-N methods, O(N), have become popular to simulate many-atoms systems because 

the computer time and the memory scale linearly with the simulated system size. In 

addition to solving the Schrödinger equation, they require the determination of the self-

consistent Hamiltonian in O(N) iterations, which is a difficult task to perform using plane 

waves. For this reason, strictly localized basis sets, i.e. orbitals that are strictly zero 

beyond a given cutoff radius rc, appear to be the best choice. These kinds of orbitals, also 

known as NAO’s, Numerical Atomic Orbitals, are generated by numerically solving the 

atomic KS equations with the corresponding approximate exchange-correlation 

functional. They can be employed to perform fast simulations using minimal basis sets, 

but also very accurate computations using expanded bases. NAO’s can be described 

considering three main features that are the size (number of orbitals for atom), the range 

(cutoff radius of orbitals) and the shape, and they are generated adapting known principles 

of quantum chemistry, such as the split-valence method. For an atom I, located at RI, 

NAO’s are defined as the product of a numerical radial function and a spherical harmonic 

function (Eq. 3.24): 

 

r][\*	(,) = r][*	(,])q[\	(,̂])  (Eq. 3.24) 

 

Where ,] 	= r- RI. Within this approach, multiple zeta basis sets can be generated by adding 

to each basis orbital a new basis function that reproduces exactly the tail of the original 

orbital but ensuring continuity towards the origin in a given cutoff radius rc (size feature). 

In this way, they combine the decay of the atomic eigenfunctions with a smooth behavior 

inside rc. Each radial function can have a different cutoff radius, hence a systematic way 

of defining all the different cutoff radii has been found in setting the split norm to 0.15 
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(range feature). The last feature is represented by the shape; hence polarization orbitals 

are added to the basis set (Eq. 3.25): 

 

r["0,\	(,) = pr["0	(,)q["0,\	(,̂) (Eq. 3.25) 

 

Where N is a normalization constant. 

Within this approach, the DZP (double zeta polarized) is considered the standard basis 

set, as it represents a good compromise between computational cost and accurate results, 

which are comparable to those obtained with plane-waves calculations [18-20]. DZP has 

been employed in this thesis to simulate the electronic properties of HTMs/MAPI 

interfaces, as implemented in Siesta software [20] (Section 4.2 of Chapter 4).  

 

3.3. Pseudopotentials  
Calculations on periodic systems are usually performed considering only the valence 

electrons explicitly, while pseudopotential functions are used to treat core electrons. They 

give wavefunctions with the same shape as the true wavefunction outside of the core 

region (cutoff radius), while they have only few nodes inside the core region. Such 

pseudopotentials that require few plane waves are defined “soft” pseudopotentials and 

they have large cutoff radius. On the other hand, pseudopotentials having small cutoff 

radius are defined “hard” and they are more computationally expensive. If the valence 

electrons pseudopotential reproduces the behavior of the valence electrons in the all-

electrons calculation, i.e. the total valence electron density in the core region is equal to 

that of the all-electron atoms, they are defined as “non-local norm-conserving” [3]. The 

most common pseudopotentials are the Ultrasoft [21], the Projector Augmented Wave 

[22] and the Troullier-Martins [23]. Troullier-Martins pseudopotentials (Eq. 3.26) 

consent to describe elements of the entire periodic table: 

 

k−
0
%3

^,

^3,
, +

[(["0)

%3,
+ 5[(,) + 5

V(,) + 5:;(,)l U[*(,) = t[*U[*(,)	 (Eq. 3.26) 

 

where 5[, 	 5V 	 and 	5:;  are the semilocal potential, the Hartree potential and the 

exchange-correlation potential for the pseudo-valence charge density, while U[* are the 

eigenstates of the semilocal pseudopotential at energy t[* [20]. 
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Troullier-Martins pseudopotentials are implemented in Siesta software [20], and they 

have been used in this thesis to characterize the HTMs/MAPI properties (Section 4.2 of 

Chapter 4). Indeed, even if their usage is not strictly necessary with atomic basis sets, 

they allow to accurately represent a smooth charge density in a real-space grid [20].   

 

3.4. Dispersion Forces  
One limit of the DFT theory concerns the inability to describe dispersion forces, which 

have a crucial role in interfacial phenomena. Indeed, when two systems are close to each 

other, there is a repulsion between their electron densities, but at intermediate distances, 

a weak attracting force is created: the electron density of system A induces a perturbation 

in the electron density of system B and a temporary dipole moment is created. This 

attracting force decays with r-6, where r is the intermolecular distance between the two 

considered systems [2, 24]. In order to include dispersion forces, van der Waals-based 

functionals and the DFT-D approach have been developed [25-27]. The latter consists in 

adding a semi-empirical dispersion potential to the KS DFT energy and it is more 

convenient in terms of computational costs. The total DFT-D3 energy has been defined 

by Grimme as Eq. 3.27: 

 

)?_`4?F = )./4?_` + )^(ab  (Eq. 3.27) 

 

where )^(ab is the dispersion term, defined as Eq. 3.28: 

 

)^(ab
?F(Ec)

= −
0
%
	∑ ?d(e5

;/%$
3%$
/ x̂ ,d;,(5< + ?I 	

;0%$
3%$
0 x̂ ,I;,(5<   (Eq. 3.27) 

 

Where ?d and ?I are scaling parameters, depending on the density functional, yd(5 and 

yI(5 are the dispersion coefficients for the ij atoms, ,(5 is the interatomic distance, x̂ ,d 

and x̂ ,I are damping functions that regulate the attractive term. The dispersion 

coefficients in DFT-D3 are geometry dependent and they are calculated from first-

principles. One of the most common damping schemes is that proposed by the Becke-

Jonson (BJ) [27] and it is adopted in this thesis to determine the structural features of 

HTMs/MAPI systems (Section 4.2 of Chapter 4). 
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3.5. Solvation Methods 
As solvents may largely affect the properties of systems of interest, solvation models have 

been proposed to include solvents contribution in calculations. In this thesis, two 

solvation methods have been used: the Polarizable Continuum Model (PCM) [28] and the 

Averaged Solvent Electrostatic Potential from Molecular Dynamics (ASEP/MD) [29], 

briefly introduced in the next sections. 

 

3.5.1. Polarizable Continuum Model 
In continuum models the solvent acts as a perturbation on the gas-phase behavior of the 

system. The solvation free energy is described as the energy change when a molecule is 

transferred from the vacuum to the solvent (Eq. 3.28): 

 

∆zaU[f = ∆z+[+- + ∆zf^g + ∆z-Cf + (∆zhi)     (Eq. 3.28) 

 

where ∆z+[+- is the electrostatic component, ∆zf^g addresses for the van der Waals 

interactions between the solvent and the solute and it can be divided into a repulsive and 

an attractive term, ∆z3+b and ∆z^(ab, respectively, while ∆z-Cf is the free energy required 

to form the solute cavity within the solvent. (∆zhi) is an auxiliary hydrogen-bonding 

term that can be added in systems where localized hydrogen bonds between solvent and 

solute are present. This model considers the solvent as a continuous dielectric medium 

creating a cavity that contains the solute. The cavity is created from the van der Waals 

radii of the atoms and its surface is divided into small surface elements, each of them 

associated to a point charge which represent the polarization of the solvent. The total 

electrostatic potential at each surface element is described as Eq. 3.29: 

 

j(,) = j6(,) + j@(,)   (Eq. 3.29) 

 

where j6(,) is the potential due to the solute and ja(,) is the potential due to the surface 

charges. The initial value of the point charges is calculated from the electric field gradient 

of the solute (Eq. 3.20): 

 

{( = −k
j40
klj
l )(∆|	 (Eq. 3.30) 
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where 7 is the dielectric constant of the medium, )( is the electric field gradient and ∆|	is 

the area of the surface element. The contribution from other point charges is calculated 

through the Coulomb’s law and they are modified until the self-consistency is reached. 

The resulting potential j@(,) is then added to the solute Hamiltonian (Eq 3.31) and an 

iterative SCF calculation starts, until the solute wavefunction and the surface charges are 

self-consistent [2,28].  

 

& = &B +	j@(,)   (Eq 3.31) 

 

This solvation method has been included in several calculations throughout this thesis 

(see Chapter 4).  

 

3.5.2. Averaged Solvent Electrostatic Potential from Molecular 

Dynamics 
The Averaged Solvent Electrostatic Potential from Molecular Dynamics (ASEP/MD) 

solvation method is a combination of continuum and quantum mechanics/molecular 

mechanics (QM/MM) methods, allowing a good description of the solute and of the 

solute-solvent interactions too. Indeed, as in continuum models, the solvent effect is 

introduced in the solute Hamiltonian as a perturbation in an averaged way (mean field 

approximation): the solvent perturbation is the averaged value of the potential generated 

by the solvent in the volume occupied by the solute. However, this distribution is obtained 

from QM/MM simulations: the solute is described with QM methods, while the solvent 

is described with MM force fields, i.e. ignoring the electronic motions and only 

considering the nuclear positions. The ASEP/MD Hamiltonian is then the combination of 

the solute and the solvent Hamiltonians plus the Hamiltonian of the interaction between 

the two subsystems, as described in Eq. 3.32. 

 

&' = &'mn + &'nn + &'mn/nn  (Eq. 3.32) 

 

The &'nn does not involve the quantum subsystem, then it is computed separately, while 

the energy of the solvated solute is obtained solving the effective Schrödinger equation 

(Eq. 3.33). 
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;&'mn + &'mn/nn<|	U >= )	|	U >   (Eq. 3.33) 

 

The &'mn/nn term accounts for the electrostatic and the van der Waals interaction (Eq. 

3.34): 

 

&'mn/nn = &'mn/nn
+[+-

+ &'mn/nn
f^g  (Eq. 3.34) 

 

where &'mn/nn
f^g  depends only on the nuclear coordinates of solvent and solute, thus 

it does not affect the solute wavefunction, while &'mn/nn
+[+- term is defined as follows 

(Eq. 3.35): 

 

&'mn/nn
+[+-

= ∫=,	*	} < 5a(,; *) >	  (Eq. 3.35) 

 

where *	}  is the solute charge density operator and < 5a(,; *) > is the ASEP term: the 

average electrostatic potential generated by the solvent at position r, obtained from 

molecular dynamics (MD) calculations where the solute molecule is taken at fixed 

geometry. This potential is represented by a set of point charges {( (Eq. 3.36) that simulate 

the electrostatic potential generated by the continuous solvent distribution:  

 

< 5a(,; *) >	= ∑
p%
343%(    (Eq. 3.36) 

 

The ASEP/MD method proceeds as follows: 

1. The solute charge distribution is obtained from a QM calculation in gas-phase; 

2. The obtained charge distribution is used as input in a MD calculation to find the 

structure of the solvent around the solute; 

3. The ASEP charges are determined and introduced in the solute Hamiltonian; 

4. The electronic wavefunction of the solute is determined by solving the effective 

Schrödinger equation; 

5. A new charge distribution for the solute is found and it represents the input for a 

new MD simulation. 

This procedure is repeated until convergence in the solute charges is achieved [29].  
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In this thesis, ASEP/MD method has been used to study the influence of the selected 

solvent on the absorption properties of DQ3 fluorophore designed for LSCs application. 

In particular, the results obtained with this method have been compared to those obtained 

employing PCM as solvation method (Section 4.7.1 of Chapter 4). 

 

3.6. Software used 
The main software used in this thesis are: 

1. Gaussian, Inc.: a computational chemistry software that allows to calculate the 

electronic structure and the main properties of molecules in gas-phase and in 

solution. In this thesis Gaussian09 and Gaussian16 versions have been used 

[30,31].  

2. Siesta: a method and a computer program implementation that allow to calculate 

the electronic structure and the main properties of molecules and solids [20]. 

3. ASEP/MD: a method and a computer program that allow to study the solvent 

effects in a specific case study. External programs are implemented in ASEP/MD 

such as Gaussian, Inc. package [30, 31], to perform QM simulations, and 

GROMACS [32], to perform MD simulations.  

4. Avogadro: a molecular editor and a visualization tool that allows to construct 

molecular geometries in 3D and analyze chemical and molecular data [33].  

5. VESTA: a 3D visualization tool that allows to analyze the crystal structures from 

crystallographic studies and electronic state calculations [34]. 
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Chapter 4. Results and Discussion 
The results of the research carried out by the PhD candidate are presented here. They are 

collected in seven manuscripts published in peer-reviewed international journals plus a 

last one which is to be submitted. More specifically, this Chapter reports the results 

concerning PSCs in Sections 4.1 and 4.2, the results related to the DSSCs technology in 

Sections 4.3, 4.4 and 4.5 and those obtained in the LSCs framework in Sections 4.6, 4.7 

and 4.8.  

 

4.1. Manuscript 1: “DFT and TDDFT investigation of four 

triphenylamine/phenothiazine-based molecules as potential novel 

organic hole transport materials for perovskite solar cells” 

Authors: C. Coppola, R. Infantino, A. Dessì, L. Zani, 

M. L. Parisi, A. Mordini, G. Reginato, R. Basosi, and A. Sinicropi.  

Publication: Materials Chemistry and Physics 278, 125603 (2022). 

https://doi.org/10.1016/j.matchemphys.2021.125603 

Publisher: ELSEVIER B.V. 

Supporting Information available at https://doi.org/10.1016/j.matchemphys.2021.125603 

Reproduced with permission from ELSEVIER B.V.  
 

In this work, the in silico design of four novel hole transport materials (HTM1-4) based 

on triphenylamine and phenothiazine moieties has been carried out. The well-known 

structural and electronic optimal properties that a good HTM should possess to be 

considered as a suitable candidate for the construction of potentially efficient PSCs have 

been investigated by means of DFT and TDDFT methods. The results of this study 

suggest that HTM1-4 possess appropriate electronic properties that contribute to promote 

the hole transport process, i.e. HOMO and LUMO energy levels well aligned with the 

VB and CB of MAPI perovskite, respectively, and a suitable electron density and spin 

density distributions. Additionally, their absorption properties do not compete with the 

MAPI absorption, and they have good chemical hardness. Comparing the results with 

those of two of the most performant HTMs reported in literature, Spiro-OMeTAD and 

PTZ2, it has been demonstrated that HTM1-4 could be considered as valid HTMs 

candidates.  
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As first author of the manuscript, the PhD candidate’s contribution refers to the 

conceptualization and application of computational methodologies to investigate the 

HTMs properties, as well as the writing of the original draft.  
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4.2. Manuscript 2: “Electronic structure and interfacial features of 

triphenylamine- and phenothiazine-based hole transport materials for 

methylammonium lead iodide perovskite solar cells” 
 

Authors: C. Coppola, A. Pecoraro, A. B. Muñoz-García, R. Infantino, A. Dessì, G. 

Reginato, R. Basosi, A. Sinicropi, and M. Pavone.  

Publication: submitted, 2022.  

 

In this section, the results of a first-principles investigation of the interfacial electronic 

properties between the recently designed HTM1 (See Section 4.1) and the most popular 

MAPI perovskite are presented. Noteworthy, the design of novel HTMs should be 

accompanied by the study of their electronic properties that could be strongly influenced 

by the interaction with the perovskite material. Currently, the phenomena occurring at the 

interface are still not fully understood [1] and, in particular, the interfacial properties of 

MAPI/HTMs based on both TPA and PTZ moieties have never been investigated so far. 

Additionally, only few computational studies exploring the interfacial behavior of the 

state-of-the-art Spiro-OMeTAD with the MAPI are present [2-5]. For these reasons, in 

this work the interfacial phenomena of the system HTM1/MAPI have been investigated 

and compared to those of Spiro-OMeTAD/MAPI and PTZ1,2/MAPI [6]. The results of 

this study confirm the suitability of HTM1 as HTM. Additionally, it has been proven that 

it has good interaction phenomena with MAPI, but this is not enough to guarantee an 

effective hole transport process. An inadequate driving force for the hole 

injection/extraction has been also found for Spiro-OMeTAD/MAPI and PTZ1 and 

PTZ2/MAPI, showing that the binding motif is not the only parameter influencing the 

charge transport process, while the perovskite composition has also an important impact. 

The difficulty in applying MAPI for real devices’ fabrication with TPA and PTZ-based 

HTMs is thus supported, in agreement with experimental results obtained in collaboration 

with ICCOM-CNR and CHOSE [7]. 

 

Computational details 

Neutral and oxidized geometries of HTM1, Spiro-OMeTAD, PTZ1 and PTZ2 have 

been optimized by means of Density Functional Theory (DFT) [8,9] at B3LYP/6-

31G(d,p) [10,11] and PBE/6-31G(d,p) [12] levels of theory in vacuo, including dispersion 
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forces within the Grimme’s D3 framework [13] and using the damping scheme by Becke 

and Johnson (D3BJ) [14,15], as implemented in Gaussian 16, Revision C.01 suite of 

programs [16]. Frequency calculations have been performed at the same levels of theory 

to check that stationary points were true energy minima.  

The reorganization energies of compounds HTM1, Spiro-OMeTAD, PTZ1 and PTZ2 

have been calculated at PBE/6-31G(d,p) and B3LYP/6-31G(d,p) levels of theory in vacuo 

and in toluene on the lowest energy neutral and oxidized optimized geometries at PBE/6-

31G(d,p) and B3LYP/6-31G(d,p) levels of theory, respectively. The adiabatic potential 

energy surface method has been employed (Eq. 4.2.1) [17, 18] and the solvent effects 

have been included by using the polarizable continuum model (PCM) [19]:  

 

C = ()B
∗ − )B) + ()"

∗ − )")  (Eq. 4.2.1) 

 

where )B∗ is the total energy of the neutral molecule at the cation geometry, )B represents 

the total energy of the neutral molecule, )"∗  stands for the total energy of the cation at the 

neutral molecule geometry and )" is the total energy of the cation. 

The oxidation potentials (zU,)	in vacuo of compounds HTM1, Spiro-OMeTAD, PTZ1 

and PTZ2 have been calculated at PBE/6-31G(d,p) and B3LYP/6-31G(d,p) levels of 

theory as reported in Eq. 4.2.2:  

 

zr: = zB −	z"   (Eq. 4.2.2) 

 

where zB stands for the free energy of the neutral molecules and z" represents the free 

energy of the oxidized molecules. 

Compounds HTM1, Spiro-OMeTAD, PTZ1 and PTZ2 have been further optimized 

with Periodic Boundary Conditions (PBC), as well as the cubic structure of the MAPI 

bulk, to investigate the electronic properties at HTMs/MAPI interface. DFT-GGA-PBE 

level of theory implemented in SIESTA 4.1 program package [20] has been employed, 

together with DZP basis set, including 5d10 semicore electrons for Pb atoms [21], and 

Troullier-Martins norm-conserving pseudopotentials [22]. A mesh cutoff of 400 Ry and 

1 x 1 x 1 and 8 x 8 x 8 Γ–centered Monkhorst-Pack k-point grids for sampling the BZ 

have been considered to optimize the four compounds and the MAPI bulk, respectively.  

The two symmetric (non-stochiometric) 5-layers slabs of the MAPI (001) surface, 

identified as MAPI:MAI and MAPI:PbI2, and the HTMs/MAPI energy minima have been 
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optimized at GGA-PBE, using DZP basis set (including 5d10 semicore electrons for Pb 

atoms) and Troullier-Martins norm-conserving pseudopotentials. A mesh cutoff of 400 

Ry and 8 x 8 x 1 and 1 x 1 x 1 Γ–centered Monkhorst-Pack k-point grids have been 

considered respectively for the optimization of MAPI slabs and HTMs/MAPI energy 

minima. SCF energy threshold and total forces threshold have been set at 10-5 eV and 

0.01 eV·Å-1, respectively, for each geometry optimization. HTMs/MAPI binding 

energies have been determined through single point calculations on the optimized systems 

at 8 x 8 x 1 Γ–centered Monkhorst-Pack k-point grid as follows (Eq. 4.2.3): 

 

)i(*^(*s = )(*D+3tC-+ − )n=H] − )\U[+-u[+   (Eq. 4.2.3) 

where )(*D+3tC-+ is the energy of the HTMs/MAPI system, )n=H] is the energy of the 

isolated MAPI slabs and )\U[+-u[+ is the energy of the isolated HTMs. 

Dispersion forces calculated by D3BJ damping scheme have been included to correct the 

energies of all the investigated systems.  

 
Results 

The molecular structures of the four considered compounds (HTM1, Spiro-OMeTAD, 

PTZ1 and PTZ2) are shown in Figure 4.2.1. 
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Figure 4.2.1. Molecular structures of compounds HTM1, Spiro-OMeTAD, PTZ1 and 

PTZ2. 

 

The reorganization energy C can strongly influence the hole transport behavior of HTMs. 

Indeed, the smaller is C, more rapid could be the hole transport, according to Marcus 

theory [17,18,23,24].  C can be separated into internal reorganization energy (C(*) and 

external reorganization energy (C+,D). Here, only the contribution from C(* is considered, 

as it represents the energy related to changes occurring in molecules’ nuclear coordinates 

during the charge transfer, while C+,D is often neglected as it accounts for the effect of the 

polarized medium on the charge transfer and it is usually small [17,18]. The 

reorganization energies of compounds HTM1, Spiro-OMeTAD, PTZ1 and PTZ2 

calculated in vacuo and in toluene are shown in Table 4.2.1. It can be noticed that the 

values have the same trend at both levels of theory and mediums. Additionally, data 

computed at B3LYP/6-31G(d,p) for Spiro-OMeTAD agree with those reported in 

literature by Chi et al. at B3LYP/6-31G(d,p) in dichloromethane (0.131 eV)  [25]. C 

values follow this order: HTM1 < Spiro-OMeTAD < PTZ2 < PTZ1, indicating that 

HTM1 may have a good hole mobility, hence it could be used without the addition of 

dopants for the construction of devices, differently from the other three HTMs, whose 

usage in combination with p-doping has already been reported in literature [6,26].  

S

N

NN

OMe

OMe

OMeOMe

MeO

S

N

OMe

N

OMe

OMe

N

OMe

MeO

HTM1
MeO

MeO

MeO

MeO

OMe

OMe

OMe

OMe

Spiro-OMeTAD

PTZ1 PTZ2



 

 65 

Table 4.2.1. Reorganization energies (C in eV) in vacuo and in toluene of HTM1, Spiro-

OMeTAD, PTZ1 and PTZ2 calculated at PBE/6-31G(d,p) and B3LYP/6-31G(d,p) 

levels of theory, including the solvent effects by PCM.  

Molecule ~ (eV) 
PBE/6-31G(d,p) 

~ (eV) 
B3LYP/6-31G(d,p) 

# $ # $ 
HTM1 0.064 0.061 0.092 0.090 

Spiro-OMeTAD 0.087 0.076 0.132 0.120 
PTZ1 0.233 0.222 0.381 0.372 
PTZ2 0.139 0.132 0.217 0.213 

# Calculated values in vacuo 

$ Calculated values in toluene 

 

To further investigate the suitability of HTMs in PSCs, it is important to check if their 

oxidation potentials (zU,)	are well aligned with the VB of MAPI [17,27]. For this reason, 

the zU,	 in vacuo of HTM1 has been calculated at PBE/6-31G(d,p) and B3LYP/6-

31G(d,p) levels of theory and it has been compared to calculated zU, of Spiro-OMeTAD, 

PTZ1 and PTZ2 calculated at the same levels of theory (Table 4.2.2).  

 

Table 4.2.2. Oxidation potentials (zU, in eV) in vacuo of HTM1, Spiro-OMeTAD, 

PTZ1 and PTZ2 calculated at PBE/6-31G(d,p) and B3LYP/6-31G(d,p) levels of theory.  

Molecule zU,(eV) 
PBE/6-31G(d,p) 

zU, (eV) 
B3LYP/6-31G(d,p) 

HTM1 -4.48 -4.99 
Spiro-OMeTAD -4.61 -5.00 

PTZ1 -4.66 -4.95 
PTZ2 -4.71 -5.10 

 

Table 4.2.2 shows that the obtained zU, values follow the trend expected for both DFT 

functionals: pure functionals, such as PBE, tend to underestimate zU,, while the increase 

of the Hartree-Fock exchange increases zU, values, as recently reported by Wang et al. 

[28]. The calculated zU, of Spiro-OMeTAD at B3LYP/6-31G(d,p) is in agreement with 

that reported by Wang et al. (-4.98) and with its experimental oxidation potential (-5.09 

eV in CH2Cl2) [5], while those of PTZ1 and PTZ2 are in accordance with the 

experimental oxidation potentials at -4.77 eV and -5.15 eV reported by Grisorio et al. [6]. 

zU,	values of HTM1 are very similar to those of the other three compounds and they are 

higher in energy than the VB of MAPI (-5.4 eV) [27]. All these results confirm that 
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HTM1 is a valid candidate as HTM in PSCs. To further investigate HTM1 potential 

applicability in MAPI solar cells, its electronic properties at the interface with MAPI have 

been characterized here. In this regard, the cubic structure (Pm3m) of MAPI bulk, the 

most stable by single-crystal X-ray diffraction analysis, has been fully optimized at GGA-

PBE level of theory. The lattice constants resulted to be a=6.256 Å, in very good 

agreement with the experimental ones (a=6.276 Å) [29]. The MAPI (001) surface, one of 

the most stable of cubic and tetragonal phases [2,30], has been selected to build the two 

symmetric (non-stochiometric) slabs with the two possible MAPI terminations: the 

MAPI:PbI2 and the MAPI:MAI. A surface energy convergence test has been carried out 

considering slabs composed of 5, 7 and 9 crystal planes. The surface’s energy 

()au3tC-+)	is calculated as reported in Eq. 4.2.4, where )a[Cin=] and )a[Ci
Hi], are the energy of 

the MAI- and the PbI2-terminated slabs, while )iu[v is the energy of the MAPI unit cell. 

The energies of the considered slabs are reported in Table 4.2.3.  

 

)au3tC-+ =
(91.23

4!5"91.23
635,)4937.8

%∗=3+C1.23
  (Eq. 4.2.4) 

 

Table 4.2.3. Surface’s energy (in eV/Å2) of 5, 7 and 9-layers MAPI (001) slabs. 

Slab �wxyz{|} (eV/Å2) �wxyz{|} including 
D3BJ (eV/Å2) 

5-layers 1.97 0.03 
7-layers 1.45 0.02 
9-layers 2.24 0.03 

 

As reported in Table 4.2.3, the surface’s energy of the 5-layers slab of MAPI (001) 

converged. Hence, as it represents a good compromise between accuracy and 

computational costs, it has been used to build the supercells for the investigation of the 

adsorption mechanisms of the considered molecules. 

The MAPI bulk structure and the symmetric 5-layers slabs of MAPI:PbI2 and MAPI:MAI 

here considered are reported in Figure 4.2.2.  
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Figure 4.2.2. (a) MAPI unit cell; 5-layers slabs of (b) MAPI:PbI2 and (c) MAPI:MAI. 

Color label of atomic spheres: Pb-dark gray; I-violet; C-light grey; N-blue; H-white. 

 

Supercells of 7 x 7 for HTM1, 4 x 4 for Spiro-OMeTAD and PTZ1 and 6 x 6 for PTZ2 

for each MAPI termination have resulted to be large enough to accommodate the 

molecules. In order to account for the molecules’ complex structures and to obtain reliable 

energy minima for each termination, HTM1, PTZ1 and PTZ2 have been placed on the 

MAPI (001) surface considering two possible orientations: in the down orientation the 

PTZ moieties are exposed on the MAPI surface, while in the up orientation are the 

methoxybenzene of TPA moieties to be exposed (Figures 4.2.3, 4.2.4, 4.2.6. and 4.2.7). 

Considering Spiro-OMeTAD, it is known that it interacts with the MAPI by exposing 

the methoxybenzene of the arylamine moieties [2-5], hence the up and down orientations 

are referred to the exposition of the methoxybenzene of the two different facets of the 

9,9’-spirobifluorene core. The energy minima of HTMs/MAPI:PbI2 and 

(a) unit cell of cubic MAPI

(b) MAPI:PbI2 (c) MAPI:MAI 
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HTMs/MAPI:MAI systems have been found by moving the molecules at different 

distances on the MAPI (001) surface. During this process, neither the molecules nor the 

surface atoms have been allowed to relax. Indeed, only the energy minima for each system 

have been optimized and their binding energies have been calculated according to Eq. 

4.2.3. The binding energies considering both up and down orientations of 

HTM1/MAPI:PbI2 and HTM1/MAPI:MAI are shown in Table 4.2.4. For Spiro-

OMeTAD/MAPI, PTZ1/MAPI and PTZ2/MAPI, only the binding energies of the most 

stable interface for each MAPI termination are reported (Table 4.2.4).  

 

Table 4.2.4. Binding energies (Ebinding in eV) of the considered systems calculated at 

GGA-PBE, including D3BJ dispersion forces.  

Interface Ebinding (eV) 
HTM1/MAPI:PbI2 (up) -1.49 

HTM1/MAPI:PbI2 (down) -1.00 
HTM1/MAPI:MAI (up) -5.01 

HTM1/MAPI:MAI (down) -2.63 
Spiro-OMeTAD/MAPI:PbI2 (down) -2.83 
Spiro-OMeTAD/MAPI:MAI (down) -2.14 

PTZ1/MAPI:PbI2 (up) -1.61 
PTZ1/MAPI:MAI (up) -2.99 

PTZ2/MAPI:PbI2 (down) -7.30 
PTZ2/MAPI:MAI (down) -6.08 

 

The results in Table 4.2.4 reveal that for HTM1/MAPI:PbI2 the interaction is stabilized 

when HTM1 adopts the up orientation, i.e. when the methoxybenzene of the TPA 

moieties are exposed on the MAPI surface. In this case, some distortions in the overall 

MAPI surface are present (Figure 4.2.3 (a)). On the other hand, when HTM1 adopts the 

down orientation, the resulting interaction with the MAPI (001) surface is promoted by 

the sulfur atoms of the PTZ moieties and it is just a localized event, hence the binding 

energy results to be higher (less negative) than in the previous case (Figure 4.2.3 (b)). 

The electronic properties of HTM1/MAPI:PbI2 systems have also been analyzed in terms 

of projected Density of States (pDOS), and they are reported in Figure 4.2.3 (c,d). Despite 

HTM1 has a good interaction with the MAPI:PbI2 surface, in particular when it adopts 

the up orientation, from the pDOS plots emerge that the VB of MAPI has always higher 

energy than the HOMO level of HTM1. This outcome suggests that the hole has not the 

sufficient driving force to be injected into HTM1 and undesired charge recombination 

events can occur.  
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Figure 4.2.3. Energy minima of: (a) HTM1/MAPI:PbI2 (up), (b) HTM1/MAPI:PbI2 

(down) and pDOS plots of (c) HTM1/MAPI:PbI2 (up) and (d) HTM1/MAPI:PbI2 

(down). Color label of atomic spheres: Pb-dark gray; I-violet; C-light grey; N-blue; H-

white; O-red; S-yellow. 

 

 
Figure 4.2.4. Energy minima of: (a) HTM1/MAPI:MAI (up), (b) HTM1/MAPI:MAI 

(down) and pDOS plots of (c) HTM1/MAPI:MAI (up) and (d) HTM1/MAPI:MAI 

(down). Color label of atomic spheres: Pb-dark gray; I-violet; C-light grey; N-blue; H-

white; O-red; S-yellow. 

(b) HTM1/MAPI:PbI2 (down)(a) HTM1/MAPI:PbI2 (up)

(c) HTM1/MAPI:PbI2 (up) (d) HTM1/MAPI:PbI2 (down)

(b) HTM1/MAPI:MaI (down)(a) HTM1/MAPI:MaI (up)

(c) HTM1/MAPI:MAI (up) (d) HTM1/MAPI:MAI (down)
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The binding energies of HTM1/MAPI:MAI are lower (more negative) that those of 

HTM1/MAPI:PbI2 systems. However, even for this MAPI termination, the interaction is 

favored when HTM1 exposes the methoxybenzene of the TPA moieties (up orientation). 

Additionally, in this last case, the binding energy results to be the most stabilized thanks 

to the formation of hydrogen bonds between the oxygen atoms of HTM1 

methoxybenzene moieties and the hydrogen atoms of MAPI methylammonium cations 

(Figure 4.2.4(a)). On the other side, when HTM1 adopts the down orientation exposing 

the PTZ moieties, the sulfur atoms are responsible for a localized interaction with the 

MAPI surface, as occurs also for the PbI2- termination (Figure 4.2.4(b)). Looking at the 

pDOS plots (Figure 4.2.4(c,d)), it can be noticed that the VB of MAPI always lies at 

higher energy than the HOMO level of HTM1 and this finding is also more evident with 

respect to what reported for the PbI2- termination. Hence, it is possible to affirm again 

that there is not the adequate driving force for the hole injection/extraction. Considering 

these results, the chemical doping of HTM1 could be considered as a valid approach to 

increase its HOMO energy level when MAPI is adopted for the construction of PSCs 

devices. Nevertheless, two aspects should be considered: i) the doping could lead to 

perovskite degradation [1,27,31,32]; ii) isolated HTM1 possesses optimal properties to 

be used as dopant-free HTM. For these reasons, the exploration of different perovskite 

compositions could allow to understand the real potential of this molecule in PSCs 

devices. Indeed, HTM1 has recently been synthetized, fully characterized, and 

investigated as a dopant-free HTM in a methylammonium-free p-i-n PSC together with 

our collaborators at ICCOM-CNR and CHOSE [7, see also Appendix B]. The PSC built 

with HTM1 and Cs0.17FA0.83Pb(I0.9Br0.1)3 perovskite achieved the 17.26% of PCE, while 

that obtained employing the standard PTAA in the same experimental conditions resulted 

to be 17.96% [7]. This result confirms our computational findings: HTM1 has a great 

potential as HTM, and the perovskite formulation has an important impact on the hole 

transport process.  

The energy minima of Spiro-OMeTAD/MAPI are shown in Figure 4.2.5. The lowest 

binding energy values have been found when the molecule has the down orientation on 

both PbI2- and the MAI-exposing facets of MAPI. Indeed, the oxygens of 

methoxybenzene moieties interact with the Pb atoms of the MAPI in Spiro-

OMeTAD/MAPI:PbI2 (Figure 4.2.5(a)) and with the hydrogens of methylammonium 

cations in Spiro-OMeTAD/MAPI:MAI (Figure 4.2.5(b)). From the pDOs plots (Figure 

4.2.5(c,d)), it emerges that the HOMO of Spiro-OMeTAD has the same energy of the 
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VB of MAPI considering the Spiro-OMeTAD/MAPI:PbI2 system, while its HOMO level 

has lower energy than the VB of MAPI in Spiro-OMeTAD/MAPI:MAI system. Hence, 

also in the case of Spiro-OMeTAD interacting with the (001) surface of cubic MAPI, 

there is not the adequate driving force for the hole injection/extraction.  

 
Figure 4.2.5. Energy minima of: (a) Spiro-OMeTAD/MAPI:PbI2 (down), (b) Spiro-

OMeTAD/MAPI:MAI (down) and pDOS plots of (c) Spiro-OMeTAD/MAPI:PbI2 

(down) and (d) Spiro-OMeTAD/MAPI:MAI (down). Color label of atomic spheres: 

Pb-dark gray; I-violet; C-light grey; N-blue; H-white; O-red. 

Considering the energy minima of PTZ1/MAPI (Figure 4.2.6(a,b)), the interaction is 

favored when the molecule adopts the up orientation, i.e. exposing the methoxybenzene 

of arylamines moieties on both MAPI surface terminations. In particular, the most 

negative binding energy is associated to PTZ1/MAPI:MAI (up) and it is justified by the 

formation of hydrogen bonds between the oxygens of PTZ1 methoxybenzene moieties  

and the hydrogens of MAPI methylammonium cations (Figure 4.2.6(a)), as it also occurs 

for HTM1/MAPI:MAI (up). While the pDOS plots (Figure 4.2.6(c,d)) of 

PTZ1/MAPI:MAI (up) reveal the same behavior found for HTM1 and Spiro-OMeTAD, 

for PTZ1/MAPI:PbI2 (up) the trend is inverted. Indeed, the HOMO level of PTZ1 lies at 

higher energy than the VB of MAPI, thus it should be able to extract the holes from the 

perovskite. 

(a) Spiro-OMeTAD/MAPI:PbI2 (down) (b) Spiro-OMeTAD/MAPI:MAI (down)

(c) Spiro-OMeTAD/MAPI:PbI2 (down) (d) Spiro-OMeTAD/MAPI:MAI (down)
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Figure 4.2.6. Energy minima of: (a) PTZ1/MAPI:PbI2 (up), (b) PTZ1/MAPI:MAI (up) 

and pDOS plots of (a) PTZ1/MAPI:PbI2 (up) and (b) PTZ1/MAPI:MAI (up). Color 

label of atomic spheres: Pb-dark gray; I-violet; C-light grey; N-blue; H-white; O-red; S-

yellow. 

 

In Figure 4.2.7 are reported the energy minima of PTZ2/MAPI. In this case, the binding 

energies result stabilized when PTZ2 adopts the down orientation on MAPI (001). This 

is because PTZ2 interacts with the MAPI by exposing the sulfur atom, but also the 

methoxybenzene directly linked to the PTZ nitrogen. Indeed, this methoxybenzene 

assumes an almost parallel position with respect to the nitrogen, becoming responsible 

for additional interactions (Figure 4.2.8(a,b)) that are not present in PTZ1/MAPI systems. 

This binding mode contributes to lower the binding energy to more negative values. On 

the contrary, when PTZ1 adopts the down orientation in PTZ1/MAPI systems, the 

methoxybenzene directly linked to the PTZ nitrogen has a more pronounced torsion than 

in PTZ2 case, which hampers the sulfur atom to interact with the MAPI (Figure 

4.2.8(c,d)). Even if PTZ2 has the most stabilized binding energies, from the pDOS plots 

(Figure 4.2.7(c,d)) an inadequate driving force for the hole injection/extraction process 

can be noticed, as also found for HTM1 and Spiro-OMeTAD. This outcome could 

appear inconsistent with the good performance of this molecule in PSCs devices reported 

by Grisorio et al. [6]. Nevertheless, the authors also reported that: i) PSCs devices have 

been built adding dopants to PTZ1 and PTZ2, ii) the employed perovskite was not the 

(c) PTZ1/MAPI:PbI2 (up) (d) PTZ1/MAPI:MAI (up)

(a) PTZ1/MAPI:PbI2 (up) (b) PTZ1/MAPI:MAI (up)

-4 -4
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MAPI, but the mixed halide (bromine and iodine) and cations (methylammonium, 

formamidinium and cesium).  

 

 
Figure 4.2.7. Energy minima of: (a) PTZ2/MAPI:PbI2 (down), (b) PTZ2/MAPI:MAI 

(down) and pDOS plots of (a) PTZ2/MAPI:PbI2 (down) and (b) PTZ2/MAPI:MAI 

(down). Color label of atomic spheres: Pb-dark gray; I-violet; C-light grey; N-blue; H-

white; O-red; S-yellow. 

 

 
Figure 4.2.8. (a) PTZ2 down orientation on MAPI:PbI2 surface, (b) PTZ2 down 

orientation on MAPI:MAI surface, (c) PTZ1 down orientation on MAPI:PbI2 surface 

and (d) PTZ1 down orientation on MAPI:MAI surface. 

(c) PTZ2/MAPI:PbI2 (down) (d) PTZ2/MAPI:MAI (down)

(a) PTZ2/MAPI:PbI2 (down) (b) PTZ2/MAPI:MAI (down)

(a) 
PTZ2/MAPI:PbI2 (down)

(b) 
PTZ2/MAPI:MAI (down)

(d) 
PTZ1/MAPI:MAI (down)

(c) 
PTZ1/MAPI:PbI2 (down)
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In conclusion, the results obtained from the investigation of PTZ2/MAPI are an 

additional proof that a good binding motif is not the only parameter affecting the charge 

transport process. Indeed, it is not sufficient to determine the adequate driving force for 

the hole injection/extraction, but the perovskite formulation has also a fundamental 

impact. In this regard, the MAPI perovskite does not contribute to an efficient charge 

transport process when combined to TPA and PTZ-based HTMs. This outcome supports 

the difficulty in applying MAPI for real devices’ fabrication with the aforementioned 

HTMs. A future perspective of this work implicates additional computational studies 

involving different perovskite compositions, with the aim of providing new insights into 

interfacial processes in PSCs.  
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In this work, a new series of symmetrical D-A-D dyes and one unsymmetrical D-A-π-A 

dye containing the indigo core have been designed, synthetized and fully characterized. 

Concerning the symmetrical D-A-D dyes, they have been endowed with different donor 

groups and it has been evaluated how their structure influences the interaction with light, 

as well as the energy and the nature of their electronic transitions. Additionally, the indigo 

scaffold has been evaluated as auxiliary acceptor unit when inserted in a D-A-π-A 

structure, combined to a triarylamine donor group and a cyanoacrylate acceptor group. 

Thus, the possibility of obtaining green colored D-A-π-A organic sensitizers bearing the 

indigo scaffold has been investigated for DSSCs application. As predicted from the 

computational investigation, the spectroscopic and the electrochemical characterization 

of the indigo-based D-A-π-A dye (DF90) confirmed its suitability for such application.  

The PhD candidate’s contribution refers to the application of DFT and TDDFT methods 

for the prediction of the main optoelectronic properties of all the tautomeric forms of the 

indigo-based dyes. In particular, the ground-state geometries, the energy and the shape of 

FMOs and the excited-state properties have been calculated for the keto–keto (KK), keto–

enol (KE) and enol–enol (EE) tautomers of the considered dyes. Solvent effects have been 

included by PCM. Additionally, the PhD candidate gave her contribution to the writing 

of the manuscript.  
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Abstract: A new series of symmetrical organic dyes containing an indigo central core decorated
with di↵erent electron donor groups have been prepared, starting from Tyrian Purple and using the
Pd-catalyzed Stille-Migita coupling process. The e↵ect of substituents on the spectroscopic properties
of the dyes has been investigated theoretically and experimentally. In general, all dyes presented
intense light absorption bands, both in the blue and red regions of the visible spectrum, conferring
them a bright green color in solution. Using the same approach, an asymmetrically substituted
D–A-⇡–A green dye, bearing a triarylamine electron donor and the cyanoacrylate acceptor/anchoring
group, has been synthesized for the first time and fully characterized, confirming that spectroscopic
and electrochemical properties are consistent with a possible application in dye-sensitized solar
cells (DSSC).

Keywords: indigo dyes; DSSC; synthesis; cross coupling; spectroscopy

1. Introduction

Indigo (also known as C.I. Vat Blue 1) is a naturally occurring blue dye, originally obtained by
extraction of indican from plants. Acid-hydrolysis and mild oxidation produce the dye (Figure 1),
which has been known since ancient times and in di↵erent civilizations. Since the beginning, due
to the shortage of natural blue dyes, indigo has played an important role in the economies of many
countries, being mainly used for textile dyeing and printing and, indeed, it is still used in the fabric
industry today, where it has probably the largest application in denim [1].
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them a bright green color in solution. Using the same approach, an asymmetrically substituted D–
A-Δ–A green dye, bearing a triarylamine electron donor and the cyanoacrylate acceptor/anchoring 
group, has been synthesized for the first time and fully characterized, confirming that spectroscopic 
and electrochemical properties are consistent with a possible application in dye-sensitized solar cells 
(DSSC). 

Keywords: indigo dyes; DSSC; synthesis; cross coupling; spectroscopy 
�

1. Introduction�

Indigo (also known as C.I. Vat Blue 1) is a naturally occurring blue dye, originally obtained by 
extraction of indican from plants. Acid-hydrolysis and mild oxidation produce the dye (Figure 1), 
which has been known since ancient times and in different civilizations. Since the beginning, due to 
the shortage of natural blue dyes, indigo has played an important role in the economies of many 
countries, being mainly used for textile dyeing and printing and, indeed, it is still used in the fabric 
industry today, where it has probably the largest application in denim [1]. 

 
Figure 1. Biosynthesis of Indigo from Indican. Figure 1. Biosynthesis of Indigo from Indican.
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The first synthesis of indigo was reported by Adolf von Baeyer in 1882 [2] and its chemical
structure was elucidated one year later [3]. Shortly after, a practical manufacturing process was
developed and since 1897 natural indigo has almost been replaced by the synthetic molecule, which
is probably the most produced dye in the world [4]. Concerning the spectroscopic properties of
indigo [5–9], several studies have been reported, showing how the absorption spectrum of the dye
is dependent on the environment, ranging from red (540 nm) in the gas phase, to violet (588 nm)
in tetrachloromethane, to blue (606 nm) in polar solvents such as ethanol [8]. Moreover, indigo has
extremely low solubility in water and in common organic solvents, a high melting point (390–392 �C),
and gives highly-crystalline thin films upon evaporation. This behaviour is mainly due to the possibility
to form inter- and intramolecular hydrogen bonds as well as strong intermolecular ⇡-interactions,
which are also responsible for providing very good charge transporting properties. Accordingly,
indigo is an intrinsically ambipolar organic semiconductor with a bandgap of 1.7 eV, high and
well-balanced electron and hole mobilities (approx. 1 ⇥ 10�2 cm2/V·s) and good stability against
degradation in air [10]. For these reasons, the dye has been recently exploited for the application
in the field of natural and sustainable semiconductors, aiming to tackle the problem of electronic
waste by using naturally occurring, low toxic and biodegradable materials [11]. For instance, indigo
and its derivatives have found application as semiconductors in field-e↵ect transistors [4,10,11],
sensors [12,13], electrodes for ion batteries [14,15] and liquid crystals [16,17]. Moreover, the natural
dye extracted from Indigofera tinctorial [18] has been used to prepare dye-sensitized solar cells (DSSC),
a novel class of photovoltaics which represent a promising alternative to traditional silicon-containing
devices [19,20]. The working principle of a DSSC is inspired by natural photosynthesis, as the light
harvest is carried out by a dye, which is absorbed on a thin layer of a mesoporous semiconductor
(usually TiO2). For such an application some natural dyes have been used for titania sensitization,
although low photocurrent conversion e�ciencies (PCE) have been generally observed so far [21].
On the contrary, when specially designed molecules have been tested, better results were found, with
record e�ciency up to 13.6% [22]. In particular, donor-⇡-bridge-acceptor (D-⇡-A) structures [23–25]
are conventionally used in the design of organic photosensitizers and, frequently, triphenylamine
(TPA) and cyanoacrylic acid have been established to be optimal electron donor and electron acceptor
substituents for obtaining e�cient devices. Concerning the ⇡-bridge, a large number of di↵erent
heterocycles have been screened leading to several classes of sensitizers successfully used in DSSC.
The vast majority of them, however, absorb light only in the blue and green regions of the spectrum
(400–600 nm), giving rise to orange/red-colored devices, with the exception of those containing specific
chromophores such as, for example, squaraines [26–30]. Blue and green dyes [31,32], on the other
hand, have a high commercial interest due to both their lovely colours and their capability to absorb
the incident photons also in the red and near-infrared region (NIR) of the spectrum (600–800 nm),
maximizing solar light harvesting. A possible strategy to design this kind of sensitizers is that of
introducing an additional acceptor unit between the donor and the conjugated bridge, modifying D-⇡-A
structures into D-A-⇡-A ones. In this way, it is possible to a↵ect the energy levels of the sensitizers,
and maybe also improve their photostability [33,34]. Following this approach, the indigo unit can be
considered a very interesting auxiliary acceptor to be inserted into a D-A-⇡-A structure with the aim
of extending the absorption range and obtaining blue-green coloured organic sensitizers. However,
despite theoretical design supported the possibility to use indigo derivatives as DSSC sensitizers [35,36].
D-A-⇡-A indigo-based dyes have never been prepared and tested for such an application. From the
synthetic point of view, the modification of the pristine indigo to a more extended conjugated structure
is not an easy task, due to its low solubility. As a matter of fact, the first indigo derivatives with
conjugated aromatic substituents to be reported were obtained by modification of the precursors of the
indigo core [16,17,37,38]. Procedures for the modification of preformed indigo are more recent and
take advantage mainly of cross-coupling reactions of the 6-60 dibromo derivative Tyrian Purple (C.I.
Natural Violet) with electrophiles (Figure 2) [38–41]. Spectroscopic characterization of such derivatives
pointed out that it is possible to a↵ect the energy levels of indigoids by chemical design and that the
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e↵ect of substituents can be qualitatively predicted by DFT calculations. Moreover, derivatization can
drastically enhance the solubility in organic solvents, especially for functionalization in 4-40 and 7-70

position, resulting in twisting and buckling with respect to the central double bond [16].
In this paper, we report the preparation and the full spectroscopic characterization of some new

indigo-based dyes (Figure 2). In particular, some symmetrical D-A-D dyes featuring an extended
conjugation have been obtained, using a synthetic approach based on the Pd-catalyzed Stille-Migita
coupling, which was performed in very mild conditions. The new dyes have been spectroscopically
characterized and their optical properties compared with the results of computational investigations,
in order to understand how their structure influences the interaction with light and evaluate the nature
and energy of their electronic transitions. Based on these studies, an unsymmetrically substituted
indigo-based D-A-⇡-A dye was then designed, synthesized, and fully characterized, to assess the
possibility of using this sca↵old to prepare blue-green dyes for DSSC application.

Molecules 2020, 24, x FOR PEER REVIEW 3 of 22 

�

solubility in organic solvents, especially for functionalization in 4-4ȝ and 7-7ȝ position, resulting in 
twisting and buckling with respect to the central double bond [16]. 

In this paper, we report the preparation and the full spectroscopic characterization of some new 
indigo-based dyes (Figure 2). In particular, some symmetrical D-A-D dyes featuring an extended 
conjugation have been obtained, using a synthetic approach based on the Pd-catalyzed Stille-Migita 
coupling, which was performed in very mild conditions. The new dyes have been spectroscopically 
characterized and their optical properties compared with the results of computational investigations, 
in order to understand how their structure influences the interaction with light and evaluate the 
nature and energy of their electronic transitions. Based on these studies, an unsymmetrically 
substituted indigo-based D-A-Δ-A dye was then designed, synthesized, and fully characterized, to 
assess the possibility of using this scaffold to prepare blue-green dyes for DSSC application. 

 
Figure 2. Conjugated indigo derivatives reported in the literature and dyes developed in this study. 
(a) non t-Boc-protected compounds; (b) t-Boc-protected compounds). 

2. Results and Discussion�

Figure 2. Conjugated indigo derivatives reported in the literature and dyes developed in this study. (a)
non t-Boc-protected compounds; (b) t-Boc-protected compounds).



 

 82 

Molecules 2020, 25, 3377 4 of 20

2. Results and Discussion

2.1. Computational Investigation

To extend the conjugation of the indigo sca↵old we decided to exploit the e↵ect of triarylamine-
and thienyl groups, as they are very frequently used in the design of organic semiconductor materials
as well as DSSC sensitizers. In particular, we considered four symmetrical dyes 5a–d and a typical
D-A-⇡-A structure such as DF90 (Figure 2), where the cyanoacrylate moiety is essential not only as an
acceptor group (facilitating electron injection in the conduction band of TiO2) but also to ensure the
anchoring of the dye to the semiconductor surface.

The B3LYP/6-31G** optimized geometries, both in vacuo and in DCM, of keto–keto (KK), keto–enol
(KE) and enol–enol (EE) tautomers of compounds 5a, 5b, 5c, 5d, and DF90 display a planar structure in
the central indigo scaffold (dihedral angles 0.2�), whereas a more pronounced torsion is observed for
the bonds with R1 moieties (dihedral angles between 17� and 34�) (see Supporting Information Figures
S1–S4, for 5d only the KK tautomer is considered). No significant differences between the in vacuo and in
DCM optimized geometrical parameters and relative energies are found for all investigated compounds
(see Supporting Information Table S1). On the basis of the Boltzmann equation, the room temperature
DG values, computed on two representative molecules 5a and DF90, clearly indicate that the only
species that would be present in solution is the KK tautomer (see Supporting Information Table S2).
For such reason, in the following, we present and discuss only the results obtained for the KK tautomers.
The complete set of data including KE and EE tautomers is reported in the Supporting Information.

The absorption maximum (�a
max), vertical excitation energy (Eexc) and oscillator strengths (f )

computed in DCM on the minimized structures of KK tautomer of compounds 5a, 5b, 5c, 5d, and
DF90 are shown in Table 1. The DFT frontier molecular orbitals (FMOs) of the transitions are shown in
Figure 3.

Orbital plots are similar for compounds 5a and 5b: the HOMO and LUMO, i.e., the FMOs involved
in the lowest energy transition predicted at 604–610 nm, are localized over the indigo moiety and
have a ⇡ and ⇡* character, respectively. This charge distribution is the same found for indigo and its
derivatives in previous literature papers [9,38,42,43].

Table 1. TD-DFT (B3LYP/6-311++G**) absorption maxima (�amax), excitation energies (Eexc), oscillator
strengths (f) and contribution (%) to the transition in DCM for the lowest excited states having a
non-negligible oscillator strength of KK tautomer of compounds 5a, 5b, 5c, 5d and DF90.

Molecule Excited States �amax (nm) Eexc (eV) f Contribution (%)

5a 1 604 2.05 0.54 100%
H!L

5b 1 610 2.03 0.58 100%
H!L

5c
1 760 1.63 0.86 99%

H!L

3 594 2.08 0.32 99%
H-2!L

5d
1 746 1.62 0.76 99%

H!L

3 596 2.08 0.36 99%
H-2!L

DF90
1 857 1.44 0.32 99%

H!L

2 645 1.92 0.41 97%
H-1!L

DF90 # 1 543 2.28 0.66 80%
H-1!L

# computed at the CAM-B3LYP/6-311++G** level of theory.
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Similar localized orbitals correspond also to the HOMO-2 and LUMO of molecules 5c and 5d.
Indeed, the absorption predicted at about 594–596 nm for 5c and 5d is due to the HOMO-2!LUMO
transition. Likewise, the HOMO-1!LUMO transition of the asymmetric compound DF90, which
corresponds to the absorption maximum at about 645 nm, is characterized by the same ground-state
electron density delocalization on the Indigo part of the molecule. In this last case, the limited spatial
separation between these frontier molecular orbitals suggests a consequent limited intramolecular
charge separation upon photoexcitation of the dyes. The DFT FMOs energies obtained in DCM for
tautomer KK of 5a, 5b, 5c, 5d, and DF90 are reported in the Supporting Information (Figure S5).
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Figure 3. B3LYP/6-31G** ground-state electron density distributions in DCM of KK tautomer of
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2.2. Synthesis of Dyes

To prepare the symmetrical dyes 5a–d we used an approach (Scheme 1) similar to that already
described for the synthesis of 6,60-dithienylindigo [38]. Tyrian Purple (10) was obtained as a purple
powder in 71% yield, using the classical indigo-forming protocol [2]. To increase its solubility and
simplify its chemical manipulation and processing, Tyrian Purple was protected using (t-Boc)2O and
DMAP in DMF solution, and the soluble deep red product 11 was obtained in 92% yield. In order to
preserve the required but thermolabile t-Boc protection, the introduction of the side groups should
occur under very mild and chemoselective conditions. For these reasons we decided to take advantage
of the mild conditions usually applied in the Stille-Migita cross-coupling, and thus to react intermediate
11 with stannanes 12a–d (Scheme 1).
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Scheme 1. Stille-Migita cross-coupling of t-Boc-protected Tyrian Purple (10) with thienyl- and
triarylamino-stannanes 8a–d.

We optimized the reaction conditions using commercially available stannane 12a and found
that Pd2(dba)3 and the electron-rich tri(o-tolyl)phosphine was the best combination to generate the
active catalytic species able to perform the cross-coupling at 50 �C. In this way, deprotection of
the t-Boc group, which might occur when temperatures higher than 90 �C are used [44,45] and
the consequent precipitation of unprotected starting material was prevented. Thus, using toluene
as solvent and two equivalents of stannane 12a, symmetric indigo derivative 6a was obtained in
good yield in 5 h. The reaction was then repeated using the more electron-rich thienylstannane
12b, and two triarylamine-containing stannanes 12c and 12d, which were prepared as previously
reported. [44,46] In all cases, the corresponding coupling compounds 6b–d were recovered with high
yields after purification. Unfortunately, compound 6d appeared unstable in solution ad could not
be fully characterized nor used for further deprotection. However, we were able to identify it by
ESI/MS and to record UV/visible spectra. Finally, reaction of 6a–c with TFA occurred smoothly at room
temperature to give compounds 5a–c, which were soluble in the most common organic solvents.

To prepare dye DF90 a modification of the above-described synthetic approach was necessary in
order to obtain a non-symmetrical molecule. Again we used the t-Boc protected Tyrian Purple (11) as
starting material and decided to install the acceptor moiety first (Scheme 2).

To this end, we prepared stannane 12e [44] carrying a formyl group, which was essential to
later establish the required cyanoacrylic moiety (Scheme 2). Desymmetrization of compound 11 with
stannane 12e needed to be carried out using a large excess (five-fold) of the starting material, which,
opportunely, could be easily recovered at the end of reaction by precipitation from ethyl acetate/hexane
mixture. Evaporation of the solvent gave intermediate 13 which was obtained in 84% yield (based on
12e) after column chromatography. The second coupling, required to introduce the donor group, was
performed in essentially the same conditions, albeit using one equivalent of stannane 12c: pure t-Boc
protected aldehyde 14 was thus obtained in 79% yield after purification. Knoevenagel condensation of
aldehyde 14 with cyanoacetic acid and piperidine in acetonitrile allowed introduction of the desired
cyanoacrylate together with the simultaneous deprotection of t-Boc groups, a↵ording dye DF90 in
55% yield.
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2.3. Optical and Electrochemical Properties

The optical properties of all the new dyes were studied and compared with those of the parent
compound indigo (Figure 4). It must be considered, however, that when Indigo was suspended in
CHCl3 in the reported conditions (0.17 g/mL corresponding to 6.5 ⇥ 10�5 M), it was not possible to
obtain a completely clear solution, thus the resulting molar extinction coe�cient must be taken only as
an approximate value.Molecules 2020, 24, x FOR PEER REVIEW 8 of 22 
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plot (b).

In good agreement with previous literature reports [47], we observed a relatively intense transition
at 604 nm, corresponding to an E0-0 of 1.96 eV, due to the so-called “H-chromophore” [8,38,48]
corresponding to a cross-conjugated donor-acceptor system held together by intramolecular hydrogen
bonds (see Figure 1). Computational studies revealed that the H-chromophore absorption is due to a



 

 86 

Molecules 2020, 25, 3377 8 of 20

HOMO-LUMO transition with ⇡-⇡* character, corresponding to a net electron transfer from the N–H
group (acting as a donor) to the C=O group (acting as an acceptor) [9]. The UV-vis spectra of dyes 5a–c
were recorded in CH2Cl2 and EtOH solution. Spectra are reported in Figure 4 and compared with
those of the corresponding t-Boc protected compounds 6a–d. Due to its low solubility in EtOH, the
spectrum of compound 6b could be recorded only in CH2Cl2. All relevant spectroscopic data have
been summarized in Table 2.

Table 2. Optical properties of dyes 5a–d and 6a–c compared with those of parent indigo compound.

Dye �max CH2Cl2
[nm]

" CH2Cl2
[⇥ 104 M�1 cm�1]

E0-0 CH2Cl2
[eV] a

�max EtOH
[nm]

" EtOH
[⇥ 104 M�1 cm�1]

E0-0 EtOH
[eV] a

Indigo 604 b 0.93 b 1.96 b - - -

6a
324 1.75

2.14
323 1.74

2.14406 2.04 411 1.94
546 0.41 545 0.3

5a
333 1.14

1.95
333 0.52

1.85415 1.01 414 0.44
610 1 620 0.38

6b
328 2.4

2.11 - c - c - c426 1.7
548 0.9

5b
335 3.05

1.94
335 3.06

1.87445 2.77 441 2.56
614 2.88 626 2.57

6c
290 5.5

2.06
296 4.52

2.03346 5.15 347 5.2
554 2.9 556 2.88

5c
293 4.7

1.93
293 3.2

1.82355 4.55 351 2.89
610 4.06 608 1.93

6d
324 6.4

2.1
325 6.89

2.09548 1.11 549 1.09
a E0-0 of the lowest energy transition, estimated by means of the corresponding Tauc plot (see Figure S6). b Spectrum
recorded in CHCl3. c The UV-Vis absorption spectrum of this compound could not be recorded in EtOH due to
insu�cient solubility.

The absorption maxima for the lowest energy band of 5a–5c and DF90 (see below) were well
predicted by the results of the computational investigation. Indeed, the di↵erences between DFT and
experimental vertical excitation energies (Eexc) were 0.05 eV at most. In absence of the experimental
values for 5d, we computed the geometry, orbital energies, and UV-Vis properties for compound 6d
(see Supporting Information, Figure S4, Tables S4 and S6). The presence of the t-Boc group causes
a slight deviation from the planarity of the central C–C bond of the indigo moiety (dihedral angle
changes from 0� to 5�) which in turns lead to a blue-shift of the lowest energy band.

Significant di↵erences were observed between the N-t-Boc protected and free N–H species
(Figure 5). Considering the t-Boc-protected compounds 6a–d, while the first two peaks (marked as
a,b) can be assigned to localized ⇡-⇡* transitions involving di↵erent parts of the molecules, the lower
energy band is likely due to a charge transfer (ct) transition between the lateral donor groups and
the central acceptor unit: this hypothesis is supported by the fact that such band is most red-shifted
and intense in the case of compound 6c, featuring the strongly electron-donating hexyloxy-TPA side
groups. As a consequence of the particular absorption profile of the dyes, the corresponding solutions
appeared red to purple in color.
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No significant di↵erence was observed when passing from CH2Cl2 to EtOH, with all compounds
displaying essentially the same spectra, highlighting also their good solubility in the more polar and
protic solvent (except for 6b). Moving from N-Boc protected compounds 6a–d to free N–H compounds
5a–c the main change observed in the absorption spectra was the activation of the “H-chromophore”
transition (indicated as i). In analogy with the parent indigo compound, such transition, in CH2Cl2
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solution, appeared as an intense peak in the 610–614 nm range, corresponding to E0-0 values of
1.93–1.95 eV. The original ct band already observed for compounds 6a–d was still present in the spectra
of compounds 5a–c, but appeared only as a shoulder of the more intense indigo transition. Furthermore,
in analogy to its precursor 6c, derivative 5c had a relatively strong ct band, which together with the i
transition gave rise to an intense panchromatic absorption in the 400–650 nm range.

In EtOH, unprotected dyes (especially compounds 5a and 5c) featured a much less intense and
broadened spectrum, with a long tail extending in the near-IR region above 750 nm: this was attributed
to their reduced solubility in that solvent, leading to the formation of aggregates and observation of
light scattering e↵ects. In addition, for most of the compounds, the lowest energy absorption peak was
red-shifted in the more polar solvent, and in all cases, smaller E0-0 values were recorded (1.82–1.87 eV):
this bathochromic shift when the dielectric constant of the solvent is increased is well-known also for
the parent indigo compound [47] and has been attributed to increased stability of charged-separated
structures (for instance, C+–O�) in the excited state rather than in the ground state [9]. As a result of
their light absorption profiles, compounds 5a–c gave bright green to dark green-coloured solutions
(Figure 6), which were di↵erent from the typical blue colour of indigo, demonstrating that the placement
of donor moieties on 6,60-positions of the main chromophore could significantly alter the optical
properties of the resulting substances.
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Figure 6. Solutions of dyes 5a (2.3 ⇥ 10�4 M), 5b (3.5 ⇥ 10�4 M) and 5c (7.8 ⇥ 10�5 M) in CH2Cl2, in
comparison with indigo suspension in CHCl3 (0,17 mg/mL ⇡ 6.5 ⇥ 10�4 M).

The fluorescence behavior of the new dyes was complicated by the possible occurrence of several
di↵erent emissive transitions, as illustrated by the emission spectra obtained for compound 5a at three
di↵erent excitation wavelengths (Figure 7, top). After excitation at 333 nm (corresponding to an S0–S3
transition), three di↵erent fluorescence peaks were observed at 380, 481 and 647 nm, respectively
(the latter was partially covered by a peak at 666 nm due to second-order di↵raction of the incident
radiation). While the first of them was due to the opposite S3–S0 transition, the other two likely
originate from S2–S0 and S1–S0 transitions, demonstrating the possibility of non-radiative decay from
the S3 state to the lower excited states of the dye. This was confirmed by the fact that irradiating
at 415 nm only the peaks at 481 and 647 nm were observed, while only the latter was visible when
irradiating at the wavelength of the indigo transition (610 nm).
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Figure 7. UV�Vis absorption and fluorescence emission spectra of compounds 5a–c in CH2Cl2 solution.
(5a): in the emission trace after excitation at 333 nm (red line) the peak visible at 666 nm is due to the
second-order di↵raction of the incident light. (5b): in the emission trace after excitation at 334 nm (dark
green line) the sharp peak visible at 668 nm is due to the second-order di↵raction of the incident light.
(5c): in the emission traces after excitation at 292 nm (purple line) and 353 nm (blue line), the sharp
peaks visible at 584 nm and 706 nm are due to the second-order di↵raction of the incident light.

In the case of compounds 5b (Figure 7, middle) the situation was slightly di↵erent. Irradiating
a solution of 5b at 334 nm (thus populating the S3 state) induced only weak emissions at 411 and
493 nm, respectively, while a much more intense peak was observed at 646 nm, indicating that for this
compound non-radiative decay to the S1 state was the preferred mean of energy dissipation when
excited with higher energy radiation (also in this case a sharp peak at 668 nm was observed due to
second-order di↵raction of the incident radiation). This supposition was confirmed by the experiments
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conducted with irradiation at 445 and 610 nm, for which the lowest energy emission band at 646 was
the only one observed.

The opposite behaviour was displayed by compound 5c (Figure 7, bottom). In this instance,
irradiation at 292 and 353 nm (whose absorption peaks should correspond to localized ⇡!⇡* transitions
within the triarylamine moiety) caused a fluorescence of moderate intensity centered at 474 nm, while
only a very weak peak was seen at 645 nm. When irradiating at 610 nm, the fluorescence was only barely
detectable, as shown by the very noisy normalized spectrum in Figure 7 indicating the prevalence of
non-radiative decay from the lowest excited state S1 or the occurrence of extensive reabsorption by
the dye.

Finally, the spectra of the unsymmetrical D-A-⇡-A dye DF90 (Figure 8) were registered. In solution,
the dye exhibited absorption spectra similar to those of the symmetrical compounds, with a significantly
red-shifted low energy transition (633–635 nm in CH2Cl2 and EtOH, respectively), whose molar
extinction coe�cient was however only moderate (0.65–0.70 ⇥ 104 M�1 cm�1). The spectrum in CH2Cl2
also presented a shoulder at longer wavelengths relative to the indigo H-chromophore transition,
which was attributed to the low solubility of DF90 with the consequent formation of J (head to
tail)-aggregates [49]. Accordingly, Tauc plots for both spectra resulted in estimated E0-0 values of
1.65–1.79 eV, which were smaller than those calculated for indigo and its symmetrical derivatives.
When adsorbed on TiO2, DF90 gave a very broad UV-Vis spectrum with the main peaks at 411 nm
(shoulder at 495 nm) and 612 nm, and onset around 720–730 nm. The blue-shift of the spectrum
compared to the one in solution could be due both to the formation of H (parallel)-aggregates as well
as the deprotonation of the carboxylic function upon anchoring onto the semiconductor [50,51].
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Figure 8. UV�vis absorption spectra of dye DF90 in CH2Cl2 and EtOH solution (a), and adsorbed
on TiO2 (b); Tauc plots corresponding to the absorption spectra in solution (c); fluorescence emission
spectra in CH2Cl2 solution after excitation at di↵erent wavelengths (d); in the latter scheme, a peak at
582 nm deriving from second-order di↵raction of incident light was deleted for clarity (red trace).

Due to the absorption minimum centered at about 550 nm, also in the case of DF90 the resulting
solutions as well as the semiconductor surface assumed a bright green coloration.

The emission behaviour of DF90 in CH2Cl2 was qualitatively similar to that already observed for
the symmetrical compound 5c, with relatively strong fluorescence peaks corresponding to the S3-S0
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and S2-S0 transitions, while the emission peak at approx. 650 nm was very weak (or even visible only
as a shoulder of the more intense peak at 530 nm), perhaps due to extensive reabsorption by the wide
absorption band between 600 and 750 nm. This is not surprising considering that both 5c and DF90
share the same donor group.

Finally, the ground-state oxidation potential (ES+/S) of DF90 was measured by means of cyclic
voltammetry (CV), which was carried out in THF and is reported in Figure 9.Molecules 2020, 24, x FOR PEER REVIEW 15 of 22 
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Figure 9. Cyclic Voltammetry plot relative to compound DF90 in CH2Cl2 solution.

The observed curve indicated a reversible oxidation process and the observed potential (0.89 V vs.
Ag/AgCl/satd. KCl, corresponding to 0.69 V vs. NHE) was more positive than the redox potential
of the iodide/triiodide couple (0.35 V vs NHE), ref. [52] suggesting that regeneration of the sensitizer
during operation of a solar cell was possible.

After a small current drop following the first cycle (perhaps due to the consumption of the dye
physisorbed on the glassy carbon surface), the current/voltage curve remained practically identical in the
following two cycles, indicating that the dye was su�ciently stable upon repeated oxidation/reduction
processes. The ES+/S and E0-0 values in the same solvent were then used to calculate the excited state
oxidation potential (ES+/S*) by means of the equation ES+/S* = ES+/S � E0-0. ES+/S* was found to be
around �0.96 V vs. NHE, thereby more negative than the conduction band edge of the semiconductor
(�0.5 V vs NHE) [53] and therefore appropriate to allow electron injection from the excited state dye
to titania.

3. Experimental Section

3.1. General Information

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without
purification. t-Boc-protected 6-60-dibromoindigo (11) [38] and stannanes 12c [46], 12d and 12e [44]
were prepared as previously reported. All air-sensitive reactions were performed using Schlenk
techniques. Solvents used in cross-coupling reactions were previously degassed by means of the
“freeze-pump-thaw” method. Tetrahydrofuran (THF) was freshly distilled immediately prior to use
from sodium/benzophenone. CH2Cl2, toluene, and acetonitrile were dried on a resin exchange Solvent
Purification System. Petroleum ether, unless specified, is the 40–70 �C boiling fraction. Organic
phases derived from aqueous work-up were dried over Na2SO4. Reactions were monitored by TLC
on SiO2 plates, the detection was made using a KMnO4 basic solution or UV lamp. Flash column
chromatography was performed using glass columns (10–50 mm wide) and SiO2 (230–400 mesh).
1H-NMR spectra were recorded at 200, 300, or 400 MHz and 13C-NMR spectra at 50.0, 75.5, or 100.6 MHz,
respectively. Chemical shifts were referenced to the residual solvent peak (CDCl3, � 7.26 ppm for



 

 92 

Molecules 2020, 25, 3377 14 of 20

1H-NMR and � 77.16 ppm for 13C-NMR; THF-d8 � 3.58 and 1.72 ppm for 1H-NMR, � 67.21 and
25.31 ppm for 13C-NMR; CD2Cl2, � 5.32 ppm for 1H-NMR, � 53.84 ppm for 13C-NMR). Coupling
constants (J) are reported in Hz. ESI-MS were recorded with LCQ-Fleet Ion-Trap Mass Spectrometer.
HR-MS were performed using an LTQ Orbitrap FT-MS Spectrometer. FT-IR spectra were recorded with
a Perkin-Elmer Spectrum BX instrument in the range 4000–400 cm�1 with a 2 cm�1 resolution. UV-Vis
spectra were recorded with a Varian Cary 400 spectrometer and a Shimadzu 2600 series spectrometer,
and fluorescence spectra were recorded with a Varian Eclipse instrument, irradiating the sample at the
wavelength corresponding to maximum absorption in the UV spectrum. UV-Vis spectra in di↵erent
solvents were recorded on diluted solutions of the analyte (approximately 10�5 M) with a Shimadzu
UV2600 spectrometer. UV-vis absorption or transmittance spectra of the compounds adsorbed on TiO2
were recorded in transmission mode after the sensitization of thin, transparent semiconductor films
(thickness approximately 5 µm).

Cyclic voltammetry experiments were conducted in chloroform solutions with a PARSTAT 2273
electrochemical workstation (Princeton Applied Research) employing a three-electrode cell having
a 3 mm glassy carbon working electrode, a platinum counter electrode and an aqueous Ag/AgCl
(sat. KCl) reference electrode and using ferrocene as a standard. The supporting electrolyte was
electrochemical-grade 0.1 M [N(Bu)4]PF6; the dye concentration was approximately 10�3 M. Under
these experimental conditions, the one-electron oxidation of ferrocene occurs at E00 = 0.55 V.

3.2. Computational Details

Molecular and electronic properties of keto–keto (KK), keto–enol (KE) and enol-enol (EE) tautomers
of compounds 5a, 5b, 5c, 5d, 6d and DF90 have been computed via DFT [54–56] and time-dependent
DFT (TD-DFT) [57,58] methods, using the Gaussian 16, Revision B.01 suite of programs [59]. Geometry
optimizations have been carried out in vacuo and in solvent (DCM) using the polarizable continuum
model (PCM) [60] to take into account solvent e↵ects, at the B3LYP/6-31G** level of theory [61,62],
according to a previous work of Amat et al. [9]. For molecule 5b, methyl groups have been used in
place of the alkyl chains attached to the ProDOT moiety in order to reduce the computational cost.
Frequency calculations on the optimized structures have been performed at the same level to check that
the stationary points were true energy minima. The ground-state electron density delocalization and
the energy of DFT frontier molecular orbitals have been calculated at the same level of theory in DCM.
The UV-Vis spectroscopic properties of the analyzed compounds, including absorption maximum
(�a

max), vertical excitation energy (Eexc) and oscillator strengths (f ) have been calculated in DCM on
the minimized structures by means of TD-DFT at the B3LYP/6-311++G** and CAM-B3LYP/6-311++G**
levels of theory [63].

3.3. Synthesis

3.3.1. Synthesis of Tributyl(3,3-dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepin-6-yl)-stannane (12b)

3,3-Dipentyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine (ProDOT, 1.35 g, 4.56 mmol, 1.0 eq.) was
dissolved in dry THF (14 mL). The solution was cooled to �78 �C, and n-BuLi (1.6 M solution in
hexanes, 3.2 mL, 5.5 mmol, 1.2 eq.) was slowly added. The reaction mixture was allowed to warm
up to �20 �C while stirring, then cooled down again to �78 �C. Tributyltin chloride (Bu3SnCl, 1.78 g,
5.5 mmol, 1.2 eq.) was added and the solution was allowed to warm up to room temperature and left
under stirring overnight. The mixture was diluted with Et2O (20 mL) and washed with a cold saturated
solution of NH4Cl (2 ⇥ 30 mL). The solvent was removed under reduced pressure to yield crude
product 12b (1.74 g, 3.0 mmol, 66% yield), which was used without further purification. 1H-NMR
(200 MHz, CDCl3) �H = �H = 6.67 (1H, s), 3.75–3.87 (10H, m), 1.19–1.74 (24H, m), 0.76–1.03 (15H, m)
ppm; 13C-NMR {1H} (50 MHz, CDCl3) �C = 155.7, 114.8, 111.0, 77.6, 43.8, 43.7, 32.7, 32.2, 29.0, 27.9, 27.2,
22.5, 14.0, 13.7, 10.7 ppm.
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3.3.2. General Procedure for Preparation of Compounds 6a–d

Pd2(dba)3 (10 mg, 0.011 mmol, 0.05 eq.) and P(o-Tol)3 (7 mg, 0.022 mmol, 0.1 eq.) were dissolved in
toluene (4 mL) and the solution was left at room temperature, under stirring for 15 min. t-Boc-protected
6-60 dibromoindigo (11, 93 mg, 0.22 mmol, 1.0 eq.) was then added and the mixture stirred at room
temperature for additional 15 min. The required stannane (0.46 mmol, 2.1 eq.) was dissolved in dry
toluene (4 mL), and added to the reaction mixture, that was then warmed up to 50 �C, left under
stirring and monitored by TLC. After 5 h, the mixture was cooled to room temperature, the solvent
was removed by rotatory evaporation, and the crude was purified by flash column chromatography.

(E)-(1,10-di-tert-butyl 3,30-dioxo-6,60-bis(thiophen-2-yl)-1H,10H,3H,30H-[2,20-biindolylidene-1,10-dicarboxylate)
(6a). Compound 11 (92.5 mg, 0.22 mmol, 1.0 eq.) was reacted with tributyl(thiophen-2-yl)stannane 12a
(173 mg, 0.46 mmol, 2.1 eq.). Purification (petroleum ether:EtOAc gradient from 50:1 to 10:1) gave 6a
(119 mg, 0.19 mmol) as a purple red solid. Yield 86 %. Spectroscopic data were in agreement with those
already reported.[45] 1H-NMR (400 MHz, CDCl3) �H = 8.32 (2H, s), 7.77 (2H, d, J = 7.9 Hz), 7.52 (2H,
d, J = 3.5 Hz), 7.48 (2H, dd, J1 = 7.9Hz, J2 = 0.8Hz), 7.43 (2H, d, J = 5.0 Hz), 7.17–7.13 (m, 2H), 1.69 (18H,
s). 13C-NMR{1H} (100 MHz, CDCl3) �C = 182.8, 150.0, 149.7, 143.6, 141.8, 128.7, 127.2, 125.6, 124.8,
122.0, 121,8, 114.0, 113.6, 84.8, 28.4. FT-IR (neat): ⌫ = 3006 (w), 2956 (m), 2924 (m), 2854 (m), 1743 (s),
1670 (s), 1603 (s), 1579 (m) cm�1. MS (ESI) m/z 627.1 [M + 1]+.

(E)-(1,10-di-tert-butyl 6,60-bis({3,3-dipentyl-2H,3H,4H-thieno[3,4-b][1,4]dioxepin-6-yl})-3,30- dioxo-1H,
10H,3H,30H-[2,20-biindolylidene]-1,10-dicarboxylate) (6b). Compound 11 (92.5 mg, 0.22 mmol, 1.0 eq.) was
reacted with stannane 12b (271 mg, 0.46 mmol, 2.1 eq.). Purification (CH2Cl2: petroleum ether = 50:1)
gave 6b (155 mg, 0.15 mmol) as a purple red solid. Yield 67%. 8.29 (2 H, br. s), 7.72 (2H, d, J = 8.2 Hz)),
7.61 (2 H, d, J = 8.2 Hz), 6.53 (2H, s), 4.02 (4H, s), 3.93 (4H, s), 1.67 (18H, s), 1.46–1.39 (8H, m), 1.38–1.25
(26H, m), 0. 91(12H, t, J = 6.9 Hz) ppm. 13C-NMR{1H} (100 MHz, CDCl3) �C =182.4, 150.5, 149.3, 147.9,
141.0, 129.0, 128.4, 125.4, 125.0, 121.1, 113.8, 104.9, 84.3, 77.7(2C), 43.7, 32.6, 32.0, 28.2, 28.0, 22.5, 14.0.
FT-IR (neat): ⌫ = 2926 (w), 2857 (w), 1605 (s), 1439 (s), 1374 (w) cm�1. HRMS (ESI) m/z calculated for
C60H79N2O10S2: 1051.5170. Found: 1051.5177 [M + 1]+.

(E)-(1,10-di-tert-butyl 6,60-bis(4-{bis[4-(hexyloxy)phenyl]amino}phenyl)-3,30-dioxo-1H,10H, 3H,30H-[2,20-
biindolylidene]-1,10-dicarboxylate) (6c). Compound 11 (130 mg, 0.2 mmol, 1.0 eq.) was reacted with
stannane 12c (308 mg, 0.42 mmol, 2.1 eq). Purification (petroleum ether: EtOAc gradient from 50:1 to
10:1) gave 6c (210 mg, 0.16 mmol) as a purple solid. Yield 78 %. 1H-NMR (200 MHz, CDCl3) �H = 8.29
(2H, s), 7.62–7.91 (6H, m), 7.53 (4H, d, J = 8.8 Hz), 7.36–7.47 (6H, m), 7.13 (8H, d, J = 8.8 Hz), 7.00 (4H, d,
J = 8.8 Hz), 6.88 (8H, d, J = 8.8 Hz), 3.96 (8H, t, J = 6.4 Hz), 1.72–1.79 (8H, m), 1.65 (18H, s), 1.56–1.30
(24H, s), 0.88–0.97 (12H, m) ppm. 13C-NMR{1H} (50 MHz, CDCl3) �C 182.9, 156.0, 149.9, 149.6, 148.7
143.4, 140.1, 131.1, 130.5, 129.0, 128.4, 128.1, 127.2, 125.5, 124.4, 119.7, 115.5, 84.2, 68.4, 31.7, 29.4, 28.2,
25.8, 22.6, 14.1. FT-IR (neat): ⌫ = 2940 (m), 2929 (m), 2856 (m), 1733 (m), 1673 (s), 1589 (s), 1507 (s) cm�1.
HRMS (ESI) m/z calculated for C86H100N4O10: 1348.7434. Found: 1348.7455 [M]+.

(E)-(1,10-di-tert-butyl 6,60-bis(4-{bis[4-(hexylsulfanyl)phenyl]amino}phenyl)-3,30-dioxo-1H, 10H,3H,30H-
[2,20-biindolylidene]-1,10- dicarboxylate) (6d). Compound 11 (93 mg, 0.22 mmol, 1.0 eq.) was reacted with
stannane 12c (353 mg, 0.46 mmol, 2.1 eq). Purification (petroleum ether:EtOAc gradient from 50:1
to 10:1) gave 6d (235 mg, 0.15 mmol) as a purple red solid (yield 68%). Due to rapid decomposition,
compound 6d, could not be fully characterized. MS (ESI) m/z 1576.0

3.3.3. General Procedure for the Preparation of Compounds 5a–c

Compounds 6a–c were dissolved in a 1:1 mixture of CH2Cl2 and TFA (5 mL) and the solution was
left under stirring for 4 h at room temperature. The solvent was removed by rotatory evaporation, and
the crude was purified by washing with petroleum ether or by flash column chromatography.

(E)-6,60-bis(thiophen-2-yl)-1H,10H,3H,30H-[2,20-biindolylidene]-3,30-dione (5a) [45]. Deprotection of
compound 6a (70 mg, 0.11 mmol), after crystallization from petroleum ether, gave 5a (44 mg, 0.10 mmol)
as a green amorphous solid. Yield 93%. Spectroscopic data were in agreement with those already
reported. [45] 1H-NMR (400 MHz, THF-d8) �H = 9.95 (2H, s), 7.64 (2H, d, J = 8.0 Hz), 7.55 (2H, dd,



 

 94 

Molecules 2020, 25, 3377 16 of 20

J1 = 3.6 Hz, J2 = 1.0 Hz), 7.52 (2H, d, J = 0.7), 7.49 (2H, d, J = 4.7), 7.27 (2H, dd, J1 = 8.0Hz, J2 = 1.4Hz),
7.12 (2H, dd, J1 = 5.0Hz, J2 = 3.6 Hz). 13C-NMR{1H} (100 MHz, THF-d8) �C 187.7, 154.0, 144.4, 141.9,
129.0, 127.4, 125.7, 124.9, 122.4, 119.7, 118.4, 109.7. FT-IR (neat): ⌫ = 3344 (m), 3302 (m), 2954 (w),
2920 (m), 2850 (m), 1631 (s), 1610 (s), 1582 (s) cm�1. MS (ESI) m/z 427, 2 [M + H]+.

(E)-6,60-bis({3,3-dipentyl-2H,3H,4H-thieno[3,4-b][1,4]dioxepin-6-yl})-1H,10H,3H,30H-[2,20-bis-indolylidene]
-3,30-dione (5b). After purification (petroleum ether:EtOAc gradient from 35:1 to 10:1, then pure EtOAc),
deprotection of compound 6b (105 mg, 0.10 mmol) gave 5b (82 mg, 0.96 mmol) as a green amorphous
solid. Yield 96%. 1H-NMR (200 MHz, CDCl3) �H = 9.17 (2H, br. s.), 7.61 (2H, d, J = 8.1 Hz), 7.48
(2H, s), 7.12 (2H, d, J = 8.1 Hz), 6.45 (2H, s), 3.95 (4H, s), 3.88 (4H, s), 1.17–1.43 (32H, m), 0.81–0.98
(12H, m) ppm. 13C-NMR{1H} (50 MHz, CDCl3) �C = 187.4, 152.2, 150.5, 147.9, 141.0, 124.4, 122.2, 120.6,
118.5,118.1, 109.3, 104.6, 77.5(2C), 65.8, 43.8, 32.7, 32.1, 22.5, 14.0 ppm. FT-IR (neat): ⌫ = 3385 (w), 2954
(m), 2926 (m), 2857 (m), 1624 (m), 1604 (s), 1572 (m), 1438 (s) cm�1. HRMS (ESI) m/z calculated for
C50H62N2O6S2: 851.4122. Found: 851.4145 [M + 1]+.

(E)-6,60-bis(4-{bis[4-(hexyloxy)phenyl]amino}phenyl)-1H,10H,3H,30H-[2,20-biindolylidene]-3,30-dione
(5c). After purification (petroleum ether:EtOAc gradient from 35:1 to 10:1, then pure EtOAc),
deprotection of compound 6c (60 mg, 0.045 mmol), gave 5c (52 mg, 0.044 mmol) as a green amorphous
solid. Yield 92%. 1H-NMR (200 MHz, CDCl3) �H = 9.03 (2H, br. s.), 7.68 (2 H, d, J= 8.2 Hz), 7.41 (4 H,
d, J = 8.8Hz), 7.10–7.17 (4H, m), 7.07 (8H, d, J = 9.3 Hz), 6.94 (4H, d, J = 8.2 Hz), 6.84 (8H, d, J = 9.3),
3.94 (8H, t, J = 6.3Hz), 1.74–1.83 (8H, m), 1.43–1.52 (8H, m), 1.32–1.37 (16H, m), 0.90–0.94 (12H, m);
13C-NMR{1H} (50 MHz, CDCl3) �C = 187.9, 155.9, 152.5, 149.4, 148.7, 140.0, 130.8, 127.8, 127.1, 124.7,
122.2, 119.5, 118.2, 117.1, 115.35, 109.2, 68.2, 31.6, 29.3, 25.7, 22.6, 14.0. FT-IR (neat): ⌫ = 3368 (w), 2952
(w), 2927 (m), 2857 (m), 1627 (m), 1594 (s), 1503 (s), 1444 (s) cm�1. HRMS (ESI) m/z calculated for
C76H84N4O6: 1148.6391. Found: 1148.6415 [M]+.

3.3.4. Synthesis of Dye DF90

Synthesis of (E)-(1,10-di-tert-butyl 6-bromo-60-(5-formylthiophen-2-yl)-3,30-dioxo-1H,10H, 3H,30H-
[2,20-biindolylidene]-1,10-dicarboxylate) (13). Pd2(dba)3·CHCl3 (86.0 mg, 0.08 mmol, 0.2 eq.) and P(o-Tol)3
(100.0 mg, 0.32 mmol, 0.7 eq.) were dissolved in toluene (150 mL) and the solution was left under stirring for
15 min. t-Boc-protected 6-60-dibromoindigo (11, 1.50 g, 2.4 mmol, 5.0 eq.) was then added and the mixture
stirred at room temperature for additional 15 min. A solution of 5-(tributylstannyl)thiophene-2-carbaldehyde
12e (190 mg, 0.48 mmol, 1.0 eq.) in toluene (10 mL) was added and the mixture warmed to 50 �C overnight.
The solvent was then removed by rotatory evaporation and a mixture of EtOAc:hexane = 1:20 (100 mL)
was added to the residue. The insoluble fraction was washed several times with the same mixture,
allowing to recover starting material 11. The organic phase, after evaporation, gave a crude solid
which was purified by flash chromatography (CH2Cl2 then CH2Cl2:EtOAc 50:1) to a↵ord aldehyde
13 (310 mg, 0.48 mmol) as a red amorphous solid. Yield 79%. 1H-NMR (200 MHz, CDCl3) �H = 9.95
(1H, s), 8.39 (1H, d, J = 1.5 Hz), 8.27 (1H, d, J = 1.5 Hz), 7.79–7.85 (2H, m), 7.57–7.65 (2H, m), 7.54
(1H, dd, J1 = 7.9, J2 = 1.5), 7.38 (1H, dd, J1 = 8.1, J2 = 1.5). 1.72 (9H, s), 1.69 (9H, s). 13C-NMR{1H}
(50 MHz, CDCl3) �C = 182.7, 182.4, 182.3, 152.3, 149.6, 149.5, 149.4, 144.0, 140.1, 137.1, 131.0, 127.7,
126.1, 126.0, 125.0, 124.9, 124.8, 123.0, 122.5, 122.4, 121.7, 120.2, 114.4, 85.2, 85.1, 28.1, 28.0; MS (ESI) m/z
673.0 [M + Na]+.

Synthesis of di-tert-butyl (E)-6-(4-(bis(4-(hexyloxy)phenyl)amino)phenyl)-60-(5-formylthiophen-2-yl)-3,30-
dioxo-[2,20-biindolinylidene]-1,10-dicarboxylate (14). Pd2(dba)3·CHCl3 (6.0 mg, 0.02 mmol, 0.2 eq.) and
P(o-Tol)3 (31.0 mg, 0.10 mmol, 0.7 eq.) were dissolved in THF (4 mL) and the solution was left under
stirring for 15 min. Bromoaldehyde 13 (100.0 mg, 0.15 mmol, 1.0 eq.) was then added and the mixture
stirred at room temperature for an additional 15 min. A solution of stannane 12c (220.0 mg, 0.30 mmol,
2.0 eq) in THF (1 mL) was added to the mixture and warmed to 55 �C. After 7 h the solvent was removed
by rotatory evaporation, the crude residue was dissolved with EtOAc (10 mL) and washed with an
aqueous saturated KF solution, then with brine. The organic phase was dried, then removed under
vacuum to give a crude product which was purified by flash chromatography (CH2Cl2: Petroleum
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ether = 1:1 then CH2Cl2: Ethyl acetate 20:1) to obtain 14 (93 mg, 0.15 mmol) as a red amorphous solid.
Yield 61%. 1H-NMR (400 MHz, CD2Cl2) �H 9.95 (1H, s), 8.42 (1H, s), 8.24 (1H, s), 7.83–7.74 (m, 3H),
7.63 (1H, d, J = 3.9Hz) 7.58–7.53 (3H, m), 7.53–7.47 (m, 3H), 7.46 (1H, dd, J1 = 7.8Hz, J2 = 1.5Hz m), 7.12
(4H, d, J = 9.0Hz), 6.98 (2H, d, J = 9.0Hz), 6.89 (4H, d, J = 9.0Hz), 3.97 (4H, d, J = 6.4Hz), 1.82–1.75 (4H,
m), 1.66 (9H, s), 1.63 (9H, s), 1.55–1.45 (4H, m), 1.40–1.32 (8H, m), 0.92 (6H, t, J = 5.9 Hz); 13C-NMR{1H}
(100 MHz, CD2Cl2) �C = 182.8, 182.7, 182.3, 152.1, 149.9, 149.8, 149.7, 149.3, 148.7, 144.0, 139.8, 139.7,
137.2, 130.4, 127.9, 127.3, 126.2, 126.1, 124.7, 124.6, 124.3, 123.2, 122.2, 122.1, 120.8, 119.2, 115.3, 114.1,
113.5, 84.7, 84.4, 68.3, 31.6, 29.3, 27.8, 25.7, 22.6, 13.8; MS (ESI) Found: m/z 1015.25 [M]+.

Synthesis of (2E,Z)-3-{5-[(E)-60-(4-{bis[4-(hexyloxy)phenyl]amino}phenyl)-3,30-dioxo-1H,10H, 3H,30H-
[2,20-biindolyliden]-6-yl]thiophen-2-yl}-2-cyanoprop-2-enoic acid (DF90).To a solution of aldehyde 14 (95 mg,
0.093 mmol, 1 eq) in a mixture of acetonitrile/CH2Cl2 (1:1, 4 mL, dried on molecular sieves) were added
cyanoacetic acid (10 mg, 0.12 mmol, 1.3 eq) and dry piperidine (84 mg, 0.99 mmol, 8 eq). The mixture
was refluxed for 1 h, then it was cooled and the solvent removed under vacuum. The crude was
dissolved in CH2Cl2 (10 mL) and washed with NaOH 0.1M and finally with HCl 0.1M. The organic
phase was dried on Na2SO4, then the solvent was removed under vacuum. The crude product was
recrystallized from CH2Cl2/ethyl acetate (2:1) to obtain DF90 (45 mg, 0.093 mmol) as a green solid.
Yield 55%. 1H-NMR (400 MHz, THF-d8) �H = 9.99 (2H, br s), 8.39 (1H, s), 7.89 (1H, d, J = 3.9 Hz),
7.70–7.62 (4H, m), 7.52 (2H, d, J = 9.0 Hz), 7.42 (1H, s), 7.38 (1H, d, J = 8.2 Hz), 7.20 (1H, d, J = 8.6 Hz),
7.08–7.05 (4H, m), 6.93 (2H, d, J = 9.0 Hz), 6.88-6.85 (4H, m), 3.95, (4H, t, J = 6.4 Hz), 1.81–1.74 (4H,
m), 1.53–1.46 (4H, m), 1.39–1.35 (8H, m), 0.93 (6H, t, J = 7.0 Hz); 13C-NMR{1H} (100 MHz, CDCl3)
�C= 188.2, 187.6, 163.4, 157.2, 154.5, 153.8, 153.3, 150.6, 149.2, 146.5, 141.2, 139.9, 137.5, 132.2, 128.5,
128.0, 126.8, 125.2, 124.9, 123.3, 122.2, 121.2, 120.4, 119.5, 119.1, 118.6, 116.5, 116.1, 111.5, 111.1, 110.9,
110.4, 68.8, 32.6, 30.4, 26.8, 23.6, 14.4; FT-IR (neat): ⌫ = 2923 (w), 2853 (m), 1704 (m), 1586 (s), 1505 (s),
1445 (s) cm�1. HRMS (ESI) m/z calculated for C54H50N4O6S: 882,3451. Found: 882.3435 [M]+.

4. Conclusions

In this paper, a mild synthetic approach to prepare indigo based dyes is reported. Tyrian Purple
is used as starting material to be coupled, after t-Boc protection, with di↵erent stannanes under
Stille-Migita conditions. Three new symmetrical D-A-D dyes featuring an extended conjugation have
been prepared and spectroscopically characterized and their optical properties compared with the
results of theoretical calculations. Furthermore, non-symmetrical indigo-based D-A-⇡-A dye has been
designed, synthesized and fully characterized both spectroscopically and electrochemically, assessing
the possibility of using the indigo sca↵old to prepare green dyes for DSSC application

Supplementary Materials: The following is the Supplementary data to this article: computational details for
compounds 5a, 5b, 5c, 5d, 6d, and DF90; Tauc plots for the CH2Cl2 solutions of compounds 3a–d and 4a–c and for
for the EtOH solutions of compounds 3a,c,d and 4a–c; copies of the 1H and 13C NMR spectra of compounds 5a,
5b, 5c and DF90.
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In this work, the ground-state redox potentials of 16 D-π-A and D-A-π-A dyes, having 

medium to large size of the conjugated scaffold, have been predicted by DFT and TDDFT 

methods at MPW1K/6-31+G* level of theory, in terms of Gibbs free energy differences 

between the neutral and oxidized state. The results have been compared with the 

experimental available data, demonstrating that the employed strategy is very accurate 

and consent to identify the most promising dyes to be used in DSSCs application. Indeed, 

one of the main parameters that influence the overall DSSCs performances is a correct 

energy levels alignment between the dye and the redox couple, hence the ground-state 

redox potential is a measure of the dye regeneration driving force.  

The PhD candidate’s contribution refers to the application of DFT and TDDFT methods 

for the investigation of the orbital relaxation. In particular, the HOMO of each neutral 

dye has been compared with the calculated spin-density surface of its cation in gas-phase 

and dichloromethane, showing that they have very similar shape and space distribution. 

Hence, orbital relaxation is minimal, and Koopmans’ theorem has been demonstrated to 

be valid in gas-phase and in dichloromethane. The spin density of cation species has been 

calculated at MPW1K/6-31+G* level of theory in vacuo and in dichloromethane, 

including the solvent effects by PCM. 
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Abstract: The prediction of ground-state redox potentials by quantum chemical methods has
a prominent role in the rational design of novel organic photosensitizers both for dye-sensitized solar
cells (DSSCs) and photocatalytic systems for the production of H2. Indeed, the ground-state redox
potential of the photosensitizers is one of the key parameters to identify the most promising candidates
for such applications. Here, the ground-state redox potentials of 16 organic donor-⇡-acceptor D-⇡-A
and donor-acceptor-⇡-acceptor D-A-⇡-A dyes having a medium to large size of the conjugated sca↵old
are evaluated, using the methods of the Density Functional Theory (DFT), in terms of free energy
di↵erences between their neutral and oxidized ground-state forms. These results are compared to
the available experimental data and to the computed highest occupied molecular orbital energy
�"(HOMO) values as an approximation of ground-state redox potentials according to Koopmans’
theorem. Using the MPW1K functional in combination with the 6-31+G* basis set, the strategy based
on the free energy cycle, including solvent e↵ects, reproduces with a good level of accuracy the
observed values (mean absolute error (MAE) < 0.2 eV) and trend of redox potentials within related
families of dyes. On the other hand, the �"(HOMO) values are only able to capture the experimental
trends in redox potential values.

Keywords: dye-sensitized solar cells; first principle modelling; ground-state oxidation potentials;
solar energy devices; solar fuel devices; organic sensitizers; photocatalytic hydrogen production

1. Introduction

Organic dyes having a donor-⇡-acceptor (D-⇡-A) or donor-acceptor-⇡-acceptor (D-A-⇡-A)
architecture have been extensively used as photosensitizers in dye-sensitized solar cells (DSSCs) [1–3]
and, more recently, as sensitizers in photocatalytic systems for the production of H2 [4–7]. In both
devices, visible-light absorbing dyes are employed to enhance light harvesting of semiconductor
nanoparticles of TiO2.

Energies 2020, 13, 2032; doi:10.3390/en13082032 www.mdpi.com/journal/energies
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The use of synthetic organic push-pull dyes is becoming increasingly popular [6]. In particular,
donor–acceptor D-⇡-A architectures, have been found able to establish an e�cient charge separation:
indeed, due to the wide diversity of suitable D, A and ⇡ fragments a huge number of di↵erent
sensitizers can be accessed, allowing a fine-tuning of their chemical, optical, energetic, and stability
properties. In addition, recently, the use of sensitizers based on the D�A�⇡�A architecture has been
investigated, finding that the additional acceptor is useful for modulating the energy levels, extending
the light harvesting ability, as well as improving photovoltaic performances and photostability. Indeed,
the additional electron acceptor unit can enhance the intramolecular electronic push�pull e↵ect,
thus significantly a↵ecting the energy levels and absorption properties of sensitizers [8].

In DSSCs, the dye absorbs light and, upon excitation, it transfers an electron to the conduction
band of the semiconductor, which carries it to a glass electrode (transparent conducting oxide layer);
at the same time, the resulting hole is transferred from the dye/sensitizer to the redox mediator
(usually an I–/I3

– redox couple) which, through an oxidation-reduction interchange, carries it to the
counter-electrode, thereby closing the circuit and generating a current (See Figure 1a).

The photocatalytic systems, on the other hand, are dye-sensitized Pt/TiO2 photocatalysts in which
the dye, as in DSSCs, harvests visible light and injects the electron in the TiO2 conduction band
(See Figure 1b). Electrons are then transferred to Pt0 nanoparticles, which are adsorbed on the TiO2
surface and here protons are reduced to H2. The regeneration of the oxidized dye occurs by using
a sacrificial electron donor (SED) agent. Triethanolamine (TEOA), ethylenediaminetetraacetic acid
(EDTA), ascorbic acid (AA) and, more recently, ethanol, have been employed as SEDs [4].
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Figure 1. Energy levels and working mechanisms of: (a) dye-sensitized solar cells and (b) dye-sensitized
Pt/TiO2 photocatalysts.

Among other requirements, the correct alignment of the relative energy levels of the dye and the
redox couple in DSSCs or the SED in the Pt/TiO2 photocatalysts is a key issue that a↵ects the overall
e�ciency of both dye-sensitized systems. Indeed, the e↵ective regeneration of the oxidized dye is
pivotal for both devices to obtain good performances in terms of e�ciency. Thus, a key parameter for
an e�cient dye to be employed is the ground-state redox potential (GSRP) since this value, especially
when compared to the redox couple or SED energy levels, is a measure of the dye regeneration
driving force.

The prediction of GSRP by quantum chemical methods is of outstanding importance for the
rational design of novel organic sensitizers and greatly contributes to the development of more e�cient
devices. Indeed, the calculations of these photoelectrochemical properties along with the modeling of
other key parameters such as the excited state redox potential, the vertical excitation and emission
energies, the charge transfer nature of the excitation process and the electronic coupling between the
dye and the semiconductor, would indicate the most promising dye candidates for solar energy and
fuel (H2) devices. This strategy has been intensely applied in literature for the molecular engineering
of the organic sensitizer for DSSC [9–14], mostly using the methods of the density functional theory
(DFT) and its time-dependent extension (TDDFT).

The accurate evaluation of GSRP is hard to achieve, especially because it has been shown that the
accuracy deteriorates as the conjugation length of the molecule increases [15]. In the present study,
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the GSRP of 16 organic dyes having a medium to large conjugation length (see molecules in Figure 2)
have been computed using DFT, and in particular the MPW1K functional [16,17], which has been
shown to give the best accuracy before [15], and a polarizable continuum model (PCM) [18] to take
into account solvent e↵ects. To the best of our knowledge, this is the first work dealing with the
calculations of GSRP of a relatively large set of organic dyes having a medium to large size of the
conjugated sca↵old. The DFT predicted values had been compared to the available experimental data
showing that the employed strategy allows reproducing the GSRP with a mean absolute error <0.2 eV.
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Figure 2. Investigated set of molecules.
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2. Methods

All quantum mechanical(QM) calculations were performed using density functional theory (DFT)
and time-dependent DFT (TDDFT) [19] using the G09 program package [20]. The ground-state redox
potential was computed at the MPW1K/6-31+G* level of theory as free energy di↵erences between the
neutral and oxidized state of these dyes following the procedure described by Pastore et al. [15].

More specifically, GSRP =
⇣
G

0 � G
+
⌘
solv where both G

0
solv

and G
+
solv

are obtained by adding
the solvent e↵ect to the free energies of the gas-phase optimized molecules: G

0
solv

= G
0
vac + DG

0
solv

and G
+
solv

= G
+
vac + DG

+
solv

. G
0
vac and G

+
vac are obtained by performing a single point calculation at the

optimized geometry in vacuo, followed by frequency calculations. The free energies of solvation DG
0
solv

and DG
+
solv

are estimated as the free energy di↵erence between the system in solution and in gas-phase,
calculated at the geometry optimized in solution.

Neutral and oxidized ground-state geometries of all dyes were computed using the MPW1K [16,17]
functional in combination with 6-31G* and 6-31+G* basis set both in gas-phase and in the presence of
dichloromethane (DCM) as a solvent. The MPW1K functional choice was made as it was shown to be
the method providing results closer to the experimental values when used for the calculations of GSRPs
in smaller but related D-⇡-A dyes [15]. Solvent e↵ects were added via PCM [18]. DCM is the solvent
experimentally employed for the electrochemical measurements. Indeed, a rigorous way to obtain the
ground state redox potential needs to consider in the calculation energy terms including geometry
relaxation energy connected with changes of electronic structure and changes of the solvation energies.

Initial structures for the ground-state geometry optimization were built starting from their
B3LYP/6-31G* optimized geometries, for which the most stable among the possible conformers had
been identified in our previous papers (see References [10,12,21–23]).

DFT frontier molecular orbitals and spin densities of the cation species were computed at
MPW1K/6-31+G* level both in vacuo and using PCM.

Minus the value of the highest occupied molecular orbital (HOMO) energies, -"(HOMO), were
evaluated both in gas-phase and in DCM, for the neutral state of all dyes at their optimized geometry
in DCM.

Vertical excitation energies (Eexc), absorption maxima (�max), and oscillator strengths (f ) were
computed at the time-dependent DFT (MPW1K/6-31+G*) level on all the optimized structures. Again, the
PCM was used to include the effect of the solvent. These results are shown in the Supplementary Materials.

Electrochemical experiments were conducted on N2-saturated solutions of the compound under
study in freshly distilled dichloromethane, in the presence of electrochemical grade [Bu4N] [PF6]
(0.1 M) as supporting electrolyte (Merck). Cyclic voltammetry was performed in a three-electrode
cell using a glassy carbon working electrode, a platinum counter electrode, and an AgCl/Ag (NaCl
3 M) reference electrode. A Bioanalytical Systems (BAS) 100 W electrochemical analyzer was used
as polarizing unit. ES+/S values were obtained as standard potentials by averaging the values of the
anodic and cathodic peaks and using the ferrocenium/ferrocene couple as an external standard. All the
potential values were then referred to normal hydrogen electrode (NHE) by using a value of +0.63 V
for ferrocene vs. NHE [24]. Typical analyte concentration was approx. 10�3 M.

3. Results and Discussion

All the investigated dyes (see Figure 2) were based on fully conjugated D-⇡-A or D-A-⇡-A structures,
the latter having an auxiliary acceptor group in the central part of the molecule. D5 and DF15 were
triarylamine-thiophene derivatives bearing cyanoacrylic acid as anchoring group. The heterocyclic
benzobisthiazole- and thiazolothiazole-systems constituted the central ⇡ sca↵old of BBZ1,2 and TTZ1-7
sensitizers, respectively. The last group of molecules (BD1,2,6,7,8) contained an electron-poor bis-lactone
moiety (Pechmann lactone) connected to thiophenes decorated with various donor and acceptor groups.
With the only exception of compound D5 [25], the investigated dyes were selected based on reliable
experimental data available, having been designed, characterized and synthetized in our laboratories,
as described in our previous works [4,10,21–23].
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The neutral ground-state geometries of these dyes, computed at the MPW1K/6-31+G* level, are
shown in Figure S1 (see Supplementary Materials). All the dyes assumed a largely planar structure along
most of the conjugated system with a deviation from coplanarity (ranging from 27� to 49�) between the
triarylamine and the linked thiophene. To assess the quality of the MPW1K/6-31+G* optimized structures,
their vertical excitation energies were computed at the TDDFT level and the comparison between these
results and experimental values is shown in Table S1 of the Supplementary Materials. The mean absolute
error was about 0.06 eV, which clearly indicates the accuracy of the optimized structures and the high
degree of accuracy of MPW1K functional in dealing with the excited states of the analyzed D-⇡-A or
D-A-⇡-A dyes. Table S1 (see Supplementary Materials) also shows that the main electronic transition
was, in all cases, a HOMO!LUMO transition with a smaller contribution of a HOMO�1!LUMO
transition. From the plot of the corresponding DFT frontier molecular orbitals collected in Table S2 of the
Supplementary Materials, it is clear that the HOMO and LUMO were mostly localized on the donor and
acceptor unit, respectively, albeit still with a sizable contribution of the conjugated scaffold.

Given the good performance of the MPW1K functional in reproducing the vertical excitation
energies (this work) and in computing excited state geometries and vertical emission energies [12],
the choice of MPW1K functional appears appropriate also to compute GSRP. Additionally, in a previous
paper, the MPW1K has been demonstrated to be by far the method that provided computed GSRP
values closer to the experimental ones [15].

The results of GSRP computed vs experimental ES
+
/S values on all the investigated dyes are shown

in Figure 3. The graph is built from raw data of Table S3 (GSRPb-d). The analysis of the computed
values leads to some interesting considerations. At first glance, it is straightforward to observe that
data covered two distinct regions of the graph: GSRP values calculated in the gas-phase overestimated
the experimental value (black circles in the region above the diagonal, where y = x, i.e., calculated (y) =
experimental (x)), while GSRP values calculated in the presence of the solvent slightly underestimated
the experimental value (red and blue circles, below the diagonal). The use of high-quality basis
sets in the geometry calculation visibly improved the agreement between the calculated GSRP and
experimental potential values (red circles). From the quantitative point of view, the highest level of
theory employed, i.e., computing frequencies at the MPW1K/6-31+G* on neutral and oxidized state
geometries optimized at the same level (MPW1K/6-31+G*//MPW1K/6-31+G*) was the one that provided
the most accurate values with a mean absolute error (MAE) of 0.18 eV (red circles). Higher deviations
from experiments were found applying the MPW1K/6-31+G* combination on neutral and oxidized
state geometries computed at the MPW1K/6-31G* level (MPW1K/6-31+G*//MPW1K/6-31G*). Indeed,
the MAE was about 0.32 eV (blue circles). The highest deviations from experiments were provided by
the GSRP calculations in terms of free energies using the MPW1K/6-31+G*//MPW1K/6-31+G* level in
gas-phase (black circles). Thus, we may conclude that the di↵erence of the free energy values allows,
at least, to correctly reproduce the redox potential qualitative trend, while calculations using the use
of the MPW1K/6-31+G*//MPW1K/6-31+G* level in the presence of the solvent is crucial to correctly
reproduce the quantitative trend.

According to Koopmans’ theorem [26], related to the closed-shell Hartree-Fock theory and
extended to Kohn-Sham orbital energies within the DFT [27,28], the negative of the HOMO energy
is equal to the first ionization energy of a system, which is the minimum energy required to remove
an electron from the HOMO of a molecule. The first ionization energy of a system can be related to the
energy involved in the oxidation (loss of electrons) of a molecule and therefore to ES+/S.

Thus, -"(HOMO) values were also computed both in gas-phase (Figure 3, grey triangles and Figure
5, blue circles) and in DCM (Figure 3, grey asterisks and Figure 5, brown circles)) giving a MAE of 0.50
and 0.56 eV, respectively. The data provided by the computation of -"(HOMO) values in gas-phase
were slightly closer to the experimental values than the -"(HOMO) values computed in solution. This
evidence could be related to the fact that, for the investigated molecules in the gas-phase, the orbitals
of the charged and neutral species are nearly identical and orbital relaxation is not expected.
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rearrangement. Localization of the charge on a more restricted region was possible because of the 
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withdrawing groups, facilitated by the larger size of the molecule and made possible by the presence 
of the solvent. At the same time, charge delocalization is favored by the relief of the interelectronic 
repulsion and made possible by the presence of an efficient conjugation path. Considering all these 
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+
/S values. The y = x diagonal is reported as a reference. Black circles: MPW1K/6-31+G*//MPW1K/

6-31+G* values in gas-phase; blue circles: MPW1K/6-31+G*//MPW1K/6-31G* values in DCM; red circles
MPW1K/6-31+G*//MPW1K/6-31+G* values in dichloromethane (DCM); grey triangles: minus the value
of the highest occupied molecular orbital energies, �"(HOMO) in gas-phase; grey asterisks: �"(HOMO)
in DCM.

Since the di↵erence D" = " (HOMO)vac � "(HOMO)solv broadly varies from ~ 0 to a few hundreds
of meV, we further investigated three of the dyes, namely TTZ7 (a large molecule with the largest D"),
BD2 (a large molecule with D" ⇡ 0) and D5 (a small molecule with D" ⇡ 0). To probe the extent of
the orbital relaxation, the HOMO of each neutral dye was compared with the spin-density surface
calculated for its cation; orbital relaxation should produce visible di↵erences in the space localization
of these two surfaces. Figure 4 shows how, for D5 and BD2, the HOMO of the neutral dye and the
spin density of its cation had a very similar shape and space distribution, both in the gas-phase and
in DCM. Therefore, in this case, the orbital relaxation was minimal and Koopmans’ theorem was
expected to be valid, either in gas phase or in solution. On the other hand, the HOMO of TTZ7 and
the spin density of TTZ7+ had a similar shape and space distribution in the gas-phase. In contrast,
in solution, the spin density was much more localized on the donor region as an e↵ect of the orbital
rearrangement. Localization of the charge on a more restricted region was possible because of the
stabilizing interaction with the solvent. In this case, there were not favorable conditions to apply
Koopmans’ theorem. In general, charge localization is driven by the presence of electron-withdrawing
groups, facilitated by the larger size of the molecule and made possible by the presence of the solvent.
At the same time, charge delocalization is favored by the relief of the interelectronic repulsion and
made possible by the presence of an e�cient conjugation path. Considering all these aspects, after
having analyzed the conformation, the dimensions and the presence of electron-withdrawing groups,
it has not been possible to univocally identify the reason why a more marked charge localization is
observed only in some cases. Reasonably this interesting aspect will require a dedicated study and
may be the subject of subsequent work, but we will have to settle for this further caveat against the
uncritical use of Koopmans’ theorem.
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Figure 4. HOMO of the neutral species (top) and the spin density of its cation (bottom) in gas-phase
(left) and DCM (right) for D5, BD2 and TTZ7 dyes computed at the MPW1K/6-31+G* level and plotted
using Avogadro [29,30] and Chemcraft [31] softwares, respectively.

Inspection of Figure 5, which collects the computed GSRP vs. dyes, reveals that, considering
closely related compounds with similar sca↵olds, computed GSRPs and -"(HOMO) reproduced the
same trends found for the experimental values. For example, GSRP and -"(HOMO) values of DF15
were lower in energy than those of D5, due to the presence of a stronger hexyloxy-substituted donor
group in DF15. Both dyes had more positive values than the redox potential of the conventionally and
commonly used redox couple in DSSC, i.e., the iodide/triiodide redox couple (4.77 eV) [32], as well
some Co-based redox systems (4.85–5.04 eV) [33] suggesting that regeneration of the sensitizer is
feasible. Similar considerations apply to the Pechmann lactone containing molecules (BD1,2,6,7,8)
and to the benzobisthiazole- (BBZ1,2) and thiazolothiazole-systems (TTZ1-7). In particular, and
again in agreement with the experimental values, the introduction of a stronger donor group in BD2
compared to the one present in BD1, and the substitution of the lactone moiety of BD1 with the less
electron-withdrawing lactam in BD8, determined the lowering of the GSRP. Moreover, the substitution
of the cyanoacrylic acid with a less electron-withdrawing acceptor (BD6 and BD7 vs. BD2) provided
experimental ground-state oxidation potentials similar to BD2. While the computed GSRP and
-"(HOMO) values for BD6 and -"(HOMO) value for BD7 are in line with this observation, GSRPs
of BD7 were instead predicted to be higher in energy although closer to the experimental values.
Concerning the benzobisthiazole- (BBZ1,2) and thiazolothiazole-systems (TTZ1-7), the introduction of
electron-rich methoxy-substituents on TTZ2 and BBZ2 led to a decrease in the ground-state oxidation
potentials compared to TTZ1 and BBZ1, respectively, which is also evident in the computational results.
In the series TTZ3-7, in line with experiments, the introduction of the electron-donating alkoxy groups
on the triarylamine portion in TTZ4 and the presence of the terminal phenothiazine unit in TTZ7
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resulted in lowering ground-state oxidation potential values. However, all BBZs and TTZs dyes had
ground-state oxidation potentials more positive than that of the iodide/triiodide couple, thus assuring
dye regeneration. The present results are consistent with the following final observations: (i) the
frontier orbital approximations, according to Koopmans’ theorem, might be used to reproduce the
trend of standard potentials in closely related families of compounds but cannot be used as a method
to predict quantitative values; (ii) to obtain GSRPs with a certain degree of accuracy su�cient to be
comparable with experimental standard potentials, free energy di↵erences computations including
solvent e↵ects need to be taken into account.
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4. Conclusions

The present study shows that, using the MPW1K functional in combination with an appropriate
basis set, the prediction of GSRP of a relatively large set of D-⇡-A/D-A-⇡-A dyes having a medium
to large size of the conjugated sca↵old can be obtained with a good level of accuracy. Moreover,
the experimental trends in GSRP values of closely related compounds with similar sca↵olds are well
reproduced. Thus, the employed strategy should help researchers to identify sensitizers that can
e�ciently be used in DSSCs or in photocatalytic systems for the production of H2, allowing them to
concentrate precious time and resources only on the preparation of the most promising candidates.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/8/2032/s1,
Table S1: TDDFT (MPW1K/6-31+G*//MPW1K/6-31+G*) absorption maxima (�a

max (nm)), excitation energies (Eexc

(eV)), oscillator strenghts (f ) and transition contributions (%). Solvent e↵ects are included via PCM. The same
solvents used in the experiments have been modeled. The experimental �a

max and corresponding Eexc are
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given in brackets. Table S2: DFT frontier molecular orbitals for all dyes obtained at MPW1K/6-31 + G* level in
vacuo. Table S3: Experimental (ES+/S), computed GSRP (eV) and - "(HOMO) of all investigated dyes. Cartesian
Coordinated of all the investigated dyes in gas-phase and in solvent, Figure S1. MPW1K/6-31+G* optimized
geometries of all dyes computed in vacuo and in DCM (in brackets). Dihedral angles are given in degrees.
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In this work, 15 catechol-based sensitizers, Cat-I to Cat-XV, have been designed for a 

possible application in type-II DSSCs. They have been endowed with strong or moderated 

electron-donating and electron-withdrawing substituents directly linked to the catechol 

unit or through an ethylene π spacer. State-of-the-art DFT and TDDFT methods have 

been employed to calculate the electronic structures and the excited-state properties of 

free and (TiO2)9-bound Cat-I-XV dyes, to investigate the effect of the substituents and 

the π spacer relatively to the dye-to-TiO2 charge transfer (DTCT) properties and to the 

direct (type-II) electron injection mechanism. The computed properties suggest that fully 

conjugated molecules, regardless of the kind of substituent, have more red-shifted DTCT 

bands, formed by the interaction of d orbitals of Ti and p orbitals of catechol oxygens. 

This aspect promotes a strong electron coupling which fosters the direct electron injection 

mechanism. Hence, dyes possessing these features could perform better in type-II DSSCs.  

As first author of the manuscript, the PhD candidate’s contribution refers to the 

application of computational methodologies to investigate the Cat-dyes properties, as 

well as the writing of the original draft.  
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In this work, three novel molecules, BBT2-4, have been designed and synthetized for a 

possible application as fluorophores in LSCs, investigating their properties on different 

polymer matrices. Additionally, LSCs devices with the designed molecules have been 

built and characterized in comparison with a LSC employing the state-of-the-art LR305. 

BBT2-4 possess the peculiar D-A-D structure, and they carry the common benzo[1,2-

d:4,5-d′] bisthiazole (BBT) acceptor core (A) together with different donor groups (D). 

From the computational investigation and the experimental characterization, it emerged 

that the three molecules have intense emission properties, overlapping the light-

absorption spectrum of Si-based cells. Moreover, they present Stokes shifts larger than 

the LR305, hence minimal self-absorption phenomena, suggesting that they could 

perform well as fluorophores in LSCs devices. LSCs devices built with BBT2-4 show 

good transparency and light yellow to orange colors. In particular, the optical efficiency 

obtained employing BBT4 dispersed in PMMA, PCMA and PBzMA matrices resulted to 

be very similar to the best data obtained employing LR305.   

The PhD candidate’s contribution refers to the application of DFT and TDDFT methods 

for the prediction of the relevant electronic and excited-state properties of the designed 

fluorophores. In particular, the vertical absorption and the emission energies of BBT2-4 

have been computed in solvent and in PMMA, by using PCM, to evaluate if their Stokes 

Shifts values would be suitable for a possible application in LSCs devices. Additionally, 

the PhD candidate contributed to the writing of the manuscript.  
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In this work, five novel molecules, DQ1-5, have been designed and synthetized for a 

possible application as fluorophores in LSCs, investigating their properties in solution 

and after dispersion on PMMA and PCMA matrices. Additionally, the optical properties 

of LSCs devices built with the designed molecules have been evaluated and compared 

with those reported for the state-of-the-art LR305 [1]. DQ1-5 possess the peculiar D-A-

D structure, and they carry the quinoxaline acceptor core (A) substituted in 5,8 positions 

with different donor groups (D). Additionally, alkyl chains have been inserted on the 

central core and on the donor groups to explore their compatibility with the two matrices. 

The results of this study show that these fluorophores possess excited states with a high 

degree of intramolecular charge transfer, intense emission properties and large Stokes 

shifts that minimize the auto-absorption phenomena, while the long alkyl chains 

contribute to tune their dispersibility in polymer films. In particular, devices built with 

DQ1 have excellent optical properties, better than those of LR305.  

The PhD candidate’s contribution concerns the application of DFT methods for the 

calculation of the FMOs, including solvent effects (toluene) by PCM, in order to add 

knowledge with respect to the possible mechanism upon excitation of the designed 

fluorophores.  

Additionally, compounds DQ1-5 have been subjected to a further in-depth computational 

investigation. These results (see Section 4.7.1) have not been reported in the present 

manuscript and they will be the subject of a future publication.    
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Luminescent solar concentrators with outstanding
optical properties by employment of D–A–D
quinoxaline fluorophores†

Costanza Papucci,abc Rima Charaf,d Carmen Coppola, ce Adalgisa Sinicropi, ace

Mariangela di Donato, af Maria Taddei,af Paolo Foggi, fgh Antonella Battisti, i

Bastiaan de Jong,cj Lorenzo Zani, a Alessandro Mordini, ab Andrea Pucci, *ad

Massimo Calamante *ab and Gianna Reginato *a

Luminescent solar concentrators (LSCs) are devices designed to efficiently collect both direct and

diffuse solar radiation and concentrate it on photovoltaic cells to foster their use in building-integrated

photovoltaics (BIPV). The optimization of LSC performances involves the adjustment of both the

fluorophore and the guest polymer matrix. On this account, we investigated a series of high quantum

yield, donor–acceptor–donor (D–A–D) photostable fluorophores (DQ1–5), presenting a central quinox-

alinic acceptor core, not previously employed in LSCs, and triarylamines or phenothiazine as donor

groups. The molecules were also decorated with alkyl chains on the central core and/or the donor

groups, to explore their compatibility with the poly(methyl methacrylate) (PMMA) and poly(cyclohexyl

methacrylate) (PCMA) matrices utilized in this study. The PMMA and PCMA films (25 mm thick),

containing 0.2–2.2 wt% of DQ1–5, absorbed in the 370–550 nm range and presented emission maxima

at 550–600 nm, with fluorescence quantum yields higher than 40% even at the highest doping

contents. Notably, the DQ1/PMMA thin-films showed enhanced phase compatibility and excellent

quantum yields, i.e., 495%. Accordingly, they were designed to obtain 25 cm2 area LSCs with

remarkable internal (Zint) and external (Zext) photon efficiencies of 42.9% and 6.2%, respectively, higher

than those observed from state-of-the-art devices based on the Lumogen Red 305 (LR305) as the

reference fluorophore. Overall, these were the best results ever achieved in our laboratory for thin-film

LSCs built with organic fluorescent emitters.

1. Introduction
In the past few decades, the need to reduce CO2 emissions
generated by human activities has prompted the scientific
community to study new and efficient methods to utilize renew-
able energy sources, such as sunlight, for power generation,
aiming to progressively replace the use of fossil fuels.1 Among
the currently available technologies, silicon photovoltaics (Si-PVs)
have been the subject of continuous development efforts, which
ultimately led to the reduction in the production prices of the
modules at an actual electricity cost of about 0.2 $ per Watt peak
(Wp)2 without detrimenting performances.

Nevertheless, Si-PV panels provide the maximum efficiency
only under direct light irradiation and require an efficient
dissipation of the excess heat due to the unconverted energy.
Luminescent solar concentrators (LSCs) rely on a technology
studied since the 1970s3,4 and were developed with the aim of
obtaining large-area, semi-transparent and cheap photovoltaic
devices capable of concentrating both direct and diffuse solar
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radiation on small solar cells at their edges. Specifically, they
consist of a panel of a common plastic material (e.g.,
poly(methyl methacrylate), PMMA) containing a fluorescent
dopant capable of absorbing direct and indirect sunlight and
emitting it at longer wavelengths. Commonly used fluorescent
compounds can be quantum dots, perovskites, rare-earth com-
plexes and organic molecules.5 The emitted radiation is mainly
concentrated, via total internal reflection, at the edge of the
panel (where the solar cells are placed) thanks to the different
refractive indexes of air and the plastic material. This, together
with the aesthetic characteristics of LSCs (color and shape
tunability), supports their use in building-integrated photo-
voltaics (BIPVs).6

In order to obtain high-performance LSC devices, a careful
study of the materials used for their assembly must be
performed, concerning both the selection of the fluorophore
and the plastic material in which it is dispersed.5 Regarding the
fluorophore, the most critical parameters influencing the final
properties of the device are its fluorescence quantum yield (Ff)
and Stokes shift (SS) which, together with the match between
its emission spectrum and the electronic band-gap of the PV
cell, govern the efficiency of the solar collector.

These properties, particularly Ff, can depend on the polarity
of the medium (solution or polymer) in which the fluorophore
is dispersed. For the polymer matrix, the main factor to be
considered is its ability to disperse large amounts of
fluorophores to promote solar harvesting, without activating
fluorescence quenching phenomena due to aggregation7,8

(aggregation caused quenching – ACQ). Furthermore, a good
matrix might be able to affect the stability of the fluorophore
excited state and thus enhance its fluorescence quantum yield.
Clearly, a smart selection of the polymer, specifically tailored to
fit the fluorophore properties, is an important factor for
improving the device performance.

Among the different kinds of fluorophores applicable
in LSCs, small organic molecules with a donor–acceptor type
(D–A) structure, whose excitation determines the formation of a
charge-transfer state with a significant dipole moment,9 appear

particularly interesting. We recently investigated the properties
of a series of organic fluorophores with donor–acceptor–donor
(D–A–D) structures, presenting a benzo[1,2-d:4,5-d0]bisthiazole
acceptor core, dispersed in three methacrylic polymer matrices
of different polarity.10 Notably, we found that by decreasing the
polarity of the matrix by passing from PMMA to poly(cyclohexyl
methacrylate) (PCMA, Fig. 1), the Ff of the molecules increased
due to the decreased stabilization of the charge-transfer
excited state, resulting in a superior optical efficiency of the
corresponding LSCs.

To further explore the interactions between organic emitters
and polymer matrices of varying polarity and assess their
effects on the performances of the corresponding LSCs, we
decided to investigate a different series of luminophores, still
presenting the same D–A–D architecture. We focused on
quinoxaline, a molecular scaffold which is quite easy to
functionalize and is characterized by good light harvesting
ability, high Ff and large SS.11–18

Owing to their photophysical properties, quinoxalines are
good candidates for application in LSCs but, although they
have been extensively applied in organic optoelectronics,19

their use in such devices has not yet been reported. Therefore,
starting from a previously reported compound, DQ1,20,21 a series
of symmetrical derivatives were designed and synthesized by
modifying both the donor groups at the 5,8 positions and the
substituents at the 2,3 positions (Fig. 1).

The optical properties of the new molecules were investigated
in solution and after dispersion in the PMMA and PCMA
matrices to determine their absorption and emission features
as well as their Ff. Furthermore, transient absorption spectro-
scopy (TAS) and fluorescence lifetime studies were also carried
out to monitor the excited state evolution and correlate the
device characteristics with the dynamic optical properties of
the fluorophores. Due to the outstanding performances of these
emitters also when dispersed into polymers, LSCs presented
excellent optical properties, even superior to those found using
the commercial reference fluorophore Lumogen Red 305
(LR305).5,8,10

Fig. 1 Chemical structure of fluorophores based on 2,3-diphenyl-quinoxaline (DQ1-3) or 2,3-dihexyl-quinoxaline (DQ4-5) acceptor cores and of the
used polymer matrices.
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2. Experimental
2.1 General remarks

All commercially available compounds were purchased from
Merck KgaA, Fluorochem Ltd and T.C.I. Co. Ltd, and were used
without further purification unless stated otherwise. Anhydrous
toluene was obtained after drying with a PureSolv Micro
apparatus (Inert). Organometallic reactions were carried out
under dry nitrogen using Schlenk techniques. Solvent degassing
was carried out according to the ‘‘freeze–pump–thaw’’ method.
Reactions were monitored by TLC on Kieselgel 60 F254 (Merck)
aluminium sheets and the products were visualized by exposing
the plate to UV light or by staining it with KMnO4 solution. Flash
column chromatography was performed using a Merck Kieselgel
60 (300–400 mesh) as the stationary phase. 1H-NMR spectra were
recorded at 200–400 MHz, and 13C-NMR spectra were recorded at
50.3–100.6 MHz, using Varian Gemini/Mercury/INOVA series
instruments. Chemical shifts (d) are reported in parts per million
(ppm) and are referenced to the residual solvent peak (CDCl3, d =
7.26 ppm for 1H-NMR and d = 77.0 ppm for 13C-NMR; CD2Cl2, d =
5.32 ppm for 1H-NMR and d = 53.84 ppm for 13C-NMR), while
coupling constants ( J ) are reported in Hz. ESI-MS spectra were
obtained by direct injection of the sample solution using a
Thermo Scientific LCQ-FLEET instrument, while HRMS spectra
were measured using a Thermo Scientific LTQ Orbitrap (FT-MS)
instrument (carried out at the Interdepartmental Centre for
Mass Spectrometry of the University of Florence, CISM); main
peaks for both are reported in the form m/z.

2.2 Spectroscopic analysis in solution

UV-vis absorption spectra were recorded with a Shimadzu 2600 series
spectrometer, and fluorescence spectra were recorded with a JASCO
FP-8300 spectrofluorometer, irradiating the sample at the wavelength
corresponding to maximum absorption in the UV-vis spectrum.
Absolute fluorescence quantum yields (Ff) in toluene solution were
determined at room temperature using an integration sphere.

2.3 LSC film preparation

Polymer thin films containing the selected fluorophore were
prepared by pouring 1.5 mL of toluene (Sigma-Aldrich, HPLC
Plus, Z99.9%) solution containing about 60 mg of the polymer
and different concentrations (0.2–2.2 wt%) of the fluorophore
on a 50 ! 50 ! 3 mm optically pure glass substrate (Edmund
Optics Ltd BOROFLOAT window 50 ! 50 TS). The amount of
fluorophore was taken from a mother solution at a concen-
tration of 1.5 mg mL"1. The glass slides were cleaned with
chloroform and immersed in 6M HCl for at least 12 h and then
dried according to previously reported procedures.22–27

Fluorophore-doped polymer thin films with a thickness of
25 # 5 mm (Starrett micrometer) were obtained after complete
evaporation of toluene at room temperature under a saturated
atmosphere of chloroform (Merck, ACS reagent, Z99.8%). After
LSC characterization, the polymer films were carefully detached
from the glass surface by immersing the LSC in water, stored in
a desiccator and then analysed by means of absorption and
emission spectroscopies.

2.4 Spectroscopic analysis of polymer films

UV-vis absorption spectroscopy on polymer films was performed
at room temperature by using an Agilent Cary 5000 spectro-
photometer. Fluorescence spectra on polymer films were
recorded at room temperature with a Horiba Jobin-Yvon
Fluorologs-3 spectrofluorometer equipped with a 450 W xenon
arc lamp and double-grating excitation and single-grating
emission monochromators. Fluorescence quantum yields (Ff) in
the solid state were determined using a 152-mm-diameter
‘‘Quanta-j’’ integrating sphere, coated with Spectralons and
following the procedures reported earlier.22,28,29 Epifluorescence
microscopy was accomplished using a LED epifluorescence micro-
scope (Schaefer South-East Europe S.r.l., Rovigo, Italy) equipped
with a LED blue and green 5W light source and a DeltaPix Invenio
2EIII microscope camera (DeltaPix, Smorum, Denmark).

2.5 Transient absorption spectroscopy and fluorescence
lifetime imaging (FLIM)

Ultrafast transient absorption spectra of all samples have been
recorded on a system consisting of a home-built Ti:sapphire
laser oscillator and regenerative amplifier system (Amplitude
Pulsar) which produced 80 femtoseconds pulses at 810 nm with
an average output power of 450–500 mW. Excitation pulses at
400 nm were obtained by the second harmonic generation of the
fundamental laser output in a 2 mm-thick b-barium borate (BBO)
crystal. For all measurements, the pump beam polarization was
set at the magic angle with respect to the probe beam by rotating
a l/2 plate to exclude rotational contributions to the transient
signal.30,31 The excitation powers were on the order of 50–100 nJ.
The probe pulses were generated by focusing a portion of the
800 nm radiation beam on a 3 mm-thick CaF2 window. The time
delay between the pump and probe pulses was introduced by
sending the portion of 800 nm light used for probe generation
through a motorised stage. After passing through the sample,
the white light probe was sent to a flat field monochromator
coupled to a home-made CCD detector. For samples in solution,
measurements were performed in a quartz cell (2 mm thick)
mounted on a movable stage in order to refresh the solution and
avoid undesired photochemical degradation of the sample. In
the case of samples dispersed in PMMA, the polymeric films
were directly mounted on the same motorised stage used for
liquid samples. Analysis of the transient data was performed
applying singular value decomposition (SVD)32 and global
analysis,33 using GLOTARAN software.34 Global analysis allows
the simultaneous fit of all the measured wavelengths with a
combination of exponential decay functions and retrieves the
kinetic constants describing the dynamic evolution of the system
and the corresponding spectral component, called evolution
associated difference spectra (EADS). A linear decay kinetic
scheme was employed for data analysis.

Fluorescence lifetime imaging (FLIM) was carried out on
PMMA films doped with fluorophores DQ1–5 (1.0 wt%) using a
inverted confocal microscope Leica TCS SP5 (Leica Microsystems,
Wetzlar, GE) coupled with an external pulsed diode laser (lex =
405 nm) and a TCSPC acquisition card (PicoHarp 300, PicoQuant,

Journal of Materials Chemistry C Paper
O

pe
n 

A
cc

es
s A

rti
cl

e.
 P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

1 
3:

05
:4

0 
PM

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



 

 142 

J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2021

Berlin, GE) connected to internal spectral detectors. The laser
repetition rate was set to 20 or 40 Hz. The images (256 ! 256
pixels) were usually acquired with a scan speed of 400 Hz (lines
per second). The pinhole aperture was adjusted depending on the
fluorescence intensity and films were imaged under a 40!/NA
0.60 dry objective (Leica Microsystems). Fluorescence emission
was monitored in the 480 and 620 nm range using the built-in
acousto-optical beam splitter detection system of the microscope.
Acquisitions were stopped after the collection of about 100–200
photons per pixel, at a photon counting rate of about 200–
300 kHz. The decay curves were obtained from the binned lifetime
images and fitted using PicoQuant SymPhoTime software.

2.6 Determination of LSC optical properties

Internal (Zint) and external (Zext) photon efficiencies were
evaluated in agreement with recent protocols35 (see the ESI†
for additional discussion and pictures). All the measurements
were performed using a commercially available system (Arkeo –
Cicci research s.r.l.) containing a CMOS-based spectrometer
with a symmetrical Czerny–Turner optical bench connected to
an integrating sphere. A fiber-based tunable LED source was
used to excite the center of the LSC device with a circular spot of
2 mm in diameter and at a distance of 0.5 mm. The platform
includes a tunable LED source composed of 10 monochromatic
diodes (from 360 to 960 nm) and 2 white diodes (warm and
cold) used to match AM 1.5G (Fig. S22 and S23, ESI†). The use
of LED source allowed the irradiation stability with time. An
integrating sphere of 5 cm of diameter and 1 cm of aperture is
placed along the edge of the glass plate, such that the aperture
of the sphere is fully covered by the glass and one corner
coincides with the edge of the aperture hole. The integrating
sphere was moved along the side of the LSC until all the slab
edges had been scanned. The spectrally resolved edge output
photon count was collected from the CMOS-based spectrometer
and calibrated into optical power (W) and then in irradiance.
Aimed at limiting reflections of unabsorbed light, an absorbing
matte black background was placed in contact with the LSC
rear side. The fiber was kept close and perpendicular to the
centre of the LSC front surface to minimize the diverge of the
excitation beam and to avoid the direct illumination of
the integrating sphere.36 A series of 3–5 measurements were
repeated in order to align the integration sphere to collect the
maximum single-edge output power. For the auto-absorption
experiments, the Arkeo platform included a motorised
translation stage and was equipped with a 405 nm, 1 mW laser.

2.7 Synthesis of DQs

4,4 0-(2,3-Diphenylquinoxaline-5,8-diyl)bis(N,N-diphenyl)
aniline, DQ1. In a Schlenk tube, under an inert atmosphere of
nitrogen, Pd(dppf)Cl2 (18 mg, 0.023 mmol, 10 mol%) was
added to a solution of 5,8-dibromo-2,3-diphenylquinoxaline 5
(100 mg, 0.23 mmol, 1.0 eq.) in toluene/MeOH 6 : 1 (4 mL). KF
(39 mg, 0.68 mmol, 3.0 eq.) and boronic acid 7 (164 mg,
0.57 mmol, 2.5 eq.) were added to the mixture. The solution
was heated at 80 1C for 18 h. The mixture was then cooled at
room temperature and water (5 mL) was added. The mixture

was extracted with EtOAc (3 ! 4 mL). The organic phase was
washed with water and brine and then dried on anhydrous
Na2SO4. Purification by flash column chromatography (SiO2,
petroleum ether/DCM 3 : 1) gave product DQ1 as an orange
solid (37 mg, 0.048 mmol, 21%). 1H-NMR (400 MHz, CDCl3): d =
7.89 (s, 2H), 7.80 (d, J = 8.4 Hz, 4H), 7.63 (d, J = 7.6 Hz, 4H),
7.27–7.38 (m, 14H), 7.20–7.27 (m, 12H), 7.07 (dd, J = 7.6, 6.4 Hz,
4H) ppm. 13C-NMR (100 MHz, CDCl3): d = 151.0, 147.7, 147.3,
139.1, 138.6, 138.4, 132.1, 131.7, 130.1, 129.4, 129.3, 128.8,
128.2, 124.7, 123.0, 122.7 ppm. HRMS: m/z calculated for
C56H41N4: 769.3326. Found: 769.3315 [M + H]+.

General procedure for microwave-activated Suzuki–Miyaura
cross coupling

In a microwave tube, Pd(dppf)Cl2 (10 mol%) was added to a
solution of appropriate dibromoquinoxaline (1.0 eq.) in
toluene. Meanwhile, in a Schlenk tube, under a nitrogen
atmosphere, boronic ester/acid (2.5 eq.) and KF (3.0 eq.) were
dissolved in MeOH. After complete dissolution, the latter
solution was added into the MW tube. The mixture was stirred
for 300 at room temperature and then heated under MW
irradiation at 70 1C for 350. The mixture was cooled at room
temperature and the solvent was removed under a vacuum.

4,40-(2,3-Diphenylquinoxaline-5,8-diyl)bis(N,N-bis(4-(hexyloxy))
phenyl)aniline, DQ2. 5,8-Dibromo-2,3-diphenylquinoxaline 5
(86 mg, 0.11 mmol, 1.0 eq.), Pd(dppf)Cl2 (8.0 mg, 0.011 mmol,
10 mol%) in toluene (3 mL), boronic ester 837 (157 mg, 0.27 mmol,
2.5 eq.) and KF (19 mg, 0.33 mmol, 3.0 eq.) in MeOH (0.5 mL)
were reacted following the above general procedure. The crude
product was purified by flash column chromatography (SiO2,
petroleum ether/DCM 5 : 1 - 3 : 1) obtaining DQ2 as an orange
solid (28 mg, 0.024 mmol, 21%). 1H-NMR (400 MHz, CDCl3): d =
7.86 (s, 2H), 7.69 (d, J = 9.0 Hz, 4H), 7.58 (d, J = 7.4 Hz, 4H), 7.37–
7.29 (m, 6H), 7.15 (d, J = 9.0 Hz, 8H), 7.04 (d, J = 11.9 Hz, 4H), 6.88
(d, J = 9.1 Hz, 8H), 3.96 (t, J = 6.4 Hz, 8H), 1.83–1.74 (m, 8H), 1.52–
1.44 (m, 8H), 1.40–1.33 (m, 16H), 0.93 (t, J = 6.6 Hz, 12H) ppm.
13C-NMR (100 MHz, CDCl3): d = 155.8, 151.1, 148.4, 140.4, 139.2,
138.3, 131.3, 129.9, 129.8, 129.15, 128.6, 128.1, 127.0, 118.9, 115.2,
68.3, 31.6, 29.3, 25.7, 22.6, 13.8 ppm. HRMS: m/z calculated for
C80H89O4N4: 1169.6878. Found: 1169.6864 [M + H]+.

3,30-(2,3-Diphenylquinoxaline-5,8-diyl)bis(10-(4-methoxyphenyl))-
10H-phenothiazine, DQ3. 5,8-Dibromo-2,3-diphenylquinoxaline
5 (174 mg, 0.23 mmol, 1.0 eq.), Pd(dppf)Cl2 (16.8 mg,
0.023 mmol, 10 mol) in toluene (3 mL), boronic ester 910

(248 mg, 0.57 mmol, 2.5 eq.) and KF (40 mg, 0.69 mmol, 3.0
eq.) in MeOH (0.5 mL) were reacted following the above general
procedure. The crude product was purified by flash column
chromatography (SiO2, petroleum ether/DCM 4 : 1 - 2 : 1)
obtaining DQ3 as a yellow solid (93 mg, 0.10 mmol, 46%).
1H-NMR (400 MHz, CDCl3): d = 7.74 (s, 2H), 7.59 (dd, J = 6.0,
3.6 Hz, 6H), 7.36 (d, J = 6.0 Hz, 4H), 7.33–7.29 (m, 8H), 7.15 (dd,
J = 7.6, 3.2 Hz, 4H), 7.03 (dd, J = 5.6, 1.6 Hz, 2H), 6.82 (ddd, J =
9.2, 4.0, 1.2 Hz, 4H), 6.30 (d, J = 8.8 Hz, 2H), 6.19 (dd, J = 4.0,
2.0 Hz, 2H), 3.92 (s, 6H) ppm. 13C-NMR (100 MHz, CDCl3): d =
159.2, 151.1, 144.4, 144.0, 138.3, 137.5, 133.2, 132.3, 132.2, 130.1,
129.1, 128.8, 128.7, 128.2, 126.8, 126.6, 122.3, 119.5, 118.9, 115.9,
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115.6, 115.2, 55.5 ppm. HRMS: m/z calculated for C58H57N4:
889.2665. Found: 889.2652 [M + H]+.

4,40-(2,3-Dihexylquinoxaline-5,8-diyl)bis(N,N-diphenyl)aniline,
DQ4. 5,8-Dibromo-2,3-dihexylquinoxaline 6 (66 mg, 0.14 mmol,
1.0 eq.), Pd(dppf)Cl2 (10.2 mg, 0.014 mmol, 10 mol%) in toluene
(3 mL), boronic acid 7 (101 mg, 0.35 mmol, 2.5 eq.) and KF
(24.4 mg, 0.42 mmol, 3.0 eq.) in MeOH (0.5 mL) were reacted
following the above general procedure. The crude product was
purified by flash column chromatography (SiO2, petroleum
ether/DCM 4 : 1 - 2 : 1 - EtOAc) obtaining DQ4 as a yellow
solid (67 mg, 0.08 mmol, 55%). 1H-NMR (400 MHz, CDCl3): d =
7.77 (s, 2H), 7.72 (d, J = 8.4 Hz, 4H), 7.29 (dd, J = 15.9, 8.0 Hz, 8H),
7.24–7.15 (m, 12H), 7.04 (m, 4H), 2.97 (t, J = 7.6 Hz, 4H), 1.91–1.81
(m, 4H), 1.46–1.37 (m, 4H), 1.36–1.21 (m, 6H), 0.86 (t, J = 6.0 Hz,
6H) ppm. 13C-NMR (100 MHz, CDCl3): d = 155.1, 148.0, 147.1,
138.8, 138.3, 132.9, 131.8, 129.4, 128.5, 124.7, 123.0, 34.9, 32.0,
29.3, 27.3, 22.8, 14.2 ppm. HRMS: m/z calculated for C56H57N4:
785.4577. Found: 785.4564 [M + H]+.

4,40-(2,3-Dihexylquinoxaline-5,8-diyl)bis(N,N-bis(4-(hexyloxy)
phenyl)aniline), DQ5. In a Schlenk tube, under an inert atmosphere
of nitrogen, Pd(PPh3)4 (13 mg, 0.011 mmol, 10 mol%) was
added to a solution of 5,8-dibromo-2,3-dihexylquinoxaline 6
(50 mg, 0.11 mmol, 1.0 eq.) in toluene (4 mL). Cs2CO3 (116 mg,
0.33 mmol, 3.0 eq.) and appropriate boronic ester 837 (132 mg,
0.23 mmol, 2.1 eq.) were added to the mixture. The solution was
heated at 110 1C for 4 h. The mixture was cooled at room
temperature, water (5 mL) was added and the resulting solution
was extracted with EtOAc (3 ! 4 mL). The organic phase was
washed with water and brine and then dried on anhydrous Na2SO4.
The crude product was purified by flash column chromatography
(SiO2, petroleum ether/DCM 3 : 1 - 1 : 1) obtaining DQ5 as an
orange solid (108 mg, 0.091 mmol, 83%). 1H-NMR (400 MHz,
CDCl3): d = 7.72 (s, 2H), 7.65 (d, J = 8.4 Hz, 4H), 7.13 (d, J =
9.2 Hz, 8H), 7.03 (d, J = 8.4 Hz, 4H), 6.84 (d, J = 9.0 Hz, 8H), 3.94
(t, J = 1.2 Hz, 8H), 2.96 (t, J = 1.2 Hz, 4H), 1.74–1.90 (m, 14H),
1.51–1.43 (m, 10H), 1.37–1.33 (m, 21H), 0.95–0.89 (m, 14H),
0.88–0.82 (m, 7H) ppm. 13C-NMR (100 MHz, CDCl3): d = 155.4,
154.7, 147.9, 140.8, 138.7, 138.0, 131.4, 130.6, 128.1, 126.7, 119.6,
115.2, 68.2, 34.7, 31.8, 31.6, 29.3, 29.2, 27.3, 25.8, 22.6, 14.1,
14.0 ppm. HRMS: m/z calculated for C80H105O4N4: 1184.8058.
Found: 1184.8042 [M + H]+.

3. Results and Discussions
3.1 Synthesis of chromophores DQ1–5

Compounds DQ1–5 were rationally designed to modulate their
relevant electronic and physico-chemical properties. By inserting

different electron-donating groups at the 5,8 positions of the
quinoxaline core, the HOMO–LUMO energy difference could be
tuned, thus effectively modulating their absorption spectra.38

In addition, the nature of the substituents at the 2,3 positions can
affect the electron-accepting capacity of the quinoxaline unit,
stabilizing the LUMO orbital.21 Finally, the presence of alkyl chains
on the acceptor and donor groups, other than modifying the
electronic and optical properties, can also alter the dispersibility
of the fluorophores in the polymer matrix, controlling the potential
formation of non-emissive aggregates. Compounds DQ1–5 (Fig. 1)
were synthesized by means of an easy and flexible three-step route,
making use of well-known Suzuki–Miyaura cross-coupling reac-
tions as key steps. The two acceptor cores were prepared following a
common strategy, shown in Scheme 1. Diamine 2 was synthesized
in good yield by the reduction of commercially available 4,7-
dibromo-2,1,3-benzothiadiazole (1) using a large excess of NaBH4 in
EtOH.17 Compound 2 was used immediately, without purification,
for the subsequent step involving a cyclization reaction using
diketones 3 or 4, under slightly different conditions, to obtain
quinoxalines 5 and 6, respectively. The latter were employed in the
Suzuki–Miyaura cross-coupling reactions, whose conditions were
individually optimized to enhance the yield of each product
(Scheme 2).

In particular, compounds DQ2–4 were synthesized by reacting
quinoxalines 5 or 6 with the corresponding boronic acid/ester
(7–9) in the presence of Pd(dppf)Cl2 as the catalyst and KF as the
base under microwave (MW) heating. Compared to conventional
heating, MW irradiation allowed shortening the reaction time
(approx. 35 minutes at 70 1C) and reducing the number of side-
products. A mixture of toluene and MeOH (6/1) was identified as
the best medium to absorb microwaves efficiently. However, the
MW irradiation conditions were surprisingly ineffective in the
synthesis of DQ1 and DQ5. So, DQ1 was obtained under similar
conditions to DQ2–4 (Scheme 2), but applying conventional
heating for 18 h, while DQ5 was prepared using a synthetic
method reported by Kang et al. for a different compound.20 This
last reaction was run using Pd(PPh3)4 and Cs2CO3 as the catalyst
and base, respectively, at a temperature of 100 1C for 4 hours.

3.2 Spectroscopic characterization in solution

Steady-state UV-vis absorption and fluorescence emission
studies. The optical properties of compounds DQ1–5 were
studied in solution by UV-vis absorption and fluorescence
emission spectroscopies. The solvent used was toluene because
it effectively dissolved all compounds and its refractive index
(1.496) is similar to that of PMMA (1.491). Relevant data are
presented in Table 1 and Fig. 2. All compounds showed

Scheme 1 Synthesis of the quinoxaline cores.
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maximum absorption wavelengths between 400 nm and
460 nm (Fig. 2, solid lines). Fluorophores DQ1–3, having a

2,3-diphenylquinoxaline acceptor core, showed a red-shifted
absorption in comparison with the 2,3-dihexylquinoxalines
DQ4–5. This is consistent with the more extended conjugation
provided by the phenyl rings.21 The maximum absorption
wavelength increased from DQ1 (433 nm) to DQ3 (452 nm)
and then DQ2 (457 nm), in agreement with the increasing
electron-donating characteristics of the lateral groups.39 The
same effect was also found for DQ4 and DQ5.

In addition, all the absorption spectra featured broad peaks,
maintaining a constant shape at different concentrations
(see Fig. S2–S6, ESI†).

The ground-state frontier molecular orbitals of the DQ series
were calculated using Gaussian 16,40 Revision C.01 suite of
programs, at the B3LYP41,42/6-31G* level of theory in toluene.

Solvent effects were included using the polarizable continuum
model (PCM).43 The inspection of the frontier molecular orbitals
(see Fig. S1, ESI†) suggests that in all cases, the light absorption
in the visible region could involve an internal charge-transfer (ICT)
mechanism, as already observed in DQ1 and similar molecules.21,44

This is in agreement with the spectroscopic results.
The fluorescence spectra showed an intense emission band

between 512 and 600 nm (Fig. 2, dash dot lines), relatively well-
matched with the external quantum efficiency of a Si-based PV
module. No vibronic structure was observed, and the constant
shape of the emission band at different concentrations proved
the absence of dye aggregation in toluene for all DQs in the
explored concentration range (Fig. S2–S6, ESI†). Furthermore,
in all cases, large Stokes shifts (0.53–0.71 eV, corresponding
to 4100 nm) with limited overlap between the absorption
and emission spectra were observed, leading to minimal
re-absorption phenomena (Table 1).

Transient absorption spectroscopy (TAS) studies. To further
characterize the excited states of DQ1–5 chromophores and

Scheme 2 Synthetic procedures for the preparation of DQ fluorophores.

Table 1 Spectroscopic properties of compounds DQ1–5 in toluene
solution

Compound
labs
(nm) e ! 104 (M"1 cm"1)

lemi
(nm) SS (nm [eV]) Ff

a (%)

DQ1 433 3.1 538 105 [0.56] 74
DQ2 457 3.3 567 110 [0.53] 66
DQ3 452 1.2 601 149 [0.68] 46
DQ4 398 1.2 512 117 [0.71] 44
DQ5 416 2.0 529 112 [0.62] 67

a Absolute quantum yield of solutions.

Fig. 2 Normalized absorption spectra (solid lines) and normalized
fluorescence emission spectra (dash dot lines) of DQ1–5 in toluene
(0.01 mM) with lexc at 433, 457, 452, 398 and 416 nm, respectively.
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investigate the dynamics of their relaxation after light
absorption in toluene solution, femtosecond transient
absorption spectroscopy experiments were also carried out.
The samples were excited at 400 nm, at the blue edge of
absorption of the quinoxaline core, and their transient spectra
were recorded in the 0.1 ps–1.5 ns time interval. The results
were analysed by simultaneously fitting all the kinetic traces
with a combination of exponential functions (global analysis),
and using a kinetic scheme based on a sequential decay.
Besides kinetic constants, global analysis also retrieves the
corresponding spectral components, indicated as evolution
associated difference spectra (EADS). The transient absorption
spectra of DQ1–5 recorded in toluene are reported in Fig. 3 and
4, respectively, with the correspondent EADS obtained from
global analysis in the bottom panels.

2,3-Diphenyl-substituted compounds DQ1–3 showed a
broad positive excited state absorption (ESA) band, covering
almost all the probed spectral interval (Fig. 3a–c). DQ1 and DQ2
showed very similar spectra, indicating a minor influence of the
alkyl chains on the excited state dynamics, with a small
negative band centred at about 440 nm, corresponding to the
ground-state bleaching, and a more intense broad positive one,
featuring a double-peaked structure because of an evident
overlap with the negative stimulated emission (SE) band.
In the corresponding EADS panels (Fig. 3d and e), the first
component (black line) of both samples presents a broad
positive band peaked at 600 nm, living about 2 ps in case of
DQ1 and 700 fs for DQ2.

In the following evolution (red lines in Fig. 3d and e), the
ESA assumes a double-peaked shape, because of the increase in
the positive signal in the 450–500 nm region and the super-
position between the broad positive absorption band and the
stimulated emission band (peaked at about 530 nm for DQ1
and 550 nm for DQ2). This spectral evolution can be assigned

to a fast electronic relaxation of the molecule, as evidenced by a
large red-shift of the stimulated emission signal.

According to the theoretical analysis (see Fig. S1, ESI†),
the lowest excited state has a charge-transfer character. The
positive band above 700 nm noticed in the second EADS could
be interpreted in terms of the simultaneous localization of the
negative charge on the quinoxaline unit and the positive charge
on the triphenylamine donor, as evidenced in previous
studies.45,46 After 14.4 ps for DQ1 (7.3 ps for DQ2), the red
component evolves towards the blue EADS.

Although the spectral shape of the third EADS remains
mostly unaffected, the stimulated emission signal partially
recovers and red-shifts at about 30 nm reflecting a dynamic
Stokes-shift due to solvent-induced excited state relaxation.
On the same timescale, the band peaked at 600 nm narrows
and slightly blue-shifts, as the effect of vibrational cooling
occurring in the excited state. The narrowing at 600 nm is
particularly evident for DQ2. Finally, the signal intensity slightly
decreases on the following 448 ps timescale for DQ1 (540 ps for
DQ2). For both samples, the final spectral component (green
EADS) lives beyond the time interval of the measurement
(1.5 ns).

The transient spectrum of DQ3 appears slightly different as
compared to the previously described samples, reflecting the
presence of the phenothiazine donor group (Fig. 3c and f), but
the excited evolution can be interpreted in a similar way. Also in
this case, after a fast electronic relaxation occurring in about
500 fs, a positive band peaked at about 500 nm is observed to
increase, together with a broad absorption extending between
600 and 4750 nm, and presenting a minimum at about
570 nm, due to the superposition with the stimulated emission
band. The band peaked at 500 nm may reflect the localization
of positive charge on the phenothiazine ring, while the signal in
the red part of the spectrum (4600 nm) can be assigned to the

Fig. 3 Transient absorption spectra (a–c) and evolution associated difference spectra (EADS) (d–f) of DQ1–3 (from left to right) in toluene solutions.
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localization of the negative charge on the quinoxaline core,
thus confirming the formation of a charge-transfer state also in
this case. The spectral dynamics observed on the 5 ps timescale
reflects a dynamic Stokes shift of the emission band. The
intensity of the overall transient spectrum slightly decreases
on the following 212 ps timescale and the final spectral
component (green line, Fig. 3f) once again lives longer than
the investigated timescale.

The transient absorption spectra and EADS of 2,3-di-n-
hexylquinoxalines DQ4 and DQ5 are reported in Fig. 4. For
both samples, a negative band, peaked at about 500 nm, is
assigned as the SE signal, and a broad positive ESA band is
noticed in the spectra. Opposite to the previous series of
compounds, here the spectral evolution observed within the
investigated timescale is quite limited. Inspection of the EADS
shows a progressive red-shift of the SE band, ascribed to a
solvent-induced excited state relaxation, occurring within 10 ps
for both samples (evolution from the black to the red component
and from the red to the blue one, Fig. 4c and d). The intensity of
the ESA band partially decreases in about 325 ps for DQ4 (about
430 ps for DQ5). Already in the second spectral component, a
positive band at about 600 nm can be recognized, possibly
related to the partial localization of the positive charge on the
triphenylamine groups and therefore signalling the emergence
of a charge-transfer state upon photoexcitation. Also for these
samples, the final spectral component lives longer than the
investigated timescale. Overall, the transient absorption

spectroscopy measurements of all the investigated compounds
confirm the charge-transfer characteristic of the lowest energy
excited state, furthermore indicating that no intermediate
dark states are involved in its decay, suggesting that its main
relaxation channel is of radiative nature, a very beneficial feature
for compounds to be employed as LSC emitters.

3.3 Spectroscopic characterization in polymer matrices

DQ luminophores were characterized in polymer matrices by
dispersing them in transparent and totally amorphous PMMA
and PCMA, obtaining films with a 25 mm ! 5 mm thickness, at
different concentrations (0.2–2.2 wt%). All molecules visually
showed good dispersion in the polymer matrices, which
appeared homogenous and with negligible macroscopic phase
separation at the film surface even at the highest fluorophore
content (Fig. 5).

Steady-state absorption and emission studies in PMMA. In
PMMA films, all DQs exhibited broad absorption bands in the
370–550 nm interval (Fig. 6, solid lines and Table 2), with
intensity regularly increasing with concentration and without
evident differences in the spectral shape (Fig. S7–S11, ESI†).
Moreover, no clear absorption bands attributed to the aggregates
in polymer films were observed. Fluorescence bands encom-
passed the 500–700 nm spectral range (Fig. 6 dash dot lines),
without evident vibronic contributions even at high doping
(Fig. S7–S11, ESI†). The shape of the emission band remained
unaltered at different fluorophore concentrations but showed a

Fig. 4 Transient absorption spectra (a and b) and evolution associated difference spectra (EADS) (c and d) of DQ4-5 (from left to right) in toluene
solutions.
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progressive red-shift, possibly caused by moderate auto-
absorption phenomena (i.e., inner filter effects).24,47 Notably,
SS of more than 100 nm were observed for all DQs/PMMA films.
It is worth noting that DQ1 showed an outstanding fluorescence
quantum yield in PMMA (90–97% as compared to 74% in

toluene) (Fig. S7, ESI†), seemingly due to the beneficial effect
provided by the glassy polymer matrix. This is a typical trend,
since entrapment of the fluorophore within the polymer chains
can cause a decrease in its conformational freedom, resulting in
an increased dissipation of the excited state energy through
radiative channels.48–51 Moreover, no quenching effects were
observed up to a concentration of 1.8 wt%, thus suggesting also
an excellent compatibility of the fluorophore with the polymer
matrix.

This is confirmed by the inspection of epifluorescence
microscopy images, revealing the presence of only a few micro-
sized fluorophore aggregates with an average size of about
15 mm (Fig. 7), characterized by brilliant emission. Such
behaviour appears very promising in obtaining solar collectors
with improved optical performances.

Conversely, DQ2/PMMA films showed Ff values of 30–40%
within the entire range of concentrations (Fig. S8, ESI†), lower
than those recorded in solutions. No beneficial effect was
exerted by the polymer matrix in this case, which can be
attributed to the emersion of a large fraction of phase-
separated microscopic fluorophore aggregates (Fig. 7). We can
hypothesize that, in the initial toluene solution used for film
preparation, DQ2 molecules were well-dispersed. Upon the
evaporation of the solvent, their local concentration increased,
and thanks to the interaction of their long alkyl chains, they
started to form small aggregates, which became progressively
entrapped in the polymer matrix. This caused the size of the
aggregates to increase, leading to the observed microscopic
phase separation (Fig. 7).

The phase dispersion in PMMA also influenced the quantum
efficiency of DQ3/PMMA and DQ4/PMMA films, since the values
of 56% and 80% measured at the lowest fluorophore content
(0.2 wt%) gradually collapsed with the increasing content to 33%
and 58%, respectively (Fig. S9 and S10, ESI†). In these cases,
the lower fluorophore compatibility with the PMMA matrix
progressively gave rise to the emersion of micro-scale aggregates
that, in turn, triggered the activation of the typical ACQ effect
(Fig. 7).52,53

Fig. 5 PMMA and PCMA films doped with DQ1–5 at 1.4 wt% concentration under visible light illumination.

Fig. 6 Normalized absorption spectra (solid lines) and normalized
fluorescence emission spectra (dash dot lines) of DQ1–5 in PMMA
(1.0 wt%) with lexc at 430, 454, 456, 400 and 415 nm, respectively. UV-
vis absorption and emission spectra as a function of fluorophore concen-
tration are reported in the ESI† (Fig. S7–S11).

Table 2 Spectroscopic properties of compounds DQ1–5 in PMMA and
PCMA (1.0 wt%)

Compound

PMMA PCMA

labs
(nm)

lemi
(nm) SS (nm [eV])

labs
(nm)

lemi
(nm) SS (nm [eV])

DQ1 430 546 116 [0.61] 432 538 106 [0.56]
DQ2 447 580 133 [0.64] 459 569 110 [0.52]
DQ3 446 583 137 [0.65] 449 566 117 [0.57]
DQ4 406 513 107 [0.64] 404 493 89 [0.55]
DQ5 414 553 139 [0.75] 419 519 100 [0.57]
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This phenomenon appeared much less severe in the case
of DQ5/PMMA films, whose fluorescence quantum yield
remained constant at 50–60% in the entire range of
investigated concentrations (Fig. S11, ESI†).

Steady-state absorption and emission studies in PCMA.
All DQ fluorophores were also dispersed in PCMA, which is
considered less polar than PMMA due to the stronger aliphatic
contribution of the side-chain (Fig. 1).10 In general, the spectra
recorded in PCMA were comparable with those recorded in
PMMA, with negligible differences between the peak maxima
positions (Fig. 8 and Table 2). In particular, DQ1–3 films
showed absorption maxima increasing with concentration
and all the emission bands were affected by red-shifts at high

fluorophore concentrations (Fig. S12–S14, ESI†). Significant SS
at about 90–120 nm were observed for all molecules, similar to
what found in PMMA.

The quantum yields of DQ1–3 fluorophores appeared
generally maintained or increased in the PCMA matrix
compared to PMMA. Accordingly, DQ1/PCMA films confirmed
high values of Ff of around 96–98% (Fig. S12, ESI†), whereas a
striking increase from 40% to 71% and from 33% to 53% was
recorded moving from PMMA to PCMA for DQ2 (Fig. S13, ESI†)
and DQ3 (Fig. S14, ESI†), respectively, at the highest
fluorophore content. This behaviour suggests that a less polar
environment increases the phase compatibility between the
fluorophores and the polymer matrix, as indicated by the
images obtained by fluorescence microscopy of compound
DQ2 in PCMA films (Fig. 9, left). Clearly, a reduced number
of smaller DQ2 aggregates were present in PCMA with respect
to the more phase-separated DQ2/PMMA system (Fig. 7).

Moving to DQ4 and DQ5 (Fig. S15 and S16, ESI†), the
introduction of hexyl chains into their acceptor core resulted
in a less evident quenching of fluorescence for concentrations
higher than 1.4 wt% and in a less pronounced bathochromic
shift of the emission maximum. Nevertheless, the alkyl

Fig. 7 Fluorescent microscopy images of 1.4 wt% DQ1–5/PMMA films. Scale bar = 100 mm.

Fig. 8 Normalized absorption spectra (solid lines) and normalized
emission spectra (dash dot lines) of DQ1–5 in PCMA (1.0 wt%) with lexc

at 430, 459, 447, 400, and 419 nm, respectively. UV-vis absorption and
emission spectra as a function of fluorophore concentration are reported
in the ESI† (Fig. S12–S16).

Fig. 9 Fluorescent microscopy images of a 1.4 wt% DQ2,5/PCMA film.
Scale bar = 100 mm.
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characteristic of DQ4 and DQ5 affected divergently the Ff

variations with the fluorophore content. While DQ4 showed a
considerable increase of Ff with concentrations (i.e., from 65%
at 1.0 wt% to 90% at 1.8 wt%), the quantum yield of DQ5
declined drastically from 80% at 0.2 wt% to around 53% at
1.8 wt%, i.e., comparable to data gathered from PMMA films at
the same content. Ff declining in DQ5/PCMA films was attrib-
uted to the formation of phase-separated aggregates triggering
the formation of micro-cracks over the surface of the PCMA film
as revealed by fluorescence microscopy (Fig. 9, right). Such
hypothesis seems to be confirmed by the emission spectra of
DQ5/PCMA (Fig. S16, ESI†), where a second emission at a longer
wavelength appeared for high concentrations in agreement with
the formation of emissive aggregates. Overall, the introduction
of alkyl chains into the backbone of the fluorophores seems to
promote better dispersion and compatibility with the less polar
PCMA matrix, as especially evident in the case of compounds
DQ2 and DQ4. Notwithstanding this general observation, DQ5,
featuring the highest number of alkyl chains of the series,
diverges from such behaviour, requiring a more refined
explanation.54,55 Indeed, it must be considered that DQ5, despite
the flexibility of the n-hexyloxy substituents, is the largest
molecule among those examined, clearly larger than DQ1, but
also than DQ4. Since the relative motions of the polymer film
constituents are restricted, unlike what happens in solutions, it
is possible that increasing the concentration of DQ5 above a
certain limit prevented the polymer chains to come sufficiently
close due to steric reasons, decreasing the mechanical strength
of the films. This caused the appearance of the observed micro-
cracks, accompanied by a progressive phase-segregation of the
emitter molecules, which was supported by the above-mentioned
change in shape of the emission spectra (Fig. S16, ESI†).

Overall, DQ1 displayed the highest quantum yields in both
polymer matrices. Notably, compared to the other compounds
studied in this work, DQ1 does not present either any
flexible alkyl substituent on its backbone or phenothiazine
substituents, which can assume different conformations due

to the bending of the tricyclic system. Therefore, compared to
the other compounds, it should be less prone to the non-
radiative energy losses resulting from vibrational relaxation of
the excited state. This is supported by its relatively low SS value,
as can be seen in Table 1, indicative of a lower degree of
structural reorganization in the excited state. Finally, from
the TAS studies reported in Fig. 3 and 4, it can also be seen
that the initial spectral evolution for DQ1, assigned to a fast
electronic relaxation of the molecule, appears slower than that
of the other emitters seem to indicate similar rate constants for
all compounds. The variation of Ff values with concentrations
for all compounds both in the PMMA and PCMA matrices is
reported in Fig. 10. All the collected results possibly suggest
that even PCMA could experience compatibility issues at the
highest fluorophore content of 1.8–2 wt%, which often requires
maximizing the solar harvesting features of the LSC collectors.
An accessible solution to overcome such an issue would be
using copolymers made from methyl methacrylate and cyclo-
hexyl methacrylate to take advantage of both the film stability
induced by the former and the effective fluorophore dispersion
allowed by the latter. Research efforts aimed at developing
these new aspects are currently being pursued in our labs.

Transient absorption spectroscopy studies in polymer
matrices. All the transient absorption spectra of the samples
dispersed in the polymer appeared very similar (Fig. S17 and S18,
ESI†): an intense and broad positive excited state absorption
band was observed soon after excitation, covering the most of
the spectrum. The intensity of the signal gradually decreases in
time, without significant spectral evolution.

The dynamic Stokes shift observed in solution is barely
observed in the matrix, because of the lower vibrational freedom
and more constrained geometry experienced by the molecules in
such an environment. The intensity of the absorption signal
decayed bi-exponentially in all DQ samples, with the excited
state showing a relatively long lifetime of 41.5 ns. Overall,
these measurements show that the excited state relaxation is
dominated by the radiative channel also in the polymer, and that

Fig. 10 Ff values (%) of the PMMA (left) and PCMA (right) films tested at different fluorophore concentrations.
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the variation in Ff observed when moving from the solution to
the solid phase can mainly be associated with both the more
restricted conformation adopted by the different molecules in
the polymer and the degree of dispersibility of the various
compounds in the matrix. To demonstrate the effect of the
matrix, which can also induce a decreased emission efficiency
in the case of suboptimal compatibility, Fig. 11 reports the
comparison of the kinetic traces measured at the maximum of
the excited state absorption band (640 nm) for DQ5 in toluene
and in the two polymer matrices, PMMA and PCMA (1.0 wt%).
It is evident that the fast decay component has a higher weight in
the polymers compared to the solution, which affects the overall
Ff observed in the different environments. This is most probably
due to the lower conformational freedom experienced by the
molecules in the polymer matrix, which reduces the degrees of
structural rearrangement in the excited state, as also evidenced
by the reduced dynamic Stokes shift of the stimulated emission
band (see Fig. S17 and S18, ESI†). To complete the characterization
of the films, fluorescence lifetime measurements have also been
performed for all compounds dispersed in PMMA at 1.0 wt%
concentration. The fluorescence decay rates are similar for all
compounds, with lifetimes in the 4–8 ns time range, quite typical
of organic fluorophores. Fluorescence lifetimes are slightly
shorter for DQ4 and DQ5 if compared to the other molecules.
We found that the best fitting results (with a w2 value of about 1)
were obtained for a bi-exponential decay: this could reflect
either the presence of small inhomogeneities in the chemical
environment surrounding the fluorophore molecules or the
formation of oligomers with slightly different decay rates. The
fluorescence decay curves and lifetimes are reported in the ESI†
(Fig. S19 and Table S1).

3.4 LSC performances

Before determining the photon efficiencies of the prepared
thin-film LSCs, auto-absorption in the active film was analysed.
The measurements were performed by irradiating the surface
of the selected devices with a laser (lexc = 405 nm, 1 mW cm!2)

and the edge-emitted power was recorded as a function of the
optical pathlength distance between the excitation spot and the
collecting edge (Fig. S21, ESI†). LSCs based on LR305, DQ1 and
DQ4 were evaluated. LR305 was selected to be as the state-of-
the-art fluorophore in LSC, while DQ1 and DQ4 as fluorophores
with top and intermediate fluorescence quantum efficiencies,
as reported in Figure 10. Fluorophore content was selected in
terms of the maximum absolute Ff, i.e., 1.4 wt% for DQ1 and
DQ4. As far as LR305 is concerned, the concentration of
1.0 wt% was selected in terms of the maximum LSC
performance as determined in a previous study.8

Notably, as the optical pathlength distance increased, the
edge-emitted power was found to progressively decrease in all
cases (Fig. S21a, ESI†). This phenomenon appeared more
evident for the LSC based on LR305, possibly due to the lowest
SS of 36 nm27 compared to 106 nm for DQ1 and 89 nm for DQ4.
Moreover, by comparing the collected emission spectra, an
evident red-shift of about 20 nm in the emission maximum was
observed in the case of LR305, thus supporting emission losses by
the occurrence of reabsorption phenomena (Fig. S21b, ESI†).

The optical performances of LSC based on LR305, DQ1 and
DQ4 were then evaluated in terms of the internal and external
photon efficiency (Zint and Zext, respectively) (Table 3). Zint and
Zext were obtained according to the recently published
protocols35 and calculated from eqn (S1) and (S2) (ESI†).
In detail, Zint represents the ratio of photons collected at the
LSC edges to the number of absorbed photons by the embedded
fluorophores, and it is a key parameter to determine all lightguide
losses. Zext is the ratio of photons collected at the LSC edges to the
number of total incident photons, and it also provides information
about the solar harvesting features of the device.

It is worth noting that for both the Zint and Zext parameters,
DQ1 was the best fluorophore in providing the highest LSC
efficiencies with values of 42.9% and 6.2%, respectively.
Surprisingly, the Zint of the LSC based on LR305 resulted the
lowest (16.6%). According to the Zint determination, the broadest
absorption band of LR305 adversely affects this parameter in
largest extent.

Conversely, Zext shows a different trend of performances, i.e.,
with DQ1 as the best fluorophore followed by the state-of-the-art
LR305. DQ4, notwithstanding the higher but similar Ff values (64.4
against 59.3%), possibly suffers from inferior solar harvesting
characteristics with respect to the perylene bisimide chromophore.

Moreover, the photon efficiencies obtained here appear to be
higher than those reported in a recent study.56 Overall, DQ1 turns
out to be a very promising fluorophore for employment in LSCs.

However, for LSC practical applications, DQ1/PMMA stability
must be assessed through performance measurements over time.

Fig. 11 Comparison of the kinetic trace at 640 nm measured for DQ5
in toluene (black squares); PCMA (blue open circles); PMMA (red
filled triangles). Continuous lines represent fit from global analysis. The
associated time constants are reported in Fig. 4(d), Fig. S18.1(d) and S182(b)
(ESI†).

Table 3 Best Ff (%) and optical performances obtained for fluorophores
DQ1 and DQ4 dispersed in PMMA in comparison with LR305

Chromophore Matrix Concentration (wt%) Ff (%) Zint (%) Zext (%)

LR305 PMMA 1.0 59.3 16.6 4.7
DQ1 PMMA 1.4 96.7 42.9 6.2
DQ4 PMMA 1.4 64.4 27.9 3.6
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Notably, DQ1/PMMA films did not show any noticeable variation
in their visible appearance following their preparation, and with
optical performances maintained over months. Also, the thermal
stability of the fluorophore was evaluated through thermogravi-
metric analysis showing that the samples maintained at least 95%
of their weight up to 300 1C (Fig. S25, ESI†). The photostability
of DQ1/PMMA LSCs was then preliminarily investigated by
continuously irradiating a 0.25 cm2 spot of the film at 430 nm
with a 450 W Xe arc lamp under aerobic conditions. The film
samples were placed in the spectrofluorometer chamber and fixed
in the solid-state holder, thus receiving irradiances of about
50 mW cm!2. Notably, DQ1 retained 97.8% of its emission after
two hours of continuous excitation compared to the 98.8% of
LR305 (Fig. S26, ESI†), thus suggesting a potentially sufficient
photostability. Further experiments will be carried out in order to
definitely assess this behaviour.

4. Conclusions
In conclusion, we have reported the preparation of thin-film
LSCs having optical properties superior to those of the state-of-
the-art solar collectors. This result was obtained by replacing
the reference fluorophore LR305 in PMMA and PCMA films
with a series of new high quantum yield, donor–acceptor–
donor (D–A–D) photostable fluorophores (DQ1–5) characterized
by a central quinoxalinic acceptor core and triarylamines or
phenothiazine as donor groups. Thanks to their structures, all
fluorophores presented excited states characterized by a high
degree of intramolecular charge transfer, which was confirmed
by both DFT computational analysis and transient absorption
spectroscopy studies. Notably, they displayed intense emissions
between 550 and 600 nm with Stokes shifts at about 80–120 nm
that helped in minimizing the auto-absorption effects when
dispersed in polymers at high content. Furthermore, decoration
with long alkyl chains at different parts of the molecular backbone
allowed tuning their dispersibility in polymer films. It is worth
noting that DQ1 in PMMA provided outstanding LSC Zint and Zext

values of 42.9 and 6.2%, respectively. This result was addressed to
the effective combination between high phase compatibility and
excellent quantum yield, which for DQ1 reached remarkable
values of 495% in both PMMA and PCMA matrices.

In view of these performances, our findings provide new
advances for the widespread distribution of the LSC/PV system
in the integrated photovoltaics, which is the backbone of the
zero-energy building European target.
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4.7.1. Additional Computational Results 

 
Computational details 

Molecular and electronic properties of compounds DQ1, DQ2, DQ3, DQ4 and DQ5 have 

been computed via Density Functional Theory (DFT) [2,3] and Time Dependent DFT 

(TDDFT) [4,5] methods, using Gaussian 16, Revision C.01 suite of programs [6]. The S0 

optimized geometries of compounds DQ1-5 have been obtained at B3LYP [7,8]/6-31G* 

level of theory in vacuo. The same level of theory has been employed to calculate the 

energy and the wavefunction plots of frontier molecular orbitals (FMOs) in solvent 

(toluene), while the S1 optimized geometries have been computed at TD-CAM-B3LYP 

[9]/6-31G* level of theory. The UV–Vis spectroscopic properties of the analyzed 

compounds, including absorption (C\C,Cia ) and emission (C\C,+\( ) maxima, vertical 

excitation (Eexc) and emission (Eemi) energies, oscillator strengths (f) and composition (%) 

in terms of molecular orbitals for the lowest singlet-singlet excitations and the singlet-

singlet emissions, S0→S1 and S1→S0 respectively, have been computed in toluene on the 

minimized structures at TD-MPW1K [10]/6-311+G(2d,p) level of theory. Solvent effects 

have been included by using the polarizable continuum model (PCM) and, in the case of 

the emission maxima, using the Linear-Response implementation (LR-PCM) [11,12]. 

The electronic properties and the absorption maxima of compound DQ3 have been further 

investigated including the solvent effects by means of the Averaged Solvent Electrostatic 

Potential from Molecular Dynamics (ASEP/MD) method [13], using Gaussian09 and 

Gromacs-4.5 programs for QM calculations and MD simulations, respectively [14,15]. 

Geometry optimization of the solute (DQ3) has been carried out via DFT at B3LYP/6-

31G* level of theory in toluene, while absorption maxima and vertical excitation energies 

have been calculated by means of TDDFT method at MPW1K/6-311+G(2d,p) level of 

theory. MD simulations included 1168 toluene molecules and one molecule of solute in 

a dodecahedral rhomboid box of 7 nm, to reproduce the experimental solvent density. All 

the molecules have been simulated at fixed intramolecular geometry and the Lennard-

Jones parameters for the solvent and the solute have been taken from the optimized 

potentials for liquid simulations all atoms (OPLS-AA) force field [16]. The electrostatic 

interaction has been calculated with the Ewald method [17] at fixed temperature (298 K) 

using the Nose-Hoover thermostat [18]. Each simulation has been run in the NVT 

ensemble for 1.000 ps, with a time step of 1 fs, where the first 250 ps have been used for 
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equilibration and the last 750 ps for production. The solute atomic charges have been 

obtained from QM calculations using the CHELPG (Charges from Electrostatic Potential, 

Grid) method [19,20] and they have been updated at each ASEP/MD cycle. The iterative 

ASEP/MD procedure stops when convergence in the QM energy (0.0001 au) is reached. 

Here, 15 cycles of ASEP/MD have been performed. Final results have been obtained by 

averaging the last four ASEP/MD cycles, hence they represent an effective simulation 

time of 3.0 ns. 

 

Results 

The ground- (S0) and excited-states (S1) optimized geometries of compounds DQ1-5 are 

shown in Figure 4.7.1. The S0 optimized geometries in vacuo show dihedral angles 

between the quinoxaline acceptor core and the donor groups in the range of 43.1° and 

44.6°, whereas calculated geometries for S1 show an overall increased planarity of the 

molecules (dihedral angles between 21.0° and 28.4°). 

 

 
Figure 4.7.1. Bond lengths (Å) and dihedral angles (degrees) of S0 and S1 (in brackets) 

optimized geometries of compounds DQ1-5. 
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The analysis of the Kohn-Sham frontier molecular orbitals (FMOs) energies revealed that 

the HOMO-1 and the HOMO energies resulted to be more stabilized, while those of the 

LUMO and the LUMO+1 are less stabilized moving from S0 to S1 (Tables 4.7.1 and 

4.7.2). From the inspection of wavefunction plots, it emerges that the LUMO and the 

LUMO+1 electron densities are mainly confined on the quinoxaline core, while those of 

the HOMO-1 and the HOMO are mostly delocalized on the triarylamines and 

phenothiazine donor groups, both in S0 and S1 (Figures 4.7.2 and 4.7.3).  

 

Table 4.7.1. S0 B3LYP/6-31G* FMOs energies (eV) of compounds DQ1-5 computed in 

toluene (using PCM).  

Molecule HOMO-1 HOMO LUMO LUMO+1 
DQ1 -5.057 -4.864 -2.015 -1.280 
DQ2 -4.718 -4.544 -1.923 -1.223 
DQ3 -5.001 -4.863 -1.980 -1.234 
DQ4 -5.032 -4.837 -1.798 -0.680 
DQ5 -4.689 -4.513 -1.682 -0.508 

 

Table 4.7.2. S1 TD-CAM-B3LYP/6-31G* FMOs energies (in eV) of compounds DQ1-5 

computed in toluene (using PCM). 

Molecule HOMO-1 HOMO LUMO LUMO+1 
DQ1 -6.347 -5.718 -1.203 -0.017 
DQ2 -6.003 -5.487 -1.117 0.054 
DQ3 -6.172 -5.707 -1.233 0.011 
DQ4 -6.325 -5.677 -1.059 0.514 
DQ5 -5.979 -5.441 -0.952 0.654 

 



 

 156 

 
Figure 4.7.2. S0 FMOs plots of compounds DQ1-5 computed in toluene at B3LYP/6-

31G* level of theory (using PCM). 

DQ1
HOMO -1 HOMO LUMO LUMO+1

DQ2

DQ3
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Figure 4.7.3. S1 FMOs plots of compounds DQ1-5 computed in toluene with TD-CAM-

B3LYP/6-31G* (using PCM). 

 

TD-MPW1K/6-311+G(2d,p) absorption (C\C,Cia ) and emission C\C,+\(  maxima, vertical 

excitation (Eexc) and emission (Eemi) energies, oscillator strengths (f) and composition (%) 

in terms of molecular orbitals for the lowest singlet-singlet excitations (S0→S1) and 

emissions (S1→S0) in toluene of compounds DQ1-5 are shown in Table 4.7.3 and 4.7.4, 

respectively. 

 

Table 4.7.3. TD-MPW1K/6-311+G(2d,p) absorption maxima (C\C,Cia  in nm), excitation 

energies (Eexc in eV), oscillator strengths (f) and contributions (%) to S0→S1transition in 

toluene (by using PCM) of compounds DQ1-5. 

Molecule ~~{P
{�w  Eexc f Contribution 

(%) 
Exp (eV) 
(∆E in eV) 

DQ1 409 3.02 0.66 90% HàL 2.86 (0.16) 
DQ2 434 2.85 0.66 90 % HàL 2.71 (0.14) 
DQ3 404 3.07 0.51 88% HàL 2.74 (0.33) 
DQ4 386 3.21 0.94 89% HàL 3.12 (0.09) 
DQ5 406 3.06 0.94 89% HàL 2.98 (0.08)   

DQ1
HOMO -1 HOMO LUMO LUMO+1

DQ2

DQ4

DQ5

DQ3
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DQ1-5 compounds show absorption maxima between 386 and 434 nm, corresponding to 

3.21-2.85 eV. Looking at the wavefunction plots of MOs involved in the lowest energy 

transitions (Figures 4.7.2 and 4.7.3), it is evident that the S0→S1 excitations are 

characterized by an intramolecular charge transfer from the donors to the acceptor group, 

involving HOMOàLUMO orbitals. The computed excitation energies are in good 

agreement with the experimental values. Indeed, even if the TDDFT accuracy for the 

determination of transition energies is strictly dependent on: i) the selected functional (i.e. 

functionals containing a small fraction of exact HF exchange tend to underestimate the 

transition energies, while functionals incorporating ≅	40-50% of exact HF exchange tend 

to overestimate them), ii) the set of considered molecules and iii) a good description of 

the surrounding environment [21,22], it has been recently reported that with hybrid 

functionals for low-lying valence excited states of organic molecules there is a typical 

error of 0.2-0.4 eV [23]. Hence, the vertical excitation energies of DQ1-5 compounds fall 

in the expected accuracy of the TDDFT method. However, the error found for compound 

DQ3 is larger than the others.  

 

Table 4.7.4. TD-MPW1K/6-311+G(2d,p) emission maxima (C\C,+\(  in nm), emission 

energies (Eemi in eV), oscillator strengths (f) and contributions (%) to the transition S1→S0 

in toluene (by using PCM) of compounds DQ1-5. 

Molecule ~~{P
}~Ä  Eemi f Contribution 

(%) 
Exp (eV) 
(∆E in eV) 

DQ1 537 2.31 0.83 96% LàH 2.30 (0.01) 
DQ2 561 2.21 0.83 95% LàH 2.19 (0.02) 
DQ3 542 2.29 0.77 95% LàH 2.06 (0.23) 
DQ4 514 2.41 1.07 96% LàH 2.42 (0.01) 
DQ5 532 2.33 1.08 95% LàH 2.34 (0.01) 

 

The LR-PCM computed emission maxima in toluene fall in the 514-561 nm range, 

corresponding to 2.41-2.21 eV. They are in very good agreement with the experimental 

values, as the energy difference is at maximum 0.02 eV for compounds DQ1, DQ2, DQ4 

and DQ5, while an energy difference of 0.23 eV is found for compound DQ3. However, 

these values are all in the expected accuracy of the TDDFT method for the transition 

energies calculations [12, 21-23]. The Stokes Shift of compounds DQ1-5, which have 

been determined starting from the calculated absorption and emission maxima, have been 

compared with those obtained from experimental results and they are reported in Table 

4.7.5. It is possible to notice that even if calculated Stokes Shifts tend to overestimate the 
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experimental ones, they are in very good agreement, as the energy difference is at 

maximum 0.15 eV.  

 

Table 4.7.5. Calculated and experimental Stokes Shift values (eV). 

Molecule Calculated Stokes 
Shift (eV) 

Experimental 
Stokes Shift (eV) 

DQ1 0.71 0.56 
DQ2 0.64 0.53 
DQ3 0.78 0.68 
DQ4 0.80 0.71 
DQ5 0.73 0.62 

 

All the results obtained from the computational investigation are very closed to the 

experimental ones, except for the estimation of the vertical excitation energy of DQ3. For 

this reason, the electronic properties and the absorption maxima of this molecule have 

been further investigated including the solvent effects by means of the ASEP/MD 

method, in order to deep examine the possible influence of the solute-solvent interactions 

on DQ3 spectroscopic properties [13]. The internal energy (a.u.) and the dipole moment 

(D) variations throughout the 15 ASEP/MD cycles for compound DQ3 are reported in 

Figures 4.7.4 and 4.7.5, respectively.  

 

 
Figure 4.7.4. Internal energy variation (a.u) of compound DQ3 throughout the 15 

ASEP/MD cycles. 
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Figure 4.7.5. Dipole moment variation of compound DQ3 throughout the 15 ASEP/MD 

cycles. 

 

The plots of the internal energy and the dipole moment variations show that there are not 

consistent fluctuations between cycles, hence the last four ASEP/MD cycles have been 

considered for the calculation of the vertical excitation energy of compound DQ3. In 

Table 4.7.6 the S0 optimized bond lengths (Å) and dihedral angles (degrees) between the 

quinoxaline acceptor core and the phenothiazine donor groups for the last four considered 

ASEP/MD cycles are shown. In Figure S2 the involved atoms are highlighted.   

 

Table 4.7.6. Bond lengths (Å) and dihedral angles (degrees) of S0 optimized geometries 

at B3LYP/6-31G* in toluene of compound DQ3 for the last four considered ASEP/MD 

cycles. 

ASEP/MD 
cycle 

Bond lengths (Å) Dihedral angles (degrees) 
C28-C7 C8-C46 C35-C28-C7-C2 C1-C8-C46-C52 

12 1.48 1.48 42.2 41.6 
13 1.48 1.48 42.0 41.3 
14 1.48 1.48 42.0 41.4 
15 1.48 1.48 42.3 41.5 

 

TD-MPW1K/6-311+G(2d,p) absorption (C\C,Cia ) maxima, vertical excitation (Eexc) 

energies, oscillator strengths (f) and composition (%) in terms of molecular orbitals for 

the lowest singlet-singlet excitations (S0→S1) in toluene of compounds DQ3 for the last 

four ASEP/MD cycles are shown in Table 4.7.7.  
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Table 4.7.7. TD-MPW1K/6-311+G(2d,p) absorption maxima (C\C,Cia  in nm), excitation 

energies (Eexc in eV), oscillator strengths (f) and contributions (%) to S0→S1 transition in 

toluene (by using ASEP/MD) of compound DQ3. 

ASEP/MD 
cycle ~~{P

{�w  Eexc f Contribution  
(%) 

12 404 3.07 0.46 89% 
HàL 

13 403 3.08 0.46 89% 
HàL 

14 404 3.07 0.45 89% 
HàL 

15 403 3.08 0.46 89% 
HàL 

 

Within the ASEP/MD method, the vertical excitation energy value is taken as the average 

value of the calculated vertical excitation energies of the four considered cycles, 

corresponding to 3.075 eV ≅ 3.08 eV (403 nm), hence the energy difference with the 

experimental DQ3 absorption value is 0.34 eV. Additionally, the vertical excitation 

energy calculated with ASEP/MD method is in very good agreement with that obtained 

employing PCM as solvation method (3.07 eV – 404 nm), hence it is possible to assume 

that the solvent does not have an important effect on the solute properties. To further 

confirm this assumption, the vertical excitation energy of DQ3 has been also calculated 

in vacuo and it has been compared to calculated values in toluene by using PCM and 

ASEP/MD solvation methods (Table 4.7.8). 

 

Table 4.7.8. TD-MPW1K/6-311+G(2d,p) absorption maxima (C\C,Cia  in nm), excitation 

energies (Eexc in eV), oscillator strengths (f) and contributions (%) to S0→S1 transition in 

vacuo and in toluene by using PCM and ASEP/MD of compound DQ3. 

Medium ~~{P
{�w  Eexc f Contribution 

(%) 
Vacuo 401 3.09 0.42 89% HàL 

Toluene (by PCM) 404 3.07 0.51 88% HàL 
Toluene (by 
ASEP/MD) 403 3.08 0.46 89% 

HàL 
 

From this preliminary study, it has not been possible to correctly reproduce the 

experimental absorption value of compound DQ3 and it has been shown that the solvent 

does not have an important effect on the solute properties. To deeply examine this aspect, 

further computational studies could be carried out including the polarizable solvent in 
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ASEP/MD. An additional strategy could also consist in modifying the radius of the cavity 

within the PCM solvation method. Indeed, a reduced radius’ cavity should stabilize the 

excited state of the solute, leading to smaller values of excitation energy.  

In Supporting Information, additional results are reported, including the absorption 

maxima values of compound DQ3 calculated with different levels of theory (using PCM). 

Moreover, the results obtained employing ASEP/MD method to one of the higher energy 

conformers of DQ3, here identified as DQ3-a, are reported too.  

 

Supporting Information 

Table S1. B3LYP/6-31G* relative energies (kcal/mol) in vacuo of different 

conformations of DQ3. 

Conformers ∆" 
Selected DQ3 0.0 

DQ3-a +7.86 
DQ3-b +7.73 
DQ3-c +7.63 
DQ3-d +0.14 
DQ3-e +0.04 

 

 
Figure S1. Bond lengths (Å) and dihedral angles (degrees) of S0 optimized geometries 

of DQ3 conformers. 
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Table S2. Absorption (C\C,Cia ) maxima, vertical excitation (Eexc) energy, oscillator 

strengths (f) and composition (%) in terms of molecular orbitals for the lowest singlet-

singlet excitations (S0→S1) in toluene (using PCM) of compound DQ3 at different levels 

of theory.  

Level of theory ~~{P
{�w  Eexc f Contribution 

(%) (∆E in eV) 
MPW1K/6-

311++G(2d,2p) 404 3.07 0.51 88% 
HàL 0.33 

CAM-B3LYP/6-
311+G(2d,p) 384 3.23 0.61 76% 

HàL 0.49 

CAM-B3LYP/6-
311++G(2d,2p) 384 3.23 0.61 76% 

HàL 0.49 

B3LYP/6-
311+G(2d,p) 528 2.35 0.25 99% 

HàL 0.39 

B3LYP/6-
311++G(2d,2p) 528 2.35 0.25 99% 

HàL 0.39 

wB97XD/6-
311+G(2d,p) 371 3.35 0.66 61% 

HàL 0.61 

wB97XD/6-
311++G(2d,2p) 371 3.35 0.66 65% 

HàL 0.61 

PBE0/6-
311+G(2d,p) 493 2.51 0.30 98% 

HàL 0.23 

PBE0/6-
311++G(2d,2p) 493 2.51 0.30 98% 

HàL 0.23 

PBE0/Def2TZVP 492 2.52 0.30 97% 
HàL 0.22 

M062X/6-
311+G(2d,p) 388 3.19 0.60 81% 

HàL 0.45 

M062X/6-
311++G(2d,2p) 388 3.19 0.60 81% 

HàL 0.45 

 

 
Figure S2. Atoms involved in the considered bond lengths (Å) and dihedral angles 

(degrees) between the quinoxaline acceptor core and the phenothiazine donor groups. 

 

C28 C7
C2C35 C1

C8C46
C52
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Figure S3. Internal energy variation (a.u) of compound DQ3-a throughout the 15 

ASEP/MD cycles. 

 

 
Figure S4. Dipole moment variation of compound DQ3-a throughout the 15 ASEP/MD 

cycles. 

 

Table S3. Bond lengths (Å) and dihedral angles (degrees) of S0 optimized geometries at 

B3LYP/6-31G* in toluene of compound DQ3-a for the last four considered ASEP/MD 

cycles. 

ASEP/MD 
cycle 

Bond lengths (Å) Dihedral angles (degrees) 
C28-C7 C8-C46 C35-C28-C7-C2 C1-C8-C46-C52 

12 1.48 1.48 41.8 41.4 
13 1.48 1.48 41.8 41.4 
14 1.48 1.48 41.7 41.4 
15 1.48 1.48 41.6 41.3 
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Table S4. TD-MPW1K/6-311+G(2d,p) absorption maxima (C\C,Cia  in nm), excitation 

energies (Eexc in eV), oscillator strengths (f) and contributions (%) to S0→S1 transition in 

toluene (by using ASEP/MD) of compound DQ3-a. 

ASEP/MD 
cycle ~~{P

{�w  Eexc f Contribution 
(%) 

12 385 3.22 0.39 75% 
HàL 

13 385 3.22 0.39 79% 
HàL 

14 386 3.21 0.38 77% 
HàL 

15 385 3.22 0.39 80% 
HàL 

 

Table S5. TD-MPW1K/6-311+G(2d,p) absorption maxima (C\C,Cia  in nm), excitation 

energies (Eexc in eV), oscillator strengths (f) and contributions (%) to S0→S1 transition in 

vacuo and in toluene by using PCM and ASEP/MD of compound DQ3-a. 

Medium ~~{P
{�w  Eexc f Contribution 

(%) 
Vacuo 382 3.24 0.33 79% HàL 

Toluene (by PCM) 381 3.25 0.41 77% HàL 
Toluene (by 
ASEP/MD) 385 3.22 0.39 78% HàL 
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In this work, three novel molecules, TPa-c, have been designed and synthetized for a 

possible application as NIR-emitting AIEgens in luminescent devices. They possess the 

peculiar D-A-D structure, carrying the thieno[3,4-b]pyrazine acceptor core (A) connected 

to two triarylamine donor groups (D), which are substituted to a tetraphenylethylene 

(TPE) moiety, whose introduction is a common strategy to enhance emission from the 

condensed phase (AIE properties). From the computational investigation and the 

experimental characterization carried out in different solvents, it emerged that TPa-c have 

intense light-harvesting ability and emissions in the NIR region of the spectrum. 

Additionally, they possess large Stokes Shift values and AIE properties, which have been 

observed upon the formation of nanoaggregates in THF/water mixtures. These outcomes 

revealed that TPa-c can be considered as promising candidates for the development of 

new emissive devices.  

The PhD candidate’s contribution refers to the application of DFT and TDDFT methods 

to rationalize the structural, the electronic and the photophysical properties of the 

designed compounds in toluene and in dichloromethane, by using PCM. The Stokes 

Shifts values have been evaluated from the computed vertical absorption and the emission 

energies. Additionally, the PhD candidate also contributed to the writing of the 

manuscript.  
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Donor-Acceptor-Donor Thienopyrazine-Based Dyes as NIR-
Emitting AIEgens
Giulio Goti,*[a, b] Massimo Calamante,[a, b] Carmen Coppola,[c, d] Alessio Dessì,[a]

Daniele Franchi,[a] Alessandro Mordini,*[a, b] Adalgisa Sinicropi,[a, c, d] Lorenzo Zani,[a] and
Gianna Reginato[a]

Dedicated to Professor Franco Cozzi on the occasion of his 70th birthday.

Organic Near-Infrared luminophores have found broad applica-
tion as functional materials, but the development of efficient
NIR emitters is still a challenging goal. Here we report on a new
class of thieno[3,4-b]pyrazine-based NIR emitting materials with
Aggregation Induced Emission (AIE) properties. The dyes
feature a donor–acceptor–donor (D�A�D) structure, with a
thienopyrazine acceptor core connected to two triarylamine
donor groups bearing a tetraphenylethylene (TPE) moiety. Fast
and efficient synthesis allowed the modular preparation of

three dyes of tunable absorption and emission profiles. These
constructs were extensively characterized by spectroscopic
studies in different solvents, which revealed intense light-
harvesting ability and emissions in the deep-red and NIR region
with large Stokes shift values. Remarkably, the dyes exhibited
AIE properties, retaining emissive ability in the aggregate state,
thus emerging as attractive materials for their potential
application in the development of luminescent devices.

Introduction

Deep-red and Near-infrared (NIR) light-emitting materials have
attracted increasing attention over the past few years for their
use in a plethora of applications, ranging from photovoltaics,
night vision, optical communication, organic light-emitting
diodes (OLEDs), and bioimaging.[1] Ideal NIR emitters are able to
harvest photons in the visible region with high molar attenu-
ation coefficients (ɛ) and efficiently emit NIR radiation (">
650 nm). Although efficient NIR emitters have been successfully
developed relying both on rare-earth metals and transition
metal complexes,[2] their poor availability and high costs limit
their wide applicability and scalability. In this regard, purely
organic NIR emitting molecules represent a valuable alternative,

offering advantages in terms of ease of preparation, tunability
of their photophysical properties, and reduced costs.[3]

A common strategy in designing organic NIR molecules is
based on a donor-acceptor (D�A) architecture, where one (or
more) strong electron-donating moiety, the donor (D), is
connected to a highly electron-poor motif, the acceptor (A).[4]

This approach grants access to molecules with intramolecular
charge-transfer (ICT) excited state and low energy band gaps,
which are ultimately responsible for the desired NIR emission.
While effective, this strategy is affected by two main drawbacks:
1) as a direct consequence of the energy-gap law, radiative
decay from low lying excited states is commonly associated
with low emission quantum yields,[5] and 2) due to their rigid
conjugated structure, D�A compounds are prone to aggrega-
tion-caused quenching (ACQ), a behavior that poses limits to
their application in the solid-state.[6] Altogether, these aspects
make the development of efficient organic NIR emitters
challenging.

A solution to the ACQ affecting molecular dyes is provided
by the aggregation-induced emission (AIE) phenomenon.
Specifically, AIE luminogens (AIEgens) are molecules that, upon
aggregation, exhibit enhanced emissive properties by avoiding
deactivation pathways. Such AIE behavior is achieved through a
combination of mechanisms, encompassing restriction of mo-
lecular motions, which also prevents deleterious &–& stacking
interactions, and control of the conical intersection accessibility
(CCIA).[7] During the past two decades, the deep understanding
of the principles governing AIE has fostered the generation of a
myriad of new AIEgens, which revealed AIE as a powerful
strategy for the preparation of efficient organic NIR emitters.[8]

As part of our research interest in the synthesis and
characterization of luminescent organic materials,[9] we have
focused our attention on thieno[3,4-b]pyrazine-based dyes as
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potential NIR emitters. The thieno[3,4-b]pyrazine core is a
relevant and versatile acceptor moiety in the synthesis of
D�A�D molecules: i) its electron deficiency and poor aromatic-
ity impart a high ICT character to the dye excited state, resulting
in a deeply red-shifted absorption and emission bands; ii)
importantly, judicious functionalization of the acceptor core
enables additional tuning of the dye photophysical
properties.[10] While these unique features have enabled the
preparation of efficient organic NIR luminophores, the use of
thieno[3,4-b]pyrazine in the development of NIR emitters with
AIE properties has remained poorly investigated.[11]

Here we report on a new class of NIR emitting AIEgens TP
(Scheme 1) featuring a D�A�D structure, with a thieno[3,4-b]
pyrazine acceptor core connected to two triarylamine donor
groups. Importantly, to bestow the dyes with AIE properties, we
envisioned adorning the triarylamine donors with a tetraphenyl-
ethylene (TPE) moiety, whose introduction within luminophores
structures is an established strategy to enhance emission from
the condensed phase.[7c,8a,12] As depicted in Scheme 1, from a
retrosynthetic point of view, the TP dyes can be obtained
following a C�H functionalization logic,[10d,13] where the two
C�H bonds within the acceptor core 1 are directly functional-
ized in the presence of an excess of the triarylamine bromide 2.
The high modularity of this approach provides straightforward
access to different TP emitters by simple variation of the
substitution pattern of acceptor 1, which can be directly
connected to the donors 2 without the need for pre-activation.
Following this route, three TP NIR AIEgens were successfully
prepared and fully characterized in solution for their photo-
physical and AIE properties.

Results and Discussion

Synthesis of Compounds

Keeping in mind our retrosynthetic plan (Scheme 1), we
envisaged a convergent strategy for the preparation of thieno
[3,4-b]pyrazine dyes TP, where the acceptors 1 and the donor 2
are accessed through two different synthetic routes and finally
assembled in a modular fashion. This synthetic strategy,
depicted in Scheme 2, has allowed straightforward access to
three different NIR emitters TPa-c. Importantly, the synthetic
route strives for minimizing purification steps and is remarkable
for its efficiency, both crucial aspects to be considered in view
of the potential processability of the compounds.

The three thieno[3,4-b]pyrazine acceptor cores 1a-c were
synthesized following a reported procedure,[14] using thiophene
(3) as an inexpensive and readily available starting material
(Scheme 2a). Thiophene (3) was readily brominated in the
presence of NBS and, after a chromatographic purification,
subjected to electrophilic nitration to provide the 2,5-dibromo-
3,4-dinitrothiophene 4, which was recovered as a pure solid
upon filtration (50% yield over 2 steps). Reduction of the nitro
groups within 4, along with debromination of the heteroar-
omatic ring, was accomplished by treatment with an excess of
tin in HCl, yielding the 3,4-diaminothiophene 5, that was
isolated in gram scale upon simple filtration as a mixture of
chloride and hexachlorostannate (SnCl6)2� diammonium salt.[14]

Finally, condensation of 5 with the 1,2-dicarbonyl compounds
6a-c provided the three thieno[3,4-b]pyrazine acceptors 1a-c.
Specifically, condensation with benzil 6a was achieved upon
in situ deprotection of the ammonium salt 5 with an excess of
triethylamine, obtaining the 2,3-diphenylthieno[3,4-b]pyrazine
1a in 60% yield over two steps after chromatographic
purification. The same procedure allowed the condensation of
the diamine 5 with 2,3-butandione 6c to give the 1,2-dimethyl
substituted core 1c in 81% yield over two steps, which was
pure enough to be used in the next synthetic step without
further manipulation. On the other hand, condensation of 5
with an excess of glyoxal 6b occurred in basic water solution,
delivering core 1b in 79% yield over two steps with no
purification needed.

The triarylamine donor 2 was synthesized starting from the
commercially available bromide 7 (Scheme 2b), which was
submitted to Buchwald-Hartwig coupling with aniline 8 using
Pd2(dba)3 and tri-tert-butylphosphine as catalyst/ligand combi-
nation, furnishing the coupling product 9 in gram scale with
85% yield.[15] Following a reported procedure, the bis-arylamine
9 was then reacted with a slight excess of 1-bromo-4-
iodobenzene 10 in a second C�N coupling, catalyzed by
Pd(OAc)2 and tri-tert-butylphosphine.[16] However, in our hands,
these conditions led to the triarylamine product 2 only in poor
yields (33%), along with the formation of a side-product (22%
yield) arising from the overreaction of 2 with the starting amine
9. To solve this issue, we conducted a short optimization (see
Supporting Information, Section A), finding that an excellent
balance between reactivity and selectivity is achieved using
Pd(OAc)2 (10 mol%) and Xantphos (15 mol%) as catalysts atScheme 1. Retrosynthetic analysis for TP emitters.
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80 °C, which allowed the gram-scale synthesis of triarylamine 2
in 96% yield. We further found that the amount of Pd/ligand
catalysts can be reduced as low as 5 mol% in palladium without
loss in performance.

With all the synthons in our hands, we investigated the
direct arylation of the acceptor cores 1a–c with the donor 2 to
finally obtain the targeted constructs Tpa–c (Scheme 2c). To our
delight, arylation of both C�H bonds within the thienyl ring of
cores 1a-c occurred cleanly using Pd(OAc)2 (5 mol%) and
PCy3·HBF4 (10 mol%) as a catalytic system, along with pivalic
acid (30 mol%) as co-catalyst.[17] Under these conditions, we
successfully synthesized the desired Tpa–c compounds, that
were obtained after chromatographic purification with good to
excellent yields (quantitative, quantitative, and 87% respec-
tively).

Photophysical Characterization

To evaluate the ability of Tpa–c dyes to perform as NIR emitters,
we conducted UV-Vis and emission studies to determine their
photophysical properties, which are summarized below in
Table 1.

Absorption spectra of Tpa–c solutions in dichloromethane
(DCM) revealed three main absorption bands (Figure 1A): two
with higher intensity in the UV region, with "max approximately
centered at 310 nm and 350 nm respectively, and a third one at
longer wavelengths, ascribed to the intramolecular charge
transfer (ICT) transition. As it can be noted, the substitution of
the thienopyrazine core strongly influences the position of the
ICT absorption band. Specifically, while the non-substituted TPb
showed an absorption maximum at 550 nm, the introduction of
electron-donating methyl groups within TPc reduced the ICT
character of the molecule, thus inducing a blue shift of the ICT
band absorption maximum to 518 nm; on the contrary, a red-

Scheme 2. Convergent synthetic route for constructs TPa-c. i) Conditions for 1a, R= Ph: benzil 6a (1.05 equiv.), Et3N (4 equiv.), EtOH/DCM=1 :1, r.t., 3 h; for
1b, R= H: glyoxal 6b (40% wt in H2O, 1.9 equiv.), H2O, r.t., o.n.; for 1c, R= Me: 2,3-butanedione 6c (1 equiv.), Et3N (4 equiv.), EtOH/DCM=2 :1, r.t., o.n. ii)
Reaction time for TPa: 30 min. NBS=N-bromosuccinimide, DMF=N,N-dimethylformamide.
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shifted ICT band was observed for the highly conjugated
diphenyl substituted TPa ("max=576 nm).

Importantly, all the TPa-c molecules showed deep-red to
NIR emissions in DCM solution. The emission spectra (Figure 1B,
dotted lines) are characterized by broad bands that mirror the
corresponding ICT absorption bands well, featuring no signifi-
cant vibronic structure, and considerably large Stokes shifts,
>150 nm. The most blue-shifted emission in the TP series is
observed for the dimethyl substituted TPc ("max=679 nm),
while the emission of the diphenyl substituted TPa is the most
red-shifted ("max=750 nm). Interestingly, the non-substituted
TPb possesses the highest Stokes shift of the series, 188 nm
(0.57 eV), thus displaying a noticeable red-shifted emission with
a maximum at 738 nm.

To gain information about the influence of the solvent on
the optical properties of the TPa–c dyes, we analyzed their
absorption and emission spectra in six different media (see
Supporting Information, Section D). This study showed that,
while the absorption properties of TPa–c are only moderately
affected by the nature of the solvent, the emission spectra
present a marked positive solvatochromism, with maxima
shifting towards longer wavelength with increasing solvent
polarities. Such effect is particularly pronounced for the non-
substituted TPb, where the emission maximum in n-hexane,
"max 678 nm, is red-shifted by 60 nm when the solvent is
changed to DCM, "max 738 nm (Figure 2A). Remarkably, a strong
linear correlation between Stokes shift and the solvent polarity
was observed for all TPa–c dyes (inset in Figure 2A for TPb).[18]

This phenomenon is typical of push-pull organic emitters and

can be ascribed to a pronounced stabilization of the highly
polar charge-transfer excited states in more polar solvents.
Consequently, as for the energy-gap law, narrower band-gap
transitions are more susceptible to non-radiative decay, a
decrease in emission intensity is observed when passing from
apolar to highly polar solvents (Figure 2B). Accordingly,
fluorescence quantum yields for TPa–c solutions in toluene,
�Toluene 5%, 6%, 22% respectively, are about one order of
magnitude higher than the corresponding quantum yields
measured for TPa–c DCM solutions, �DCM 0.6%, 0.3%, 5%
(Table 1); such quantum yield values are comparable with those
of previously reported thieno[3,4-b]pyrazine based D�A�D
emitters.[10d] Notably, the highest fluorescence quantum yield
among the series of compounds is displayed by the methyl
disubstituted TPc, as it is characterized by the highest energy
band-gap.

Computational Investigation

A computational investigation based on Density Functional
Theory (DFT) and time-dependent DFT (TD-DFT) methods was
carried out to further rationalize the structural, electronic and
photophysical properties of compounds TPa–c. The ground (S0)
and excited states (S1) geometries of TPa–c were optimized
both in DCM and in toluene and are shown in Figure S19. The
S0 optimized geometries show dihedral angles between the
thieno[3,4-b]pyrazine acceptor core and the triarylamine donor
between 10.3° and 18°, whereas calculated geometries for S1

Table 1. Photophysical characterization of TPa-c dyes in solution.

Compound "abs

[nm][a]
ɛ
[M�1 cm�1]

"emi

[nm][a]
E0-0
[eV][a]

Stokes shift
[nm, eV]

�
[%][a]

"abs

[nm][b]
"emi

[nm]b]
E0-0
[eV][b]

Stokes shift
[nm, eV]

�
[%][b]

TPa 576 16876 750 1.84 174, 0.50 0.6 580 714 1.86 134, 0.40 5
TPb 550 15025 738 1.89 188, 0.57 0.3 556 703 1.92 150, 0.47 6
TPc 518 18820 679 2.02 161, 0.57 5 521 663 2.03 142, 0.51 22

[a] Measured in DCM. [b] Measured in toluene.

Figure 1. A) Absorption spectra of TPa-c solutions in DCM. B) Normalized ICT absorption bands (solid lines) and normalized emission bands (dotted lines) of
TPa-c solutions in DCM (1×10�5 M, "exc. 576 nm, 550 nm, 518 nm respectively).
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show an overall increased planarity of the molecules in both
solvents (dihedral angles between 0.2° and 1.2°).

TD-CAM-B3LYP/6-311+G(2d,p) absorption (labs
max) and emis-

sion (lemi
max) maxima, vertical excitation (Eexc) and emission (Eemi)

energies, oscillator strengths (f) and composition (%) in terms of
molecular orbitals for the lowest singlet-singlet excitations (S0!
S1) and the singlet-singlet emissions (S1!S0) in DCM and
toluene of compounds TPa-c are shown in Table 2 and Table 3,
respectively.

TPa–c show absorption maxima in DCM between 515 and
563 nm, corresponding to 2.41-2.20 eV, while absorption max-
ima between 520 and 566 nm, corresponding to 2.38-2.19 eV,
are calculated in toluene (Table 2). Looking at the wavefunction
plot of molecular orbitals (MOs) involved in the lowest energy
transitions (Figure 3), it is evident that the S0!S1 excitations are
characterized by an intramolecular charge transfer from the
donor to the acceptor group, involving HOMO!LUMO orbitals.
The experimental absorption maxima are in very good agree-

ment with the computed values in both solvents, reproducing
the red-shift of the lowest energy transition going from TPc to
TPa, with energy differences to 0.05 eV.

The LR-PCM computed emission maxima in DCM (Table 3)
fall in the 705–769 nm range, corresponding to 1.76–1.61 eV,
while emission maxima between 706–764 nm (1.76–1.62 eV) are
calculated in toluene. The experimental emission maxima are
also in good accordance with the computed vertical S1!S0
emission energies in both solvents, as the energy difference is
 to 0.13 eV. The calculated Stokes shifts values of TPa–c
compounds are, respectively, 0.59, 0.63 and 0.65 eV in DCM,
while 0.57, 0.60 and 0.62 eV in toluene. The wavefunction plot
of molecular orbitals (MOs) involved in the lowest energy
radiative transitions is shown in Figure S20 in the Supporting
Information, Section F.

Figure 2. A) Normalized emission spectra of TPb solutions in different media. Inset: linear correlation between Stokes shift and solvent polarity. B) Variation of
emission spectra intensities for TPb solutions (1×10�5 M) as a function of solvent.

Table 2. TD-CAM-B3LYP/6-311+G(2d,p) absorption maxima (labs
max in nm), excitation energies (Eexc in eV), oscillator strengths (f) and contributions (%) to the

S0!S1 transition in [a] DCM and [b] toluene for TPa–c compounds.

Compound labs
max [nm] Eexc [eV] f Contribution [%]
[a] [b] [a] [b] [a] [b] [a] [b]

TPa 563 566 2.20 2.19 0.71 0.71 86%
H!L

89%
H!L

TPb 551 556 2.25 2.23 0.81 0.80 84%
H!L

85%
H!L

TPc 515 520 2.41 2.38 0.95 0.93 86%
H!L

86%
H!L

Table 3. TD-CAM�B3LYP/6-311+G(2d,p) emission maxima (lemi
max in nm), emission energies (Eemi in eV), oscillator strengths (f) and contributions (%) to the

S1!S0 transition in [a] DCM and [b] toluene for TPa–c compounds.

Compound lemi
max [nm] Eemi [eV] f Contribution [%]
[a] [b] [a] [b] [a] [b] [a] [b]

TPa 769 764 1.61 1.62 0.59 0.58 94%
L!H

94%
L!H

TPb 765 763 1.62 1.63 0.66 0.65 94%
L!H

93%
L!H

TPc 705 706 1.76 1.76 0.77 0.75 94%
L!H

94%
L!H
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AIE Studies

The AIE properties of the TPa-c luminophores were investigated
to assess their emission ability in the aggregated phase, an
important parameter for their application as functional materi-
als in the development of new devices. To this end, we analyzed
the emission of TPa–c dyes in THF/water mixtures (1×10�5 M)
with increasing water fractions, fW (%) (Figure 4).

A moderate positive solvatochromic effect, along with a
decrease in photoluminescence intensity was generally ob-
served when going from fW=0% to fW=50% (I/I0⇡0.6 for TPa
and I/I0⇡0.2 for TPb,c), which is likely due to an increase of the
ICT character of the dyes excited state in more polar solvent
mixtures. On the other hand, TPa–c formed soluble nano-
aggregates when dissolved in solutions with fW�60%, which
induced a slight shift of emission maxima towards shorter
wavelengths and an increase of photoluminescence intensity,

Figure 3. DFT�B3LYP/6-31G* HOMO and LUMO ground-state electron density distributions in DCM and toluene using the polarizable continuum model (PCM)
of TPa-c compounds.

Figure 4. A) Emission spectra of TPb solutions in THF/water mixtures (1×10�5 M, "exc. 551 nm) with increasing water fractions (%). Emission maxima are
labelled as follows: .ݘ B) Relative emission intensities (I/I0) of TPa-c solutions in THF/water mixtures (1×10�5 M, "exc. 576 nm, 551 nm, 518 nm respectively) as a
function of water fraction, fW. I and I0 are emission intensities at the emission maximum for the compounds in THF/water mixtures (fW�10) and pure water
(fW=0) respectively. I and I0 values for TPa-c solutions have been weighted for their absorption at the excitation wavelength.
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with a maximum effect at fW of about 70%-80%. Such AIE effect
was particularly marked for the TPb dye, with a relative
intensity variation from I/I0=0.2 to 0.7, while it was found to be
less important for TPa and TPc (maximum I/I0=0.7 and 0.37
respectively). Notably, nano-aggregates formation for TPa–c
solutions at fW�60% was confirmed by UV-vis analysis with the
onset of light scattering effects;[19] it is worth noting that such
phenomenon introduces an overestimation of TPa–c absorban-
ces, with consequent underestimation of the corresponding I/I0
values.

Conclusion

In summary, we have developed new thienopyrazine based
D�A�D dyes as deep-red and NIR emitters with AIE properties.
A streamlined and modular synthesis enabled the straightfor-
ward assembly of three different TPa–c dyes with distinct
photophysical properties. Importantly, all the dyes were found
to strongly absorb light in the UV and visible region and to re-
emit it at "max>650 nm, with � values that are comparable
with previously reported thienopyrazine based D�A�D lumino-
phores. The introduction of TPE moieties within TPa–c
structures is a key design element intended to provide the dyes
with AIE properties, that were fully characterized in solution.
Although moderate in some cases, an AIE effect was observed
for all TPa–c molecules, which retained their emissive ability
upon the formation of nano-aggregates in THF/water mixtures.
Altogether these studies highlight thienopyrazine based D�A�D
architectures as promising and versatile structures for the
development of efficient NIR emitters, and will likely guide the
generation of dyes with higher performances. The high
processability and the advantageous photophysics of these
systems suggest their potential application for the development
of new emissive devices, a goal that is currently being pursued
by our group.

Experimental Section

General Information

All commercially available compounds were purchased from Merck
KgaA, Fluorochem Ltd., and T.C.I. Co. Ltd., and were used without
further purification unless otherwise stated. Aniline 8 was distilled
from KOH and stored over 4 Å molecular sieves. Anhydrous toluene,
N,N-dimethylformamide (DMF), DCM, and tetrahydrofuran (THF)
were obtained after drying with a PureSolv Micro apparatus (Inert).
Organometallic reactions were carried out under dry nitrogen using
Schlenk techniques. Reactions were monitored by TLC on Kieselgel
60 F254 (Merck) aluminum sheets and the products were visualized
by exposing the plate to UV light or by staining it with basic
aqueous potassium permanganate (KMnO4) solution. Flash column
chromatography[20] was performed using Merck Kieselgel 60 (300–
400 mesh) as the stationary phase. NMR spectra were recorded on
Varian Gemini/Mercury/INOVA instruments at 200 or 400 MHz for
1H, and 50.3–100.6 MHz for 13C respectively. Chemical shifts (.) are
reported in parts per million (ppm) and are referenced to the
residual solvent peak (CDCl3, .=7.26 ppm for 1H NMR and .=
77.16 ppm for 13C NMR; THF-d8, .=3.58 ppm for 1H NMR and .=

67.21 ppm for 13C NMR; DMSO-d6, .=2.50 ppm for 1H NMR). The
following abbreviations are used to indicate the multiplicity: s,
singlet; d, doublet; q, quartet; m, multiplet; bs, broad signal. GC-MS
analyses were performed with a Varian CP-3800 gas-chromatograph
coupled to a Varian Saturn 2200 GC/MS/MS detector and equipped
with a Varian Chrompack Capillary Column CP-Sil 8 CB (30 m×
0.25 mm I.D. 0.25 #m df), using the following parameters: Injector
temperature: 280 °C, carrier gas: He 1 mL/min, Column Temper-
ature: 60 °C (2.5 min)–9.4 °C/min-300 °C (2 min). ESI-MS spectra were
obtained by direct injection of the sample solution using a Thermo
Scientific LCQ-FLEET instrument, while HRMS spectra were meas-
ured using a Thermo Scientific LTQ Orbitrap (FT-MS) instrument
(carried out at the Interdepartmental Center for Mass Spectroscopy
of the University of Florence, CISM); both are reported as m/z. UV-
Vis spectra in solution were recorded with a Varian Cary 4000
spectrophotometer, and fluorescence spectra in solution were
recorded with a Jasco FP-8300 spectrofluorometer, equipped with a
150 W Xenon arc lamp, irradiating the sample at the wavelength
corresponding to maximum absorption in the UV spectrum (no
spectral correction has been applied). Fluorescence quantum yields
(�f) in solution were measured at room temperature irradiating the
sample at the wavelength corresponding to maximum absorption
in the UV spectrum by means of a 152 mm diameter Quanta-I
Integrating sphere coated with Spectralon, that was coupled by a
1.5 m fiber optic bundle (PVC monocoil sheath, slit-round config-
uration, 180 fibers; slit-end termination 10 mm O.D.×50 mm long;
round-end termination FR-274) to a HORIBA Jobin-Yvon Fluorolog-3
spectrofluorometer, equipped with a 450 W Xenon arc lamp and
double-grating excitation and single-grating emission monochro-
mator.

Synthetic Procedures

2,5-Dibromo-3,4-dinitrothiophene (4):[21] To a solution of
thiophene 3 (10.0 g, 119 mmol) in a 1 :1 mixture of glacial acetic
acid and CHCl3 (v/v) (100 mL), N-bromosuccinimide (46.4 g,
263 mmol) was added portion-wise and the reaction stirred
vigorously at 80 °C for 4 h. Complete conversion was assessed by
TLC monitoring (petroleum ether:EtOAc, 2 :1), then the reaction was
diluted with EtOAc (50 mL), poured in an extraction funnel, and
washed with Na2CO3 saturated aqueous solution (2×50 mL), water
(50 mL) and Brine (50 mL). The organic phase was dried over
anhydrous Na2SO4, filtered and the solvent removed under rotatory
evaporation. The crude was filtered through a pad of silica eluting
with petroleum ether to get the pure 2,5-dibromothiophene as an
oil (29.3 g, 90% yield). 1H NMR (200 MHz, CDCl3): .= 6.84 (s, 2H).
Spectroscopic data are in agreement with those reported in the
literature.[14] Concentrated sulfuric acid (96%, 25 mL), fuming
sulfuric acid (20% SO3, 25 mL), and concentrated nitric acid (65%,
8.3 mL) were combined in a three-neck flask equipped with a
mechanical stirrer and a thermometer. The flask was cooled at 0 °C
and 2,5-dibromothiophene (14.6 g, 60.2 mmol) was added main-
taining the temperature below 20 °C. The reaction was stirred at
room temperature for 3 h and then poured into a beaker
containing 350 g of ice. Once the ice had melted, the precipitate
was filtered and the solid residue extensively washed with water,
obtaining 2,5-dibromo-3,4-dinitrothiophene 4 as a dark reddish
solid (11.0 g, 55% yield). GC-MS (EI): t=18.3 min; m/z (%): 161 (14),
302 (19) [M-S]+, 330 (24) [M79Br79Br]+, 332 (100) [M79Br81Br]+, 333 (52)
[M81Br81Br]+.

3,4-Diaminothiophene salt [5·2H+]x[SnCl62�](x-1/2y)[Cl�]y (5): Com-
pound 5 was prepared by modification of a previously reported
procedure.[14] 2,5-dibromo-3,4-dinitrothiophene 4 (7.9 g, 24 mmol)
and concentrated HCl (37%, 40 mL) were added to a flask, the
mixture was cooled to 0 °C and tin metal powder (23 g, 194 mmol)
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was added portionwise. The reaction was vigorously stirred at 0 °C
for 3 h, then it was allowed to reach room temperature and stirred
for an additional 6 h. The mixture was cooled down in the freezer
(-20 °C) to allow the formation of a precipitate, that was filtered
through a fritted funnel. The solid residue was washed with cold
acetonitrile (100 mL) and cold diethyl ether (100 mL), obtaining
compound 5 as a pale grey solid (4.4 g). Note: while the
corresponding free amine of derivative 5 is prone to oxidation,[22]

the diammonium salt 5 is stable and could be stored in the freezer
for months. 1H NMR (400 MHz, DMSO-d6): .= 7.09 (s, 2H), 5.19 (bs,
6H). MS (ESI) m/z: 114.96 [M+H]+. Spectroscopic data are in
agreement with those reported in the literature.[14]

2,3-Diphenylthieno[3,4-b]pyrazine (1a):[14] In a round bottom flask,
diammonium salt 5 (500 mg, 2.67 mmol) and benzil (diphenyletha-
nedione) 6a (590 mg, 2.80 mmol) were suspended in an EtOH:DCM,
1 :1 mixture (27 mL), then triethylamine (1.50 mL, 10.7 mmol) was
added and the reaction stirred at 50 °C for 5 h. Complete conversion
was assessed by TLC monitoring (petroleum ether:EtOAc, 1 :1).
Water (40 mL) was added to the reaction and the mixture extracted
with EtOAc (3x30 mL). The reunited organic phases were dried over
anhydrous Na2SO4, the solution was filtered, and the solvent was
evaporated under reduced pressure. The crude was purified by
flash chromatography (gradient: from petroleum ether:EtOAc, 20 :1
to 10 :1) to give pure 1a as a yellow solid (464 mg, 60% yield over
2 steps). 1H NMR (400 MHz, CDCl3): .= 8.07 (s, 2H), 7.46–7.42 (m,
4H), 7.38–7.28 (m, 6H); Spectroscopic data are in agreement with
those reported in the literature.[14]

Thieno[3,4-b]pyrazine (1b):[14] In a round bottom flask, diammo-
nium salt 5 (381 mg, 3.33 mmol) was dissolved in a Na2CO3 aqueous
solution (5% w/w, 18 mL), followed by the addition of glyoxal 6b
(358 mg, 6.17 mmol) as a 0.65 M aqueous solution, prepared by
diluting 895 mg of a 40% wt glyoxal solution in water to 9.5 mL.
The reaction was stirred at room temperature overnight, then
poured in an extraction funnel and extracted with diethyl ether
(7x30 mL). The reunited organic phases were dried over anhydrous
Na2SO4, the solution was filtered, and the solvent was evaporated
under reduced pressure to give crude 1b as a brownish solid
(357 mg), which was judged pure enough to be used in the next
synthetic step without further purification. 1H NMR (200 MHz,
CDCl3): .= 8.52 (s, 2H), 8.05 (s, 2H). Spectroscopic data are in
agreement with those reported in the literature.[14]

2,3-Dimethylthieno[3,4-b]pyrazine (1c):[14] In a round bottom flask,
diammonium salt 5 (500 mg, 2.67 mmol) and 2,3-butanedione 6c
(253 mg, 2.94 mmol) were suspended in a EtOH:DCM, 2 :1 mixture
(40 mL), then triethylamine (1.5 mL, 10.68 mmol) was added and
the reaction stirred at 50 °C for 16 h. Water (50 mL) was added to
the reaction and the mixture extracted with EtOAc (3x30 mL). The
reunited organic phases were dried over anhydrous Na2SO4, the
solution was filtered, and the solvent was evaporated under
reduced pressure to give crude 1c as a tan solid (354 mg), which
was judged pure enough to be used in the next synthetic step
without further purification. 1H NMR (200 MHz, CDCl3): .= 7.79 (s,
2H), 2.62 (s, 6H). Spectroscopic data are in agreement with those
reported in the literature.[14]

N-Phenyl-4-(1,2,2-triphenylvinyl)aniline (9):[15] To a Schlenk tube
under nitrogen atmosphere, Pd2(dba)3 (64 mg, 0.070 mmol) was
added and dissolved in dry toluene (30 mL), followed by the
addition of tri-tert-butylphosphine (20 #L, 0.080 mmol) and (2-(4-
bromophenyl)ethene-1,1,2-triyl)tribenzene 7 (2.1 g, 5.0 mmol). The
mixture was stirred for 10 minutes, then aniline 8 (59 #L, 6.5 mmol)
and sodium tert-butoxide (625 mg, 6.50 mmol) were added and the
reaction stirred at 120 °C for 20 h. Then the reaction was cooled
down to room temperature, concentrated under reduced pressure,
water (100 mL) was added and the mixture was extracted with

CHCl3 (3x50 mL). The organic phases were reunited and dried over
anhydrous Na2SO4, filtered and the solvent evaporated under
reduced pressure. The crude was purified by flash chromatography
(gradient: from petroleum ether 90% - DCM 10%, to petroleum
ether 85% – DCM 15%) to give compound 9 as a bright yellow
solid (1.8 g, 85% yield). 1H NMR (400 MHz, THF-d8): .= 7.34 (s, 1H),
7.15 (t, J=7.7 Hz, 2H), 7.12-6.96 (m, 17H), 6.83 (d, J=8.6 Hz, 2H),
6.79 (d, J=8.8 Hz, 2H), 6.76 (t, J=7.5 Hz, 1H). 13C NMR (100 MHz,
THF-d8): .= 145.2, 145.0, 144.9, 144.1, 143.3, 141.8, 140.2, 135.7,
132.9, 132.1, 132.04, 132.01, 129.5, 128.2, 128.11, 128.11, 126.8,
126.7, 126.65, 120.7, 118.2, 116.2. MS (ESI) m/z: 424.18 [M+H]+.

4-Bromo-N-phenyl-N-(4-(1,2,2-triphenylvinyl)phenyl)aniline (2):
Pd(OAc)2 (48 mg, 0.21 mmol) and Xantphos (184 mg, 0.318 mmol)
were added to a Schlenk tube and put under inert atmosphere by
performing three vacuum-nitrogen cycles. The solids were then
dissolved in dry toluene (85 mL) and the solution was stirred for 5
minutes. Then 1-bromo-4-iodobenzene 10 (720 mg, 2.54 mmol), N-
phenyl-4-(1,2,2-triphenylvinyl)aniline 9 (900 mg, 2.12 mmol) and
caesium carbonate (4.82 g, 14.8 mmol) were added in the order
and the reaction was stirred at 80 °C for 20 h. The reaction was
allowed to cool down to room temperature, water (300 mL) was
added, and the mixture extracted with CHCl3 (3x150 mL). The
organic phases were reunited and dried over anhydrous Na2SO4,
filtered and the solvent evaporated under reduced pressure. The
crude was purified by flash chromatography (gradient: from
petroleum ether 98% – DCM 2%, to petroleum ether 90% - DCM
10%) to give compound 2 as a bright yellow solid (1.17 g, 96%
yield). 1H NMR (400 MHz, THF-d8): .=7.33 (d, J=8.9 Hz, 2H), 7.23 (t,
J=7.8 Hz, 2H), 7.16–6.97 (m, 18H), 6.89 (dd, J=8.8, 2.1 Hz, 4H), 6.76
(d, J=8.6 Hz, 2H). 13C NMR (100 MHz, THF-d8): .= 148.0, 147.8,
146.4, 144.8, 144.5, 144.2, 141.7, 141.4, 139.5, 133.0, 132.7, 131.99,
131.95, 131.93, 130.0, 128.3, 128.20, 128.19, 127.1, 127.02, 126.95,
125.9, 125.2, 124.0, 123.7, 115.3. MS (ESI) m/z: 577.17 [M]+.

General Procedure for the synthesis of TPa-c dyes: The pyrazine
derivative 1 (0.05 mmol), 4-bromo-N-phenyl-N-(4-(1,2,2-triphenyl-
vinyl)phenyl)aniline 2 (86.8 mg, 0.150 mmol), and potassium
carbonate (20.8 mg, 0.150 mmol) were added to a Schlenk tube
and put under inert atmosphere by performing three vacuum-
nitrogen cycles. The solids were dissolved in dry DMF (620 #L) and
a solution of Pd(OAc)2 (0.56 mg, 2.50 #mol), tricyclohexylphospho-
nium tetrafluoroborate (1.84 mg, 5.00 #mol) and pivalic acid
(1.54 mg, 15.0 #mol) in DMF (100 #L) was added. Unless otherwise
stated, the reaction was stirred at 100 °C for 20 h, then was allowed
to cool down to room temperature, water (30 mL) was added, and
the mixture extracted with CHCl3 (3x10 mL). Reunited organic
phases were dried over anhydrous Na2SO4, the solution filtered, and
the solvent evaporated under reduced pressure. The crude was
purified by flash chromatography to give the corresponding TP
compound.

4,4’-(2,3-Diphenylthieno[3,4-b]pyrazine-5,7-diyl)bis(N-phenyl-N-
(4-(1,2,2-triphenylvinyl)phenyl)aniline) (TPa): Prepared following
the general procedure using 2,3-diphenylthieno[3,4-b]pyrazine 1a
(14.4 mg, 50.0 #mol). The reaction was stirred at 100 °C for 30
minutes, then was allowed to cool down to room temperature and
directly purified by flash chromatography (gradient: from petro-
leum ether 90% - DCM 10%, to petroleum ether 70%–DCM 30%)
to give compound TPa as a dark blue solid (65.0 mg, quant.). 1H
NMR (400 MHz, THF-d8): .= 8.25 (d, J=8.6 Hz, 4H), 7.52 (d, J=
7.1 Hz, 4H), 7.35–7.22 (m, 10H), 7.18–6.98 (m, 40H), 6.92 (d, J=
8.4 Hz, 4H), 6.85 (d, J=8.5 Hz, 4H). 13C NMR (100 MHz, THF-d8; two
signals are overlapped): .= 153.0, 148.0, 147.9, 146.4, 144.8, 144.5,
144.3, 141.7, 141.5, 140.5, 139.5, 139.2, 133.0, 132.02, 131.97, 130.6,
130.5, 130.0, 129.2, 128.9, 128.6, 128.4, 128.3, 128.22, 128.21, 127.1,
127.0, 125.5, 124.1, 124.0, 123.7. HRMS (ESI): m/z calcd for
C94H66N4S+ : 1282.50027 [M]+; found: 1282.49963.
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4,4’-(Thieno[3,4-b]pyrazine-5,7-diyl)bis(N-phenyl-N-(4-(1,2,2-tri-
phenylvinyl)phenyl)aniline) (TPb): Prepared following the general
procedure using thieno[3,4-b]pyrazine 1b (6.8 mg, 0.050 mmol. The
crude was purified by flash chromatography (gradient: from
petroleum ether 80% - DCM 20%, to petroleum ether 50% - DCM
50%) to give compound TPb as a light purple solid (59 mg, quant.
over 3 steps). 1H NMR (400 MHz, THF-d8): .=8.47 (d, J=0.7 Hz, 2H),
8.17–8.10 (m, 4H), 7.30–7.22 (m, 4H), 7.19–6.97 (m, 40H), 6.96–6.90
(m, 4H), 6.88–6.83 (m, 4H). 13C NMR (100 MHz, THF-d8; three signals
are overlapped): .=147.98, 147.96, 146.4, 144.8, 144.5, 144.3, 141.7,
141.5, 140.7, 139.5, 133.0, 132.02, 131.97, 131.96, 131.3, 129.9, 129.1,
128.3, 128.22, 128.21, 128.1, 127.1, 126.9, 125.4, 124.0, 123.8. HRMS
(ESI): m/z calcd for C82H58N4S+ : 1130.43767 [M]+; found: 1130.43677.

4,4’-(2,3-Dimethylthieno[3,4-b]pyrazine-5,7-diyl)bis(N-phenyl-N-
(4-(1,2,2-triphenylvinyl)phenyl)aniline) (TPc): Prepared following
the general procedure using 2,3-dimethylthieno[3,4-b]pyrazine 1c
(8.2 mg, 0.050 mmol). Respect to the general procedure, during the
reaction work-up increased extractions from water (30 mL) with
CHCl3 (6x10 mL) were necessary. The crude was purified by flash
chromatography (gradient: from n-hexane 80% - DCM 20%, to n-
hexane 50% - DCM 50%) to give compound TPc as a dark red solid
(50.7 mg, 70% over 3 steps). 1H NMR (400 MHz, THF-d8): .= 8.16 (d,
J=8.8 Hz, 4H), 7.25 (t, J=7.9 Hz, 4H), 7.19–6.97 (m, 40H), 6.92 (d,
J=8.6 Hz, 4H), 6.85 (d, J=8.6 Hz, 4H), 2.60 (s, 6H). 13C NMR
(100 MHz, THF-d8): .= 153.4, 148.1, 147.5, 146.6, 144.9, 144.5, 144.3,
141.6, 141.5, 139.7, 139.3, 133.0, 132.02, 131.98, 131.97, 129.9, 129.3,
128.82, 128.81, 128.3, 128.22, 128.20, 127.04, 127.02, 126.9, 125.4,
124.0, 123.88, 123.86, 23.5. HRMS (ESI): m/z calcd for C84H62N4S+ :
1158.46897 [M]+; found: 1158.46826.

Computational details

Molecular and electronic properties of compounds TPa, TPb, and
TPc have been computed via Density Functional Theory (DFT)23,24

and Time-Dependent DFT (TDDFT)25,26 methods, using Gaussian 16,
Revision C.01 suite of programs.27 The S0 optimized geometries of
compounds TPa–c have been obtained at B3LYP28,29/6-31G* level of
theory in vacuo, as well as the ground-state electron density
delocalization and the energy of frontier molecular orbitals (FMOs)
in DCM and toluene, while the S1 optimized geometries have been
computed at TD-CAM-B3LYP30/6-31G* level of theory including the
effects of solvent (DCM and toluene). The UV–Vis spectroscopic
properties of the analyzed compounds, including absorption (labs

max)
and emission (lemi

max) maxima, vertical excitation (Eexc) and emission
(Eemi) energies, oscillator strengths (f) and composition (%) in terms
of molecular orbitals for the lowest singlet-singlet excitations and
the singlet-singlet emissions, S0!S1 and S1!S0 respectively, in DCM
and toluene, have been computed on the minimized structures at
TD-CAM�B3LYP30/6-311+G(2d,p) level of theory. Solvent effects
have been included by using the polarizable continuum model
(PCM) and, in the case of the emission maxima, using the Linear-
Response implementation (LR-PCM).31
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Chapter 5. Conclusions 
The research carried out in the present PhD thesis focused onto the design of novel 

organic compounds for solar energy conversion devices: perovskite solar cells (PSCs), 

dye-sensitized solar cells (DSSCs) and luminescent solar concentrators (LSCs). These 

technologies are included in the so-called “emerging photovoltaics”, and they represent 

innovative alternatives to silicon-based solar cells, which are still the most efficient 

commercially available technology. 

Efficiency and stability issues related to these device’s components should be overcome 

to let PSCs, DSSCs and LSCs really competitive to Si-based solar cells on the 

photovoltaic market. In this regard, the design of novel materials and a deep 

understanding of their working principles play a key role for the optimization of the 

performances of these devices.  
Large-scale PSCs commercialization is still hindered by some instability issue that can 

be mainly ascribed to the hole transport materials intrinsic properties and to their 

inefficient contact with the perovskite layer. In this regard, in this thesis, a novel family 

of phenothiazine and triphenylamine-based molecules (HTM1-4) to be employed as 

potential hole transport materials (HTMs) candidates in PSCs has been designed. A deep 

DFT and TDDFT investigation of their structural and electronic properties, as well as the 

investigation of interfacial phenomena occurring between the MAPI perovskite and 

HTM1 have been carried out. The results of these studies showed that HTM1-4 fulfill 

all the requirements to be considered suitable HTMs candidates for PSCs and provide 

new insights into the hole transport process that should be taken into account for the 

construction of potentially more efficient PSCs.  

DSSCs commercialization is still limited due to their poor efficiency in comparison to Si-

based solar cells, which is partially due to the intrinsic properties of the sensitizers and to 

their inappropriate energy levels matching with the other DSCCs components. For this 

reason, in this thesis, the design of a novel indigo-based D-A-π-A dye (DF90) to be 

employed has a sensitizer in DSSCs has been carried out. From the investigation of its 

electronic and spectroscopic properties, it emerged that DF90 can be considered as a valid 

candidate in DSSCs. Moreover, to extend the possibility to use the indigo scaffold for the 

design of novel dyes, a new family of D-A-D indigo-based dyes has been presented as 

well. Additionally, a fully in silico study concerning the prediction of ground state 

oxidation potentials of 16 D-π-A and D-A-π-A dyes, having medium to large size of the 
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conjugated scaffold, has been reported. The results of this study demonstrated that the 

applied strategy consents to accurately predict the dye regeneration driving force, hence 

it can be very useful for the identification of the most promising dyes to be used in DSSCs. 

Additionally, the design of a novel series of catechol-based molecules, Cat-I-XV, has 

been reported for their potential application as sensitizers in type-II DSSCs. The effect of 

the substituents and the effect of enhanced conjugation by inserting a π spacer have been 

deeply investigated in relation to the one-step (type-II) mechanism and the dye-to-TiO2 

charge transfer (DTCT) features, to provide additional knowledge for the design of more 

efficient dyes for such application.  

To boost LSCs commercialization, a key point to address is the optimization of the 

fluorophores which are responsible for self-absorption and aggregation-caused quenching 

(ACQ) phenomena. For such reasons, in this thesis three novel series of D-A-D 

fluorophores (BBT2-4, DQ1-5 and TPa-c) have been presented and a deep investigation 

of their structural, electronic and photophysical properties has been carried out. The 

results of these studies demonstrated that BBT2-4, DQ1-5 and TPa-c can be considered 

as promising fluorophores in LSCs devices for their good light-harvesting ability and 

intense emission properties, associated also to large Stokes Shift values. Hence, they are 

responsible for limited self-absorption phenomena. Additionally, TPa-c molecules also 

possess good aggregation-induced emission (AIE) properties, which is a fundamental 

feature to allow their application in solid state luminescent devices.   

In conclusion, the results presented in this thesis’ research work provide new insights in 

the applications of organic materials for solar energy conversion devices that could 

hopefully contribute to the development of more efficient materials for PSCs, DSSCs and 

LSCs, and make these technologies more competitive to Si-based solar cells in the PV 

market.   
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Appendix A. Photovoltaic parameters of solar cells 
All the photovoltaic devices exploit the photovoltaic effect to directly convert sunlight 

into electricity, thus they are characterized by the same electrical parameters, regardless 

of the light-harvesting material. The main parameters defining the performances of solar 

cells, apart from the power conversion efficiency Å, are the short-circuit current Isc, the 

peak of maximum power Pmp, the open-circuit voltage Voc and the fill factor FF, which 

are generally represented in the Current-Voltage Curves (I-V) that define the relationship 

between the flow of the current through the external circuit and the applied voltage 

(Figure A1). They are briefly presented here [1-3].  

 

 
Figure A1. Schematic representation of the Current-Voltage Curve (I-V) and of the 

main photovoltaic parameters. 

 

Short-circuit current Isc 

It represents the current that flows in the external circuit and it mainly depends on: i) the 

flux of the incident photons, ii) the spectrum of the incident light, which is often 

standardized to AM1.5 spectrum, iii) the area (A) of the solar cell. To remove this last 

dependence, it is often used the short-circuit current density Jsc, which is the maximum 

current delivered by a solar cell without the presence of a load (Eq. A1). 

 

Ç/; =
]9-
=

   (Eq. A1) 

 

Cu
rr
en

t

Voltage

Current-Voltage Curve (I-V) Vmp Imp

Voc

Isc

Power fro
m the solar cell

Pmp



 

 183 

Peak of maximum power Pmp 

It represents the maximum electrical power that a solar cell in its standard conditions can 

deliver and it is defined as follows (Eq. A2): 

 

É\b = Ñ\b ∗ 	5\b  (Eq. A2) 

 

where Ñ\b is the current at maximum power and 5\b is the voltage at maximum power.  

 

Open-circuit voltage Voc 

It represents the voltage when the current does not flow through the external circuit, and 

it is the maximum voltage that a solar cell can deliver. Considering the net current set to 

zero, the Voc can be defined as follows (Eq. A3): 

 

5U- =
v#`
p
ln	(	

c:;
c+
+ 1)   (Eq. A3) 

 

where áE is the Boltzmann constant, T is the operating temperature of the cell, q is the 

fundamental charge, Çbh is the photo-generated current density and ÇB is the saturation 

current density. Çbh has generally small variations, while  ÇB can vary by orders of 

magnitude and it depends on the recombination in the solar cell. Therefore, Voc can be 

defined as a measure of the amount of recombination in the device. 

 

Fill Factor FF 

It represents the performance of the cells in comparison with that of an ideal diode and it 

is expressed by the ratio between the product of the 5U- with the Isc and the maximum 

power generated by a solar cell (Eq. A4).  
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   (Eq. A4) 

 

Increasing the illumination on the cell, the short-circuit current will increase without 

affecting the open-circuit voltage, while increasing the temperature, the open-circuit 

voltage will decrease and the short-circuit current will slightly increase.  
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Power conversion efficiency Å  

It is the most common parameter used to compare the performances among solar cells 

and it is defined as the ratio between the maximum generated power (É\C,)	and the 

incident power (Ñ(*), as reported in Eq. A5.  

 

Å = 	
H=2&
]%>

=
c=:O=:
]%>

=
c1'O<'__

]%>
    (Eq. A5) 

 

It is clearly dependent on the solar spectrum, on the operating temperature of the solar 

cell and on the intensity of the incident light. For this reason, the Å of different solar cells 

can be compared only if the measurement conditions are the same.  
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