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 INTRODUCTION 

Due to the sharp increase in CO2 concentration and resulting global warming, the 

EU has committed itself to achieve 25 % of electricity consumption from renewable 

sources by 2030. Solar energy is the most powerful source of renewable energy: the 

Earth's surface receives about 178 TWh of solar energy per hour, while the world's 

annual demand is only 1,400 TWh. Therefore, the energy needs of society can be 

fully met with the proper development of solar cell (SC) technology. In recent years, 

perovskite solar cells (PSC) have attracted a great deal of interest from scientists and 

industry working on the development of a new generation of photovoltaic devices, 

and their efficiency has already exceeded 25 %. Compared to the commercial silicon 

SC, the PSC are characterized by construction simplicity and relatively cheap raw 

materials. According to the Web of Science, more than 3000 articles have been 

published on the subject in recent year; a series of known semiconductors are being 

tested in PSC as well as new materials are being developed and patented, and the 

demand for the latter is growing rapidly every year. This growth is further 

guaranteed by the fact that these materials are attractive not only for PSC, but also 

for the development of other low-cost, high-performance optoelectronic devices, 

such as light-emitting diodes, phototransistors, photo-sensors etc. On the 6th of 

September in 2019, the European Perovskite Initiative Consortium (EPIC) in its 

White Paper announced the prospects for the PSC technology. It outlines the 

potential benefits of production and costs, the adaptation of different products and 

the overall plan of the European research community. EPIC forecasts the further 

development of PSC technology and the construction of devices demonstrating 30 % 

efficiency by 2028. Another very important aspect of this technology is its 

compatibility with current silicon SC available on the market. Combined, these 

technologies can form tandem SC with higher overall performance than the 

individual components. In this way, the existing industrial infrastructure (e.g., 

BodGroup, SoliTek, Precizika-MET SC, Saulės energija, etc. in Lithuania) can be 

effectively used to create a new generation of SC. 

Although PSC efficiency has risen at a record pace over the last ten years 

(from 3.8 % to 25.2 %), there are still obstacles remaining to their 

commercialization. In particular, the problem of insufficient stability of PSC devices 

remains. Currently, PSCs are significantly lagging behind the commercial silicon 

solar cells in their longevity. To date, the processes leading to such an outcome have 

not been thoroughly investigated yet. If this problem is not solved, PSC technology 

will remain a "very interesting" but impractical idea. 

Although perovskite light absorber demonstrates an efficient transport of both 

types of carriers, PSC devices without a layer of hole transporting material do not 

show an impressive efficiency; in fact, it is less than 14 %. Currently, the best 

performance in the PSC devices is achieved by using hole transporting organic 

semiconductors spiro-MeOTAD and PTAA. Unfortunately, due to their complex 

synthesis procedures, they are particularly expensive. Furthermore, spiro-MeOTAD, 

like many other organic semiconductors used in PSC, has low conductivity (10-5 

S×cm-2). As a result, such semiconductors must be doped with various additives, 
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such as bis(trifluoromethane) sulfonimide lithium salt. During doping, the organic 

semiconductor is partially oxidized, thus increasing its conductivity; however, it is 

suspected that the aforementioned procedure can be one of the causes of PSC 

instability. Therefore, it is particularly important to investigate the stability of 

neutral and oxidized organic semiconductors in interaction with dopants and other 

PSC components. 

Currently, the films of the most popular hole transporting materials used in 

PSC (e.g., PTAA, poly-TPD, PEDOT:PSS, spiro-MeOTAD) are formed by spin-

coating. Unfortunately, this method of film formation is unsuitable for larger scale 

production due to high wastage, more than 90 % of the material land on the walls of 

the apparatus and not on the substrate. Alternatively, the vacuum deposition method 

can be used, although its application is only possible for small molecules. It is 

known that reducing the thickness of the hole transporting layer increases the SC fill 

factor, but as layer gets thinner, the open circuit voltage drops significantly, mostly 

due to incomplete surface coverage by the semiconductor layer. The above-

mentioned film deposition problems can be circumvented by self-assembling 

monolayer (SAM) technology, it can provide high-quality coating of the required 

surface (including textured and rough surfaces), minimal layer thickness, minimal 

parasitic absorption, low material consumption, does not require the use of dopants 

and can be used for coating large surfaces. Therefore, it is important to synthesize 

and investigate compounds that can both form self-assembled monolayers and 

ensure efficient separation and transfer of positive charges. 

The aim of the work is the identification of the degradation pathways in 

organic hole transporting materials used in perovskite solar cells and the 

development of simple and efficient hole-transporting materials to circumvent them. 

 

The objectives proposed to achieve the above-stated aim are as follows:  

1. To investigate the degradation process of oxidized hole-transporting materials 

induced by dopants at elevated temperature; 

2. To investigate the degradation process of oxidized hole-transporting materials 

induced by ion migration from various perovskite absorbers at elevated 

temperature; 

3. To investigate dithieno[3,2-b:2′,3′-d]pyrrole-based derivatives as possible hole 

transporting materials for application in perovskite solar cells; 

4. To develop new hole transporting materials capable of forming self-

assembling monolayers for use as additive-free hole-selective layer in 

perovskite solar cells. 

 

Scientific novelty 

During the past ten years, significant progress has been made in terms of 

performance of perovskite solar cells, but much less attention has been paid to their 

long-term stability. Therefore, the next logical step is to address longevity of the 

devices. The stability of the perovskite solar cells depends on several potential 
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degradation factors. Some of them are obvious, for example, oxygen and moisture. 

Others, which are active as well under inert conditions and affect various materials, 

are harder to determine and eliminate due to the complex, multicomponent nature of 

the devices. Temperature induced degradation of perovskite solar cells is particularly 

interesting and an important topic, as device temperatures as high as 80−90 °C could 

be routinely encountered in the field. In this PhD thesis, the stability of the hole 

transporting materials at elevated temperatures in combination with various dopants 

used in the PSC as well as in contact with perovskite itself is studied. The major 

pathways responsible for the decline of the key characteristics have been identified 

and investigated. 

Second part of the work has capitalized on the information gained in the first 

half. Hole transporting molecules, capable of forming self-assembling monolayers 

(SAM) on the surface of the transparent conductive oxides, have been synthesized 

and characterized. This approach allows for extremely thin films to be formed, thus 

ensuring good charge transport without the use of dopants or partially oxidized 

material, hence improving device stability, while maintaining excellent performance. 

Self-assembled monolayer approach as well simplifies perovskite solar cell 

construction procedure, as simpler and upscalable deposition methods (spraying, 

substrate dipping) could be used. Furthermore, due to the covalent linking to the 

substrate surface, these layers are relatively tolerant against perovskite processing 

and ensure full coverage of the textured surfaces. Thus, self-assembled hole-

transporting monolayer was used for direct integration of perovskite solar cell on top 

of silicon or rough copper indium gallium selenide solar cells, thus simplifying 

tandem device construction. 

These SAMs outperform the polymer PTAA, the material that enabled the 

highest performing p–i–n PSCs to date, in efficiency, stability and versatility. With a 

standard triple-cation absorber, a maximum power conversion efficiency of 20.9 % 

was demonstrated. Integrating a SAM contact into a monolithic CIGSe/perovskite 

tandem solar cell led to a stabilized, certified, record power conversion efficiency of 

24.16 % on the active area of 1.03 cm2, surpassing the values achieved with a 

complex bilayer or mechanical polishing approaches. Monolithic perovskite/silicon 

tandem solar cells, constructed using SAM approach, demonstrated maximum 

certified power conversion efficiency of 29.15 %, which sets a new record for this 

type of solar cells. Most importantly, the herein demonstrated solar cells are 

fabricated without additional passivation layers, additives or dopants. Besides the 

increased power conversion efficiency (PCE), a non-encapsulated cell in ambient air 

exhibited excellent stability, retaining 95 % of its initial efficiency after 300 h of 

continuous maximum power point tracking. While devices with PTAA, degraded to 

76 % of the initial efficiency after just 90 h. 
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The main statements presented for the defence: 

1. Under the influence of temperature and dopants, oxidized hole transporting 

materials in the film are reduced to neutral molecules, while in the presence 

of 4-tert-butylpyridine, pyridinated derivative is obtained as well. 

2. Under the influence of temperature and iodide ions, migrating from the 

perovskite layer, the oxidized hole transporting material 2,2',7,7'-

tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene. 

dibis(trifluoromethane)sulfonimide salt in the film is reduced to neutral 

spiro-MeOTAD. 

3. Synthesized new hole transporting materials, containing dithieno[3,2-

b:2’,3’-d]pyrrole central moiety, are thermally stable, soluble in organic 

solvents and have suitable ionization potentials (Ip = 5.0−5.6 eV), thus 

making them promising candidates for use in perovskite solar cells. 

4. Synthesized compounds, containing carbazole central moiety and 

phosphonic acid anchoring group, form efficient hole selective contacts 

ensuring very good performance and stability of the perovskite solar cells. 
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 LITERATURE REVIEW 

2.1. Perovskite solar cells 

During the past 50 years, world’s energy consumption has been gradually 

increasing, while fossil fuels reserves are limited and finite; therefore, research on 

renewable energy is becoming indisputably relevant for the future energy security. 

Photovoltaic systems have the potential to play a significant part in electricity 

generation of the future, while simultaneously considerably reducing negative 

impact on the environment. 

Metal-halide perovskites could play an important role in the next generation of 

solar cells, as perovskite solar cells have distinct advantages in both low fabrication 

cost and high efficiency. In a typical PSC device, the perovskite layer, functioning 

as a light absorber, is sandwiched between two charge-transporting layers and 

electrodes. 

In 2009, T. Miyasaka et al. have published the first paper about the 

photovoltaic function of the organic-inorganic lead halide perovskites CH3NH3PbBr3 

and CH3NH3PbI3 as visible-light sensitizers in liquid-state dye-sensitized solar cells 

[1]. After this publication, the study of hybrid perovskites and their use in solar cells 

began to expand very rapidly, and 25.5 % efficient perovskite solar cell has been 

reported recently [2]. 

 

Figure 2.1. Crystal structure of AMX3 in a unit cell, composed of organic/inorganic cations 

(Cs+, MA+, FA+) in green, halides (I−, Br−, Cl−) in purple and lead as the metal in red [3] 

The organic–inorganic hybrid perovskite, used in photovoltaic research, 

demonstrates AMX3 stoichiometry, where A stands for organic cation, M – metal 

and X – halide. The AMX3 perovskite crystal structure (Figure 2.1) is composed of 

the organic part (MA+, FA+) and the inorganic [MX6]4- octahedra, that share corner 

halide atoms in all three orthogonal directions, generating infinite three-dimensional 

[MX3]- frameworks [3]. 
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2.1.1. Perovskite solar cell architectures 

A PSC is composed of three main parts: electron transporting layer (ETL), 

perovskite light absorber and a hole transporting layer (HTL). According to the 

direction of flow of electrons and holes, PSC can be classified as regular (n-i-p) and 

inverted (p-i-n), while regular cells are often distributed into planar and mesoporous 

(Figure 2.2). Regular PSC are constructed by depositing electron transporting 

material (ETM), such as TiO2 or SnO2, on the transparent conductive oxide (TCO), 

followed by the perovskite film, hole transporting material (HTM) and finally 

electrode (Au or Ag). In the inverted cell architecture, the order of ETM and HTM 

layers is inverted [4]. 

 

Figure 2.2. Schematics of the three PSC architectures: planar regular (n−i−p), mesoporous 

(n−i−p) and planar inverted (p−i−n) [4] 

Mesoporous PSCs are among the first ones to be constructed and investigated, 

initially; Miyasaka and co-workers used perovskite material in dye-sensitized solar 

cell configuration together with the liquid electrolyte [1]. The idea was further 

developed, and recently, J. Seo and co-workers attained power conversion efficiency 

of 23.3 % for the best-performing mesoporous perovskite solar cell [5]. The device 

is composed of FTO/ETL (c-TiO2/mp-TiO2)/perovskite 

(HTAB0.3(FAPbI3)0.95(MAPbBr3)0.05)/HTL (P3HT)/Au, and it is especially notable 

that a PCE 23.0 % is achieved with P3HT as an HTM without any dopants.  

The efficiency record for planar n−i−p architecture PSC is reported to be 

23.7 %, and it is confirmed for a small area (0.07 cm2) cell, fabricated by the 

Institute for Semiconductors of the Chinese Academy of Sciences [6, 7]. The record 

was achieved with planar perovskite solar cell consisting of 

ITO/ETL(SnO2)/perovskite (FA0.92MA0.08PbI3)/HTL(Spiro-MeOTAD)/Au. The best 

devices showed an open-circuit voltage (VOC) of 1.17 V, a short-circuit current (JSC) 

of 25.40 mA×cm−2, a fill factor (FF) of 79.8 % and a PCE of 23.7 % [6]. 

Inverted perovskite solar cells demonstrate lower efficiency than regular PSC; 

however, they have high potential for tandem solar cell construction. R. Zhu et al. 

achieved a high Voc of 1.21 V without sacrificing photocurrent; this improvement 

allowed inverted planar PSCs to exceed 21 % PCE mark [8]. One of the best results 

for the inverted perovskite solar cells was realised using ITO/HTL(PTAA)/ 

perovskite ((FA0.95PbI2.95)0.85(MAPbBr3)0.15)/ ETM ([6,6]-phenyl-C61-butyric acid 

methyl ester (PC61BM)/buckminsterfullerene (C60))/bathocuproine (BCP)/Cu device 
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stack, and champion device displayed a PCE of 21.51 % [8]. Additionally, excellent 

results have been shown by C. Wei et al., they demonstrated a NiOx−based inverted 

planar PSC comprised of ITO/HTL (NiOx)/perovskite 

((Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3)/QD/ETL (C60)/BCP/Ag achieving 1.162 V Voc, 

22.88 mA×cm−2 JSC, 81.4 % FF and PCE of 21.63 % [9].  

2.1.2. Main perovskite compositions used in PSC  

Perovskite compositions have a huge influence on the absorption spectra, PSC 

efficiency and stability. Earliest and one of the simplest is MAPbI3, first used by T. 

Miyasaka et al. in PSC achieving 3.8 % efficiency [1]. Methyl ammonium lead 

triiodide, CH3NH3PbI3 (MAPI), demonstrated long carrier lifetimes and has 

exhibited electron-hole diffusion lengths in excess of 1 μm.  

MAPbI3 films are prepared by one or two-step solution processes: it 

crystallizes as a tetragonal perovskite at room temperature, whose octahedra are 

slightly distorted from the cubic structure (Figure 2.3a) [10]. The band gap of the 

single-crystal MAPbI3 was measured to be 1.51 eV [11], and it displays strong 

absorption in the visible spectral region (Figure 2.3c). The photoluminescence (PL) 

properties of MAPbI3 were measured at room temperature using a green light 

(532 nm) source; the material is emitting at about 760 nm (Figure 2.3d). 

 

 

Figure 2.3. Crystal structure of (a) tetragonal MAPbI3 and (b) cubic FAPbI3 perovskites, (c) 

absorption coefficients of the MAPbI3 and FAPbI3 perovskites, (d) PL of the MAPbI3, 

FAPbI3 and CsPbI3 perovskites [12] 

One of the best MAPbI3 efficiency results was reported by Osman M. Bakr et 

al.; they fabricated single-crystal MAPbI3 perovskite solar cell with the device stack 

ITO/PTAA/MAPbI3 single crystal/C60/BCP/Cu. The constructed PSC displayed JSC 

of 23.46 mA×cm−2, VOC of 1.076 V, FF of 83.5 % and PCE reaching 21.09 % [13]. 
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However, MAPbI3 appears to undergo degradation under illumination or at elevated 

temperatures which is typically triggered by the volatilization of the MA cation [13]. 

T. M. Koh et al. have reported an alternative perovskite based on the 

formamidinium cation (HC(NH2)2
+) that showed a favourable band gap (1.47 eV) 

[14]. They investigated the formation of a black trigonal (P3m1) perovskite 

polymorph, the structure of which is shown in the Figure 2.3b. From the Figure 2.3c, 

it is evident that FAPbI3 has a wider absorption spectrum than MAPbI3 and 

fluoresces at about 800 nm. M. Grätzel et al. have demonstrated PSC configuration 

comprising of ITO/SnO2/FAPbI3/Spiro-MeOTAD/Au to achieve PCE of 23.1 %, JSC 

of 24.4 mA/cm2, VOC of 1.165 V and FF of 81.3 % [15]. 

Alternatively, methylammonium lead bromide MAPbBr3 material has a wider 

band gap of 2.3 eV and high voltage output in PSC devices, making it a good 

candidate for tandem solar cell application [16]. MAPbBr3 absorption spectra is 

narrower than MAPbI3, and photoluminescence peaks at 536 nm (Figure 2.4).  

 

 

Figure 2.4. Absorption coefficient (black) and PL spectrum (red) of the CH3NH3PbBr3 film 

[16] 

One of the best results for MAPbBr3 perovskite solar cell was achieved by J. 

Bisquert et al. with selective contacts treated with lithium-containing additives. PSC 

devices composed of FTO/c-TiO2/mp-TiO2/Li[TFSI]/MAPbBr3/HTL/Au showed 

PCE of 6.6 %, JSC of 5.5 mA×cm-2, VOC of 1.58 V and FF of 76 % [17]. 

Park et al. incorporated the Cs cation in FAPbI3 composition to form an 

alternative light absorber to FAPbI3 and MAPbI3. FA0.9Cs0.1PbI3 perovskite forms a 

cubic phase at room temperature and demonstrates enhanced stability over the 

FAPbI3 based devices under continuous illumination [18]. Fabricated PSC of FTO/c-

TiO2/ FA0.9Cs0.1PbI3/ spiro-MeOTAD/Au showed PCE as high as 19.0 % [18].  

H. J Snaith et al. have reported PSCs demonstrating high efficiency and 

stability; the MA cation was replaced with formamidinium and cesium. PSC devices 

composed of FTO/ZnO/FA0.83Cs0.17Pb(I0.83Br0.17)3/spiro-MeOTAD/Ag showed PCE 

of 21.1 %, JSC of 23.51 mA×cm-2, VOC of 1.20 V and FF of 78.5 % [19]. 

S. I. Seok’s group in 2015 reported compositional engineering of (FAPbI3)1-

x(MAPbBr3)x for efficient perovskite solar cells. This new improvement achieved 

good results at that time: JSC, VOC and FF values, averaged from the current voltage 
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(J–V) curves, were 22.5 mA×cm-2, 1.105 mV and 73.2 %, respectively, and PCE of 

18.4 % was recorded [20]. Later on, J. You et al. have reported highly efficient and 

simple method for PSC performance enhancement, using phenethyl ammonium 

iodide (PEAI) for passivation of the perovskite surface. The constructed device 

ITO/SnO2/(FAPbI3)1-x(MAPbBr3)x/ PEAI/spiro-MeOTAD/Au showed a record 

23.32 % certificated efficiency [21]. 

M. Saliba et al. used a mixture of triple Cs/MA/FA cations to achieve high 

efficiency perovskite solar cells with a stabilized PCE of 21.1 % [22]. The used solar 

cell architecture was FTO/c-TiO2/Li-doped mp-TiO2/ 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ spiro-MeOTAD/Au. Using triple cation 

solution, the perovskite films were of better quality, and the material itself was more 

stable, enabling a breakthrough in device reproducibility. 

2.1.3. Most common perovskite problems 

PCS has received a lot of attention lately due to its high efficiency, cheap 

starting materials and simple production [23]. However, the stability of the devices 

is still a serious obstacle on the road to commercialization. The instability of device 

is most often caused by degradation of perovskite materials, especially under the 

influence of moisture and long-term thermal stress [24, 25]. Solving the problem of 

perovskite material instability is critical for long-term commercialisation prospects 

of the PSC technology. 

Among the various factors, humidity is one of the biggest challenges. Due to 

the highly hydrophilic nature of perovskite, it can easily absorb water from the 

surrounding environment and cause the formation of hydrated products similar to 

(CH3NH3)4PbI6×2H2O [26], which degrade further by losing methylamine group and 

forming yellow PbI2 [27]. New methods are being investigated to improve the 

moisture resistance of the perovskite materials without compromising their 

optoelectronic properties. Among the most promising are various encapsulation 

methods or the addition of charge transporting layer designed to eliminate any 

contact between perovskite and humidity/water, thus stabilizing the material [24, 

27]. 

In contrast to the problems associated with moisture, there is another important 

factor that affects the stability of perovskite solar cells, i.e., ultraviolet (UV) light 

exposure. For example, when MAPbl3 film is exposed to UV light, it rapidly 

decomposes into methylamine, PbI2 and I2 [28]. There are various strategies to 

mitigate the degradation of the PSC devices caused by UV light exposure. One of 

them has been shown by M. Saliba et al., using compositional engineering, they 

have demonstrated MA-free perovskite solar cells with 1000 hours of lighting 

stability [29]. 

Another concern for scientists working with PSCs is thermal instability. Solar 

cells must be able to withstand higher temperature conditions, as the operating 

temperature of solar cells ranges from 40 °C up to 85 °C. Philippe et al. have studied 

the thermal stability of perovskite, performing measurements at room temperature, 

100 °C and 200 °C for 20 min. They observed that MAPbl3 began to decompose into 

Pbl2 as the temperature increased from room temperature to 100 °C and then to 
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200 °C [27]. One of the possible solutions is the replacement of MA organic cation 

with less volatile FA, which could potentially enhance thermal stability. And indeed, 

various researchers have confirmed that FAPbI3 is more thermally stable [30, 31, 

32].  

Unlike the double cation perovskite system, which is sensitive to processing 

conditions due to its structural and thermal instability, the triple cation configuration 

yields very monolithic and pure perovskite grains. During the manufacturing 

process, the films are stronger and of better quality, which provides a breakthrough 

in reproducibility and the yield of cells with greater than 20 % efficiency [22, 33].  

2.2. HTMs for perovskite solar cells 

Hole transporting materials are an important active component in the PSC: 

they are used for efficient hole extraction from the perovskite and prevention of 

unwanted recombination processes by blocking electrons. One of the basic 

requirements for HTMs used in perovskite solar cells is energy level compatibility, 

as it allows to ensure smooth movement of carriers towards the electrode. 

Additionally, the ideal HTM should have high hole mobility and conductivity to 

reduce losses when transporting hole to the contact. Furthermore, good thermal, 

photochemical, oxygen and moisture stability are required. HTM must be well 

soluble in solvents that do not affect the quality of the perovskite layer, and finally, 

HTMs should be easy to synthesize with a minimal number of steps, simple to 

purify, non-toxic and economical. 

To date, the greatest interest has been paid to doped, dopant-free and polymer 

hole transporting materials. 

2.2.1. Small molecule organic hole transporting materials  

One of the most widely studied and efficient HTMs used for PSCs is spiro-

MeOTAD; the PCE of the devices using this material can exceed 23 % [21]. Spiro-

MeOTAD has an ionization potential of around 5.1 eV, exhibits a hole mobility in 

the range of 10-5 to 10-4 cm2×V-1×s-1 [34] and has high solubility in organic solvents. 

However, the performance of spiro-MeOTAD is dependent on the additives like 

bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), 4-tert-butyl pyridine (tBP) 

and tris(2-(1H-pyrazol-1-yl)-4-tert-

butylpyridine)cobalt(III)tri[bis(trifluoromethane)sulfonimide] (FK209). 

Additionally, the multi-step synthesis process of spiro-MeOTAD is expensive and 

inefficient. 

Carbazole derivatives are widely used as HTMs, as they demonstrate a number 

of interesting features such as low cost, good chemical and environmental stability, 

ease of incorporation of a wide variety of different functional groups, which allow 

for better solubility control and fine-tuning of the electronic and optical properties 

[35]. 

X. Wang et al. have published spirobisindane-based HTM (1), which forms 

amorphous films with high uniformity and morphological stability (Figure 2.5). 

Compound 1 exhibits an absorption band peaking at 307 nm with an optical band 

gap of 3.00 eV and HOMO energy level of -5.20 eV; the PSCs with a configuration 
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of FTO/TiO2/ Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/ 1/Au were fabricated and 

demonstrated a good PCE of 18.57 % [36]. 

G.-Y. Lu et al. have reported carbazole-based starburst HTMs 2 and 3 obtained 

via tuning of the carbazole substitution position from 3,6- to 2,7-, respectively. In 

the PSC devices with the structure FTO/c-TiO2/mp-TiO2/CH3NH3PbI3-

xClx/HTM/Au, 3,6-substituted 2 showed a slightly better device performance of 

18.9 %, compared with that of 18 % in the case of 2,7-substituted HTM 3 [37]. 

Table 2.1. Optical and optoelectronic properties and PSC performance of doped 

HTMs 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC 

[V] 

JSC 

[mA 

cm-2] 

FF PCE 

[%] 

Ref. 

spiro-

MeOTAD 

383 -5.0/-2.05 1.16 24.9 0.81 23.56  [21] 

 1 307 -5.20/− 1.06 24.67 0.71 18.57 [36] 

2 306 -5.26/-2.43 1.05 22.93 0.79 18.87 [37] 

3 270, 

358, 

390 

-5.25/-2.22 1.06 22.32 0.76 18.00 [37] 

4 304, 

366 

-4.93/-3.05 0.97 22.68 0.79 17.19 [38] 

5 306, 

346 

-4.88/-2.62 1.04 23.24 0.76 18.23 [38] 

9 303 -5.04/− 1.11 22.09 0.76 18.45 [39] 

10 303 -5.06/− 1.10 22.43 0.76 18.92 [39] 

11 303 -5.07 1.10 22.40 0.76 18.86 [39] 

12 280, 

326, 

403 

-5.01/− 1.07 22.5 0.74 17.8 [40] 

13 301, 

338 

-5.11/ -2.01 1.04 21.66 0.81 18.32 [41] 

14 − -4.85/− 1.09 21.71 0.78 18.8 [42] 

15 337 -5.24/-1.93 1.1 21.61 0.76 18.04 [43] 

 

D. Li et al. have reported two new HTMs based on carbazole and 

triphenylamine moieties denoted as 4 and 5. The hole mobilities of doped 4 and 5 

were estimated to be 4.59×10-4 and 1.42×10-3 cm2 V-1 s-1, respectively, although they 

are still lower than that of doped spiro-MeOTAD (μh=1.267×10-2 cm2V-1s-1) [38]. In 

planar (FAPbI3)0.75(MAPbI3)0.17(MAPbBr3)0.08-based PSCs, they achieved 17.2 and 

18.2 % PCE, respectively (Table 2.1).  
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Figure 2.5. Molecular structures of doped HTMs 

V. Getautis et al. have synthesized and extensively studied new HTMs 

containing two diphenylamine substituted carbazole fragments linked by a non-

conjugated, variously substituted methylenebenzene unit [39] (Scheme 2.1). These 

materials are obtained via simple two-step process, by reaction of 

bromomethylbenzene derivatives with dibromocarbazole, utilising KOH [44], 

compounds 6–8 precipitate directly from the reaction mixture. In the second step, 

Buchwald–Hartwig amination reaction is performed utilizing the palladium catalytic 

system to obtain new carbazole derivatives 9–11. 
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Scheme 2.1. General scheme for the synthesis of the twin carbazole-based HTMs 9–11  

New HTMs were tested in regular PSCs containing mixed cation and anion 

perovskite composition Cs0.1(MA0.15FA0.85)0.9Pb(I0.85Br0.15). The performance of 

HTM 9, 10 and 11 was very similar to that of spiro-MeOTAD, reaching PCE of 

18.9 % (Table 2.1) [39]. The same group as well reported efficient carbazole-based 

HTM with enamine groups 12, it was synthesized via an extremely simple route 

from commercially available and relatively inexpensive starting reagents (Sheme 

2.2); 12 has been investigated in PSCs of different architectures, and the best results 

were demonstrated in FTO/c-TiO2/mp-TiO2/perovskite/12/Au device configuration 

reaching PCE of 17.8 % [40]. 

 

 

Scheme 2.2. Synthesis of the carbazole derivative 12 

Y. Yan et al. have reported new easily attainable carbazole-cored hole 

transporting material 13. It is synthesized via one-step of the straightforward Suzuki 

coupling reaction between 1,3,6,8-tetrabromo-9-octylcarbazole and 4-methoxy-N-

(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)phenyl)aniline (Scheme 2.3) [41]. 
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Scheme 2.3. Synthesis of the carbazole derivative 13 

In the planar FTO/SnO2/C60-SAM/ MA0.7FA0.3PbI3/13/Au architecture, PSC 

exhibits very good performance, and the maximum PCE of 18.32 % is achieved 

(Table 2.1) [41]. 

Simple dimethoxydiphenylamine substituted N-ethylhexyl carbazole 14 was 

investigated by J. M. Luther et al. In PSC devices with architecture FTO/SnO2/ 

FA0.76MA0.21Cs0.03)0.67Pb(I0.89Br0.11)2.56/14/MoOx/Al, a PCE of 18.5 % with 1000-

hour operational stability was recorded [42]. 

Finally, S. Dai et al. have reported star-shaped carbazole derivative 15, which 

has excellent optoelectronic, electrochemical properties [43]. With mesoscopic 

perovskite solar cell architecture of FTO/c-TiO2/mp-TiO2/ 

(FAPbI3)0.85(MAPbBr3)0.15/ HTM/Au, using 15 as HTM, PCE of over 18 % was 

measured. 

2.2.2. Organic dopant-free hole transporting materials  

The use of HTM with additives greatly increases the performance of the PSC, 

but the effectiveness of the treated HTMs decreases rapidly during the material 

degradation, which as well affects the PSC performance. One of the best solutions is 

HTMs demonstrating high efficiency without additional additives. 

C. Huang et al. have reported new HTM with truxene-core 16, which 

successfully demonstrates high-performance in PSCs (Table 2.2). Devices with p–i–

n architecture and using compound 16 achieve respectable PCE of 18.6 % [45]. 

K. Rakstys et al. have reported new D––A architecture dopant-free HTM 17 

with triazatruxene central core forming face-on columnar stacks, which is beneficial 

for charge transfer within n–i–p perovskite solar cell architecture. With this 

improvement, PSC achieve power conversion efficiency of over 19 % and 

demonstrate improved stability [46].  

R. Azmi et al. have developed new high-performance dopant-free HTM 18 

based on dibenzothienopyrrole and diphenylamine moieties (Table 2.2). 

ITO/ZnO/MAPbI3/18/Au architecture PSC, using dopant-free 18, achieved PCE of 

18.09 %, which was superior to that of doped spiro-MeOTAD (PCE = 17.82 %) 

with the same device architecture [47].  

M. Chen et al. have published organic–inorganic integrated HTLs consisting 

of the solution-processable nickel phthalocyanine compound 19 and V2O5. After the 
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optimization, PSCs containing the combined HTL layer and device structure FTO/c-

TiO2/mp-TiO2/(FAPbI3)0.85(MAPbBr3)0.15/19/V2O5/Au achieved good performance 

characteristics and PCE of 18.3 % (Table 2.2) [48]. 

 

 

Figure 2.6. Molecular structure of dopant-free HTMs  

W. Huang et al. have published new low-cost dopant-free HTMs 22 and 23, 

which were prepared using a two-step synthesis procedure in high yields from very 

inexpensive bicarbazole derivatives [49]; 22 and 23 were obtained from the 

tetrabromo-N,N′-bicarbazoles (20 and 21), which were prepared from 

dibromocarbazoles through the oxidative coupling of the nitrogen atoms by KMnO4. 

Palladium-catalysed C–N cross-coupling reaction with 4,4′-

dimethoxydiphenylamine was utilized to obtain two target compounds 22 and 23 

(Scheme 2.4). 
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Scheme 2.4. Synthesis of bicarbazole derivatives 22 and 23 

Both 22 and 23 show promising results in larger-area PSCs, and the optimized 

1 cm2 devices achieved good PCEs of up to 17.0 % and 17.6 %, respectively [49]. 

F. Zhang et al. reported new HTM 24 based on 9-(4-methoxyphenyl)carbazole 

core. The electron-rich carbazole and triphenylamine units combined into one 

molecule of 24 allowed for the construction of 16.04 % efficient PSCs based on 

triple-cation (Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) perovskite [50]. 

Table 2.2. Optical and optoelectronic properties and PSC performance of dopant-

free HTMs 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC 

[V] 

JSC 

[mA 

cm-2] 

FF PCE 

[%] 

Ref. 

Spiro-

MeOTAD 

383 -5.0/-2.05 1.16 24.9 0.81 23.56 [21] 

 16  410 -5.28/-2.3 1.02 23.2 0.79 18.6 [45] 

17 401, 

515 

-5.24/-3.19 1.13 21.7 0.78 19.03 [46] 

18 405 -5.31/-2.44 1.12 21.13 0.76 18.09 [47] 

19 742 -5.06/-3.61 1.08 23.1 0.73 18.3 [48] 

22  301, 

377 

-5.11/-2.28 1.12 21.34 0.71 17.0 [49] 

23  306, 

386 

-5.15/-2.25 1.09 22.38 0.73 11.6 [49] 

24 316 -5.06/-1.94 1.14 21.52 0.69 16.04 [50] 

25 409 -5.30/-2.68 1.11 23.26 0.78 20.04 [51] 

28 343, 

532 

-5.24/-3.32 1.12 23.23 0.81 21.17 [52] 
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Promising HTM 25 with planar semi-locked tetrathienylethene core was 

reposted by W.-H. Zhu et al. This HTM has deep lying HOMO level, excellent thin-

film morphology, and the dopant-free 25-based PSCs showed very promising 

photovoltaic performance (Table 2.2), PCE of over 20 % as well as excellent long-

term environmental stability [51]. 

X. Guo et al. have designed new HTM with imide-functionalized thiophene 

acceptor as a core and triphenylamine side groups. HTM 28 was synthesized by 

imidization of thiophene-based anhydrides with 1-dodecylamine using 4-

dimethylaminopyridine for ring-opening followed by acetic anhydride-assisted ring-

closure reaction. The bromination of 26, using brominating agent N-

bromosuccinimide (NBS), resulted in dibromo derivative 27. Finally, Suzuki 

coupling of 27 with corresponding boric ester produced the target compound 28 

(Scheme 2.5) [52]. 

 

 

Scheme 2.5. Detailed synthetic route to 28  

HTM 28 demonstrated excellent performance in inverted PSCs (Table 2.2). 

Due to good energy level alignment and appropriate hole-transporting ability, the 

28-based inverted PSC exhibits an excellent PCE of 21.17 % with VOC of 1.12 V, JSC 

of 23.23 mA×cm−2 and an FF of ≈81 %; additionally, the device shows good long-

term stability and stability under illumination. 

2.2.3. Polymeric hole transporting materials  

Polymers are potentially attractive candidates for HTM in perovskite solar 

cells as they generally have good stability, processability, mechanical flexibility and 

film uniformity. Both high polymer density and hydrophobicity are as well very 

important in protecting the perovskite layer from moisture in the environment, thus 

potentially improving the stability of the PSC. 

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is the most 

commonly used HTM for inverted planar PSCs. M. Stolterfoht et al. have published 

an article, in which they fabricated stable dopant-free PTAA perovskite devices with 

PCE of 20 %. After optimizing the electrode layout, a device PCE of 18.9 % in 

larger cells (with 1 cm2 area) was achieved [53]. S. Il Seok et al. have reported 

regular n-i-p architecture PSC with multiple cations and mixed halide anions 

(/(FAPbI3)0.95(MAPbBr3)0.05) and PTAA polymer demonstrating at that time record 

power conversion efficiency of 22.1 % in small cells and 19.7 % in 1 cm2 cells [54].  

A new homopolymer-based HTM 29 was reported by J. Fang et al. When 

using this material in the inverted PSC configuration, very good performance results 

were realized (Table 2.3), and the efficiency of up to 19.6 % was achieved [55]. 
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C. J. Brabec et al. have investigated a composition of tantalum-doped tungsten 

oxide (Ta-WOx) with polythiophene derivative 30, demonstrating perovskite solar 

cells with maximum power efficiency of 21.2 %, the highest performance observed 

to date for PSCs with ionic dopant–free HTMs [56]. In addition, the same group 

investigated D–A type HTMs, such as 31 and 32, PSC devices with architecture 

ITO/C60-SAM/SnOx/PC60BM/FA0.83MA0.17Pb1.1Br0.50I2.80/HTM/Ta-WOx/Au 

demonstrated efficiencies of 18.9 % and 19.8 %, respectively [56]. 

 

 Figure 2.5. Molecular structure of polymeric HTMs  

Table 2.3. Optical and optoelectronic properties and PSC performance of polymeric 

HTMs 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC [V] JSC 

[mA 

cm-2] 

FF PCE 

[%] 

Ref. 

PTAA 374 -5.14/-2.19 1.11 25.0 0.82 22.1 [54] 

29 495 − 1.09 22.2 0.81 19.6 [55] 

30 − -5.3/-3.4 1.17 22.7 0.8 21.2 [56] 

31 − -5.3/-3.7 1.15 21.5 0.76 18.9 [56] 

32 − -5.3/-3.4 1.17 22.22 0.77 19.8 [56] 

33 − − 1.1 22.2 0.78 19.1 [57] 

36 310, 

333 

-5.21/-2.02 1.13 22.34 0.73 18.45 [58] 

 

Polymeric HTM 33 comprised of carbazole and thiophene donor moieties and 

functionalized electron accepting 2,1,3-benzothiadiazole unit with two methoxy 

substituents [57] was reported by F. Cai et al. Regular architecture PSC with device 

stack of ITO/TiO2/PC60BM/MAPbI3/ 33 /MoO3/Au showed promising performance 

and PCE of 19.1 % [57]. 

B. Xu and co-workers have presented a side-chain polymer, which was 

designed and synthesized by attaching carbazole-based hole-transporting units to a 

polystyrene chain [58]. Palladium-catalysed Suzuki cross-coupling reaction between 
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3,6-dibromocarbazole and 4-[di(p-methoxyphenyl)-amino]benzene-1-boronic acid 

resulted in intermediate compound 34. During benzylation of the carbazole moiety 

34 with 4-vinylbenzylchloride, the monomer 35 was obtained. The polymer 36 was 

then synthesized by the free-radical polymerization of monomer using 2,2′-

azobisisobutyronitrile as the initiator (AINB) (Scheme 2.6). 

 

 

Scheme 2.6. Syntheses of the polymer 115  

Regular architecture n-i-p PSC devices having the structure ITO/SnO2/ 

Cs0.05FA0.81MA0.14PbI2.55Br0.45/36/Au reached a very respectable PCE of 18.45 % 

[58]. 

2.2.4. Chapter summary 

From the information provided in this chapter, it is evident that large work has 

been done in the fields of perovskite and appropriate p-type organic semiconductor 

research. With new knowledge gained over the years, the perovskite structure got 

more nuanced and complex. The issues relate to material’s stability are being 

addressed; more robust and reliable compositions are being developed. Similarly as 

with perovskite light absorber, various hole transporting materials are being 

developed each year. Obviously, it is not possible to review them all, and, in this 

overview, only a small portion of the HTM materials, demonstrating good efficiency 

or interesting structural ideas, were shown. It can be safely said that it is possible to 

obtain very good PSC performance with dopant-free hole transporting materials, 

although oftentimes, it requires relatively complex synthetic procedures. Ideally, one 

would wish for a HTM material that would function effectively in the PSC devices, 

could be deposited using easily upscalable methods, be simple and inexpensive to 

synthesize and demonstrate long-term stability under device operation conditions. 

2.3. Dithieno[3,2-b:2’,3’-d]pyrrole derivatives 

Thiophene-fused molecules are a wide class of fascinating organic 

semiconductors with high charge transport properties; among them, dithieno[3,2- 

b:2’,3’-d]pyrrole (DTP) is one of the universal electron donating blocks that 

contains heteroatoms of nitrogen and sulphur [59]. The occupied π orbitals of 
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heteroatoms are conjugated with π orbitals of aromatic units, thus improving p-type 

properties even further. While the presence of electron-rich nitrogen atom can 

increase the stability in the oxidized state and further decrease the band gap [59]. 

The nitrogen atom and thiophene unit can be chemically modified as well. As such, 

the electronic structure, crystallinity and thermal stability of DTP-based 

semiconductors can be readily tuned through molecular design. The pyrrole-

containing DTP moiety is among the most widely used building blocks for the 

synthesis of p-type semiconductors used in the construction of efficient organic 

photovoltaics (OPV), organic field effect transistor (OFET) and organic light 

emitting diode (OLED) devices [59, 60, 61]. 

2.3.1. Synthesis of dithieno[3,2-b:2’,3’-d]pyrrole 

The synthesis of dithieno[3,2-b:2’,3’-d]pyrrole (41) was reported for the first 

time by P. Zanirato and co-workers in 1983 [62]. The synthesis was conducted from 

2,3-dibromothiophene starting material using S. Gronowitz method. The obtained 

3,3-dibromo-2,2-bithiophene (37) [63] was partially debrominated to get compound 

38. In the next step, azidobithiophene was obtained by the reaction of corresponding 

thienyllithium derivative with p-toluenesulfonyl azide (TosN3) followed by the 

fragmentation of the resulting triazene salt 39 [64], resulting in the formation of 

dithieno[3,2-b:2’,3’-d]pyrrole (40) (Scheme 2.7).  

 

 

Scheme 2.7. Initial synthesis of DTP and its derivatives 

A decade later, G. Zotti and co-workers have developed the alkylation 

procedure for the 40 to generate the N-functionalized DTPs 41a–d with yields of 

∼70 %. The primary motivation for the alkylation was an attempt to increase 

solubility and change the functionalization site with respect to the active α-positions 

[65]. Later, J. Qin and co-workers have synthesized the DTPs containing branched 

side chains (41e and 41f), applying the same procedure as G. Zotti [66]. 
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P. Bäuerle et al. has demonstrated new synthesis route to DTP by the means of 

a Cadogan ring closing reaction (Scheme 2.8) [67]. The synthesis was conducted 

from 2‐bromothiophene; thionyl chloride was introduced in the unsubstituted α‐

position to get 5‐bromothiophene‐2‐sulfonyl chloride (42) [68]. According to C. 

Carpanelli, sulfonyl chloride group is required for the selective nitration to obtain 5‐

bromo‐4‐nitrothiophene‐2‐sulfonyl chloride (43) [69]. Sulphuric acid was used to 

eliminate the sulfonyl chloride group and obtain 2‐bromo‐3‐nitrothiophene (44) 

[69]. Stille cross‐coupling reaction of 44 and 2‐(tributylstannyl)thiophene resulted in 

3‐nitro‐2,2′‐bithiophene (45), which was then used in Cadogan reaction to transform 

nitrobithiophene 45 to DTP 40 [67].  

 

Scheme 2.8. Synthesis of DTP 4 via Cadogan reaction of nitrobithiophene 9 

Initially, this path seemed as a good attractive synthesis, as carbazole can be 

efficiently synthesized from 2‐nitro‐1,1′‐biphenyl with triethylphosphite as a 

reducing agent; however, in this case, Cadogan reaction does not proceed as 

smoothly, and the overall yield of the product is low [67]. 

Multi-step synthesis of DTP moiety and the overall low yield significantly 

limited their application in conjugated p-type materials. Eventually, K. Ogawa and 

S. C. Rasmussen suggested a new synthesis route to DTP [70]. Buchwald–Hartwig 

amination of 3-bromothiophene resulted in a mixture of N-functionalized 3-

aminothiophene (45) and N-functionalized N-(3-thienyl)-3-aminothiophene (46). 

After these two components had been separated, 45 was further coupled with 3-

bromothiophene to convert it to 46 in high yield (Scheme 2.9) [71]. A one-pot 

bromination/cyclization of compound 46 via copper-mediated Ullman coupling 

resulted in the desired N-functionalized DTPs 41d, 41g–41j [70, 72]. 
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Scheme 2.9. N-functionalized DTPs via Pd-catalysed amination 

Compared to the previous route (Scheme 2.7), the shown method reduced the 

total number of steps and resulted in the increase of the overall yield. In addition, 

while the initial thiophenes of both routes are commercially available, the 2,3-

dibromothiophene used in Scheme 2.7 is more expensive than the 3-bromothiophene 

used in Pd-catalysed amination [72].  

Later, K. Nozaki and co-workers have developed a new strategy towards the 

synthesis of carbazole via double N-arylation reaction of primary amines and found 

that similar conditions could as well produce N-phenyl DTP (41g) from bithiophene 

37 in moderate 35 % yield (Scheme 2.10) [73]. C. Samyn and co-workers have 

optimized the K. Nozaki method to prepare N-alkyl substituted DTPs and found that 

replacing P(tBu)3 with 2,2-bis(diphenylphosphino)-1,1-binaphthyl (BINAP) and 

increasing the temperature could increase the yield to 80 % [74]. 

 

 

Scheme 2.10. Alternative synthetic routes to N-functionalized DTPs 

Both methods utilizing Pd-catalysis (Scheme 2.9 and Scheme 2.10) have 

achieved similar overall yields of N-functionalized DTPs (40–45 %). However, the 

synthesis pathway shown in Scheme 2.10 has become the most favouriable, as the 

intermediate 37 is more stable and simpler to use than the more reactive 

aminothiophenes 45 and 46. 
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J. Evenson et al. have as well prepared N-acyl DTP compounds (47a–e) via 

copper-catalysed amidation of 3,3′-dibromo-2,2′-bithiophene 37 as shown in 

Scheme 2.11 [75]. 

 

Scheme 2.11. Synthesis of N-acyl DTP derivatives 

Bithiophene 37 is commonly produced via lithiation and oxidative Cu-

coupling of 2,3-dibromothiophene [76]. To improve the utility of 37, one-pot 

method was developed by utilizing lithium diisopropylamide (LDA) rather than 

BuLi; thus, selective deprotonation of the 3-bromothiophene can be employed to 

generate the lithiated intermediate. The transmetalation to the copper species by first 

reacting Li with ZnCl2, followed by CuCl2 [77], and oxidative coupling of the 

copper intermediate by the addition of dry oxygen produces 3,3′-dibromo-2,2′-

bithiophene in high yield (85–90 %). Finally, the synthesis of N-acyl DTPs (47a-

47e) was conducted utilizing Cu-catalysed C-N bond formation via Buchwald 

method [78] with moderate yield (20–40 %). 

2.3.2. Synthesis of functionalized DTP small molecules 

Dithieno[3,2-b:2′,3′-d]pyrrole is a universal electron donating heterocycle 

moiety and is widely used to obtain new, efficient, small molecule p-type 

semiconductors for OPV and OFET devices. Due to its symmetry, DTP core has 

regioregular structure, and minimal torsional effects have been observed, since 

solubilizing groups are placed in the middle ring. 

S. Barlow and co-workers have reported new DTP-based quaterthiophene 49 

obtained via the 2,6-diiodo intermediate 48 (Scheme 2.12) [79]. Stille coupling with 

appropriate thiophene resulted in the goal product 49 in good yield [79, 80].  

 

Scheme 2.12. Synthesis of quaterthiophene 49 
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S. Yang and co-workers have reported new DTP triphenylamine based HTM 

50, the synthesis of which is outlined in Scheme 2.13. DTP-tin central moiety was 

prepared via a three-step procedure, i.e., cyclization, Buchwald–Hartwig cross-

coupling and preparation of tin reagent [81]. The target compound 50 was then 

synthesized by a Pd-catalysed Stille coupling reaction. The HTM 50 showed good 

hole mobility of 4.18 × 10−4 cm2 V−1×s−1, which is one order of magnitude higher 

than spiro-MeOTAD (3.43 × 10−5 cm2 V−1×s−1) [82].  

 

 

Scheme 2.13. Synthetic route for DTP triphenylamine derivative 50 

V. W. Yam and co-workers have reported new tetrasubstituted DTPs 52d, 

52g–52j as potential photochromic materials [83]. The synthesis (Scheme 2.14) 

utilized the tetrabromo-DTP intermediates 41d, 41g–41j, produced by sequential 

bromination with NBS, followed by Br2 with a yield of 40–69 % [83]. In the next 

step, tetrabrominated dithieno[3,2-b:2’,3’-d]pyrroles (51d, 51g–51j) were utilized in 

Suzuki cross-coupling reaction with 2,5-dimethylthien-3-yl boronic acid to produce 

52d, 52g–52j [84]. The compounds 52d, 52g–52j have been shown to successfully 

undergo the first photocyclization step; however, the fully closed form could not be 

obtained [83]. 

 

 

Scheme 2.14. Synthesis of DTP 52d, 52g–52j via tetrabrominated DTP 51 

The diarylamino-functionalized DTPs 53a, 53b have been reported by S. 

Barlow and co-workers [85]. These HTMs were obtained in good yield (67 % and 
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72 %) via palladium-catalysed coupling of bis(4-metoxyphenyl)amine with 2,6-

dibromo dithieno[3,2-b:2’,3’-d]pyrrole. 

 

Scheme 2.15. Synthesis of diarylamino-capped DTPs 53a, 53b 

G. Balaji and co-workers have reported DTP series with phenyl, fluorene, 

triphenylamine and carbazole moieties at 2,6-positions of DTP core [86]. The 

synthesis was conducted by first brominating DTP with NBS in acetic acid-

chloroform mixture. Then, the intermediate 54 was used in Suzuki coupling reaction 

with corresponding boronic acids to obtain derivatives 55a–d in good yields (60–

75 %) (Scheme 2.16) [86]. 

 

 

Scheme 2.16. Synthesis of diarylamino-capped DTPs 55a–55d 

The phenyl-containing compound 55c with the weaker donating system 

showed a blue emission with a quantum yield of 57 % in the solution. Other 

oligomers with stronger electron donating systems showed green emission with 

quantum yields of 52–75 %. The strong fluorescence of 55a and 55b show promise 

for the application of these compounds in light emitting applications [86]. 
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The synthesis of new DTP derivative with four triphenylamine moieties has 

been reported by M.K. Nazeeruddin and co-workers (Scheme 2.17) [87]. Compound 

51 was synthesized in a straightforward manner using three-step synthetic 

procedure. 

 

Scheme 2.17. Synthetic route for the preparation of the heterocyclic HTM 57 

The synthesis was conducted from 3,3’-dibromo-2,2’-bithiophene, utilising 

Buchwald–Hartwig cross-coupling reaction with p-anisidine; DTP core 41i was 

obtained. The bromination of the DTP core was achieved by one-pot method via 

sequential treatment with NBS at room temperature, followed by the addition of 

bromine at reflux. The final product 57 is obtained by a Suzuki–Miyaura reaction 

with p-methoxy triphenylamine pinacol boronate. This electron-rich small molecule 

has successfully demonstrated functionality as efficient HTM in perovskite-based 

photovoltaic devices [87]. 

G. Gigli and co-workers have reported on the properties of a new class of 

arylene–ethynylene semiconductors incorporating electron-rich anthracene and 

dithienopyrrole [88]. 

 

Scheme 2.18. Synthetic sequence for the ethynylanthracene-DTP derivatives 60 and 61 
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The synthesis is conducted in two steps: first, the halogenation of 41i was 

performed, and then, it was followed by the Pd/Cu-catalysed Sonogashira coupling 

reaction between 9,10-diethynylanthracene and monohalogenated DTP 59 (58 % 

yield) or 9-ethynylanthracene and dihalogenated DTP 58 (87 % yield) (Scheme 

2.18) [88].  

J. Roncali and co-workers have evaluated small-molecule DTP derivative with 

two dicyanovinyl substituents 63 as a possible light absorber [89] (Scheme 2.19) 

The ultraviolet–visible (UV-vis) spectra of the solution of 63 demonstrated 

absorbance at 520 nm, and a large bathochromic shift was registered, compared with 

DTP centre (310 nm). 

 

Scheme 2.19. Synthesis of the DTP light absorber 63 

The synthesis of compound 63 is shown in Scheme 2.19 and is conducted from 

the DTP donor molecule, which was formylated by the Vilsmeier Hack reaction, 

obtaining intermediate 62 in 84 % yield. Knoevenagel condensation of dialdehyde 

62 with malonodinitrile gave the target compound 63 in 55 % yield. 

Similar DTP dimer terminated with dicyanovinylene acceptor groups was 

synthesized by D. Zhu and co-workers [90]. 

 

Scheme 2.20. Synthetic sequence for 66a and 66b 

The dimers 66a and 66b were obtained from DTP in multi-step reaction 

procedure (Scheme 2.20). Carbon-carbon coupling of the DTP followed by 

formylation using Vilsmeier–Haack reaction resulted in dialdehyde 65. Knoevenagel 

condensation of DTP dimer, using malononitrile, resulted in dicyano-vinyl-DTP 
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compounds 66a, 66b with reasonable yields [90, 91]. These two compounds 

exhibited very similar absorption maxima at around 597 nm in solution, and the 

presence of the additional DTP unit resulted in a bathochromic shift of the 

absorption maxima compared with 63.  

2.3.3. Synthesis of functionalized DTP polymers 

Dithieno[3,2-b:2′,3′-d]pyrrole is often used as a building block to produce 

polymeric p-type semiconductors for optoelectronic devices. Compared to other 

pyrrole-containing monomers, DTP has lower HOMO, and N-alkyl group in DTP 

moiety can be used to increase the solubility of the final polymer. 

Zotti and co-workers first published DTP-based homopolymeric materials in 

which the electropolymerization of the appropriate monomers 40, 41a–41e was used 

(Scheme 2.21). These polymers (68, 68a–68c, 68e) demonstrated band gaps of 

∼1.7 eV and remarkably high conductivity values as high as 40 S×cm−1 [65]. 

 

Scheme 2.21. Synthesis of DTP homopolymers 68, 68a–68e, 68k, 68l 

C. S. Rasmussen and co-workers have demonstrated new N-functionalized 

DTP homopolymers (68c, 68k), which were synthesized using FeCl3 and 

electrochemical methods (Scheme 2.21) [72]. New DTP homopolymers had band 

gaps ranging from 1.6 to 1.8 eV, which were similar to those previously reported by 

G. Zotti and co-workers. Moreover, these polymers exhibited good fluorescence in 

solution with a quantum yield of 34 % (68k) [72]. 

G. Koeckelberghs and co-workers have reported the synthesis of 

poly(dithieno[3,2-b:2′,3′-d]pyrrole)s (68c, 68e) obtained in three different ways, i.e., 

the oxidative polymerization using RuCl3, Stille coupling and Yamamoto type 

polymerization (Scheme 2.21) [92]. According to the authors, Stille coupling 

appeared to be the best method of polymerization, and it demonstrated that soluble 

poly-DTPs with large molecular weights can be prepared in high yields [92]. Later, 

the same authors reported a new method of DTP polymerization utilizing dibromo-

DTP and Lewis acids. According to the article, using SnCl4 provided the best 
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polymerization results, and the obtained products showed similar optical properties 

as polymer (68l) prepared via classical step growth approach [80]. 

K. Hashimoto and co-workers have reported first DTP-based polymer (71) for 

the OPV application; they have demonstrated the copolymerization of N-substituted 

DTP with thiophene-flanked benzothiadiazole [93].  

 

Scheme 2.22. Synthesis of DTP polymer 71 

The polymer was synthesized utilising Stille coupling reaction between 2,6-

di(trimethyltin)dithieno[3,2-b:2′,3′-d]pyrrole and 4,7-di(2-bromothien-5-yl)-2,1,3-

benzothiadiazole in the presence of a palladium catalyst; the target polymer was 

obtained as a dark-green powder and could be easily dissolved in common organic 

solvents. 

V. Tamilavan et al. have synthesized three new polymers 72, 73 and 74 and 

applied them to the fabrication of bulk heterojunction solar cells [94]. 
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Scheme 2.23. Synthesis of DTP polymers 72–74 via Suzuki coupling reaction 

New polymer 72 was obtained by employing Suzuki coupling of the N-aryl 

DTP (A) and TBT (B) monomers. Suzuki random copolymerization was conducted 

by mixing the monomers A, B and C or D at 2:1:1 ratio to yield appropriate 

polymers 73 and 74, respectively. Polymer 72 was synthesized in a similar manner 

from monomers A and B. The solubility of 72 was found to be excellent in all 

common organic solvents, whereas compounds 73 and 74 showed good solubility in 

chlorobenzene and dichlorobenzene but dissolved relatively poorly in chloroform 

and tetrahydrofuran at room temperature [94]. 

G. Gigli and co-workers have reported an interesting new alternating 

polymeric DTP derivative 75 using Sonogashira cross-coupling to obtain arylene–

ethynylene semiconductors incorporating electron-rich anthracene and DTP units 

[88]. 
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Scheme 2.24. Synthesis of DTP polymer 75 via Sonogashira coupling 

Unfortunately, the polymer had low solubility, which led to the precipitation of 

the material during the polymerization. 

2.3.4. Application of DTP in optoelectronic devices 

The pyrrole fragment is widely used in the optoelectronics as a building block 

for small molecules and polymers; dithieno[3,2-b:2′,3′-d]pyrrole is a promising and 

widely used moiety to produce efficient OPV, OFET and OLED devices. The report 

on conductivity and redox potential measurements of poly-(dithieno[3,2-b:2′,3′-

d]pyrrole) by A. Berlin et al. has had a huge influence on the development of new 

DTP-containing derivatives. As a result, there has been a gradual increase in interest 

in the use of DTP as a monomer [65]. Large series of polymers based on DTP and 

bithiophene have been synthesized, and the best among them is 76 (Figure 2.6). The 

blend of 76:PC71BM as active film showed a PCE of 3.12 % in bulk heterojunction 

organic photovoltaic device (Table 2.4); however, the performance was not 

sufficient, and there was a need for further adjustment of the energy level to improve 

the device parameters and optimize the morphology of the active layer blend [95].  

 

 

Figure 2.6. DTP-based polymers tested in OPV  
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Table 2.4. Optical and optoelectronic properties and OPV performance of polymers 

based on DTP moiety 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC [V] JSC [mA 

cm-2] 

FF PCE 

[%] 

Ref. 

76 464, 

611 

-4.99/-3.40 0.48 11.43 0.57 3.12  [95] 

77 800 -4.86/-3.56 0.42 22.65 0.52 4.99 [96] 

78 860 -5.61/3.94 0.69 14.9 0.54 5.6  [97] 

 

Tajima and co-workers have reported a tris(thienylenevinylene) containing 

conjugated copolymer 77 (Figure 2.6). BHJ devices constructed utilizing 77 

demonstrated JSC of 22.6 mA×cm2; it is the first OPV device with a JSC over 

20 mA×cm2 (Table 2.4), and it still is one of the highest results for OPVs [96]. R. A. 

Janssen and co-workers have designed and synthesized DTP polymer bridged with 

thiazole moieties; the BHJ photovoltaic devices based on polymer 78 demonstrated 

relatively high external quantum efficiency (EQE) (up to 52 %) and PCE up to 

5.6 %. This result indicated a possibility to enhance the efficiency further by 

reducing the energy loss of polymeric BHJ solar cells [97]. 

Although, a significant progress has been made in the development of DTP-

containing polymers for light capture and charge transport in the BHJ solar cells. 

However, the result obtained with BHJ devices, combining fullerene derivatives and 

DTP-based conjugated polymers (PCE of 5.6 %), is still too low for practical 

application of such BHJ solar cells [97].  

Another area of OPVs, which saw the use of DTP derivatives, was small 

donor-acceptor molecules. The devices utilising these molecules realized better 

PCE, compared with the polymeric analogues, and those small molecule 

donor/acceptor systems opened a new era in the design of novel small molecules 

containing DTP fragment. 

P. Bäuerle et al. have synthesized a series of A-D-A type compounds 

comprising of dithieno[3,2-b:2′,3′-d]pyrrole as central donor and dicyanovinyl 

moieties as terminal acceptor fragments (79- 82); additionally, amphiphilic 

triethylene glycol side chain was utilized at the central DTP-nitrogen instead of the 

branched hydrocarbon (Figure 2.7). The solar cells constructed with these 

compounds have achieved power conversion efficiencies between 6.5 % and 7.6 % 

(Table 2.5) [98]. 
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Figure 2.7. DTP-based small molecules for OPV  

E. Barean et al. have identified the morphological differences in the solar cell 

active layer containing A-D-A type structure 79, the PCE of the 79:PC71BM device 

has increased noticeably to 7.1 % [99].  

Table 2.5. Optical and optoelectronic properties and OSC performance of DTP 

based small molecules 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC [V] JSC [mA 

cm-2] 

FF PCE 

[%] 

Ref. 

79 700 -5.30/-3.73 0.83 12.0 0.71 7.1 [99] 

80 720 -5.28/-3.74 0.74 12.85 0.70 6.57 [98] 

81 707 -5.28/-3.70 0.79 12.46 0.69 7.04  [98] 

82 694 -5.31/-3.75 0.84 11.4 0.63 7.63  [100] 

83 654 -5.25/-3.78 0.86 14.06 0.68 8.22 [100] 

 

D. Sharma and co-workers have synthesised a novel A-D-A absorber 83 

consisting of dithieno[3,2-b:2′,3′-d]pyrrole core and two electron accepting 1,3-

indanedione groups linked by thiophene units (Figure 2.7) and investigated its 

optical and electrochemical properties. After the device structure optimization, such 

as inserting hole transporting CuSCN layer and annealing treatment, the devices 

constructed using 83:PC71BM mixture [100] demonstrated PCE up to 8.22 % 

(Table 2.5). 

2.3.5. Application of DTP derivatives in PSC 

Perovskite solar cells (PSC) have achieved high power conversion efficiency 

of 25.5 % [2]; however, in order to achieve such results, the hole transporting 

materials had to be doped with various additives to increase conductivity. Resulting 

PSC demonstrated unimpressive long-term stability, thus blocking the industrial 

commercialization of such devices. In this chapter, several new dopant-free HTM 

containing dithieno[3,2-b:2′,3′-d]pyrrole fragment will be discussed.  

Y. Yan and W. Tang et al. [101, 102] have synthesized HTM 84 featuring a 

DTP core and four triphenylamine fragments joined by thiophene moieties (Figure 

2.8). Planar n-i-p architecture PSC devices, constructed using dopant-free 84, 

yielded PCE of 19.42 %, which is comparable to the result obtained with dopant 

comparing spiro-MeOTAD (PCE 19.59 %). Later, the same group reported a new 

smaller molecule with two triphenylamine fragments 50, which exhibited suitable 
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ionization potential (Ip) of 4.94 eV and good hole mobility of 4.18 × 

10−4 cm2×V−1×s−1; consequently, the devices constructed using this dopant-free 

HTM demonstrated impressive PCE of 21.04 % [82] (Table 2.6). 

 

 

Figure 2.8. DTP-based small molecules as HTMs for PSC  

S. Pola et al. [103] have synthesized two multichromophoric hybrid small 

molecules of D-π-A architecture (85 and 86). The hole mobility characteristics of 

the newly obtained materials were comparable to that of spiro-OMeTAD. Perovskite 

solar cells fabricated using 85 and 86 as the hole transporting materials without 

using any dopants showed PCEs of 17.91 % and 18.75 %, respectively; these 

characteristics were achieved with the device of active area of 2.04 cm2, and it 

surpassed the result of spiro-OMeTAD-based devices both in performance (PCE 

14.74 %) and active area (1.84 cm2). 
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Table 2.6. Optical and optoelectronic properties and PSC performance of DTP-

based small molecular HTMs 

 λmax 

[nm] 

HOMO/LUMO 

[eV] 

VOC 

[V] 

JSC 

[mA 

cm-2] 

FF PCE 

[%] 

Ref. 

50  -4.94/-2.94 1.16 22.76 0.80 21.04 [102] 

57  407 -4.98/-2.22 1.07 22.2 0.66 15.6 [87] 

84  -4.85/- 1.14 23.02 0.74 19.42 [82] 

85 525 -5.32/-3.20 1.01 24.56 0.72 17.91 [103] 

86 514 -5.41/-3.18 1.03 24.78 0.73 18.75 [103] 

87 403 -5.13/-2.3 1.02 20.53 0.59 12.35 [104] 

88  420 -5.36/-2.64 1.03 19.40 0.46 9.19 [104] 

89 410 -5.15/-2.34 1.08 22.5 0.72 17.5 [104] 

90 428 -5.08/-2.42 1.00 20.72 0.69 14.3 [104] 

 

M. Liang et al. have reported HTM series 87–90, bearing DTP centre and 

various donoric fragments on the periphery (Figure 2.8), the best photovoltaic 

performance in PSCs was demonstrated by 89 with the indeno[1,2-b]carbazole 

moieties. High efficiency and stability were simultaneously realized: the doped 89 

exhibited PCE exceeding 20 %, while dopant-free device showed PCE of 17.5 % 

[104]. 

M. K. Nazeeruddin et al. have reported novel electron-rich small molecule 57 

consisting of DTP aromatic core with four triphenyllamine moieties. This material 

has been successfully demonstrated to function as efficient HTMs in perovskite-

based photovoltaic devices. The photovoltaic performance of the PSC was 15.6 %, 

compared with spiro-MeOTADs 17.7 % [87].  

2.3.6. Chapter summary 

From the information provided in this section, it is evident that DTP-

containing derivatives have attracted significant attention in the optoelectronics 

community, especially in the field of photovoltaics and light emitting devices. A lot 

of work was been done to improve the synthesis of DTP core itself as well as 

optimize the synthetic procedures used for the modification or polymerization 

reactions conducted using DTP moiety. Although, a significant amount of work has 

been done in this field, only limited DTP modification pathways are available; chief 

among them are Stille, Suzuki and Sonogashira coupling reactions. Nonetheless, 

various DTP-based p-type semiconductors have been developed for the application 

in organic photovoltaics and perovskite solar cells. Some impressive results have 

been achieved, especially in the PSC field; 50 showed the best performance as 

dopant-free hole transporting material in perovskite solar cells demonstrating power 

conversion efficiency of 21.04 %. Overall, it is evident that DTP shows promise for 

further development of new even more efficient HTMs for application in perovskite 

solar cells. 
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 RESULTS AND DISCUSSION 

3.1. Dithieno[3,2-b:2’,3’-d]pyrrole-based hole transporting materials 

As mentioned in the literature overview, among a wide variety of pyrrole-

containing building blocks, dithieno[3,2-b:2′,3′-d]pyrrole is among the most studied 

fragments for optoelectronic applications, especially for organic light emitting 

diodes [91, 105], organic photovoltaics [60, 106, 107, 108] and organic field effect 

transistors [60, 109]. The possibility to modify the structure’s solubility via N-

alkylation reactions, relatively low-lying HOMO energy level [110], good to 

excellent mobility (up to 4.1×10˗1 cm2×V-1×s-1) [60], symmetry and minimal 

torsional effects are among the reasons that make DTP moiety quite an attractive 

option for the above mentioned applications. Interestingly, acceptor−donor−acceptor 

(A−D−A) molecules containing central DTP fragment, investigated for the 

application in bulk heterojunction solar cells (BHJ-SC), yield devices with 

efficiency of over 8 % [100], while BHJ-SC with DTP-containing polymers have 

managed to achieve only modest result of 5.6 % [97]. Curiously, there is very little 

research done in the application of the DTP in hole transporting materials for 

perovskite solar cells. Due to the above-mentioned reasons, it has been decided to 

synthesize and investigate DTP-based derivatives as possible hole transporting 

materials for the application in PSC.  

3.1.1. Synthesis of dithieno[3,2-b:2′,3′-d]pyrrole-based materials 

Pyrrole-containing building block 4-hexyl-4H-dithieno[3,2-b:2′,3′-d]pyrrole 

(1) was synthesized from 3,3′-dibromo-2,2′-bithiophene via Buchwald–Hartwig 

amination using palladium (II) acetate and BINAP catalytic system, sodium tert-

butoxide base and relatively long 1-hexylamine alkyl group for improved solubility 

(Scheme 3.1) [67]. 

 

Scheme 3.1. Synthesis of dithieno[3,2-b:2´,3´-d]pyrrole 1 

Isolated in very good yield, DTP derivative 1 was used in the bromination 

reaction using NBS as a source of bromine (Scheme 3.2). Dibromo-substituted 

compound 2 was used as an intermediate in a number of different reactions aimed at 

the synthesis of goal products containing DTP moiety. 
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Scheme 3.2. Synthesis of dibromo substituted compound 2 

In an effort to synthesize DTP-based small molecules with lower ionization 

potential, the attempts were made to introduce electron donating groups into the 

DTP core. Initially, dibromo-substituted derivative 2 was used in methoxylation 

reaction with sodium methoxide (Scheme 3.3). Unfortunately, the reaction did not 

proceed as planned, and only a small amount of monosubstituted derivative 4 was 

isolated; the vast majority of the starting material underwent dehalogenation reaction 

resulting in the formation of 1.  

 

Scheme 3.3. Synthesis of methoxy-substituted DTP derivatives 

It was decided to use different leaving group, i.e., chlorine atom. N-

chlorosuccinimide (NCS) was used for chlorination, resulting in dichloro-substituted 
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compound 3. As before, 3 was used in methoxylation reaction with sodium 

methoxide (Scheme 3.3) with the same result, i.e., the formation of dehalogenated 

DTP derivative 1. 

 

Scheme 3.4. Synthesis of amino-substituted DTP derivative 6 

After first unsuccessful attempts to introduce electron donating groups, a 

different moiety (amine) was selected for the task. Starting DTP derivative 1 was 

nitrated (Scheme 3.4), and the resulting nitro compound 5 was reduced using 

palladium on carbon and hydrazine hydrate to appropriate diamino derivative 6. 

Unfortunately, DTP with two amine moieties demonstrated very low stability, 

making purification and further work with it very problematic. As one of the main 

focuses of the work was the development of HTM with relatively straightforward 

synthesis suitable for larger scale production, it has been decided to concentrate on 

other materials. 

 

Scheme 3.5. Synthesis of diphenyl amine-substituted DTP derivative 

Introduction of 4,4'-dimethoxydiphenylamine into the DTP system was 

investigated as well. After the introduction of the aldehyde group into the system via 

Vilsmeier–Haack reaction (Scheme 3.5) and subsequent bromination of obtained 
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aldehyde 7 using NBS, the obtained bis-substituted compound 8 was used in 

Buchwald–Hartwig coupling reaction with 4,4'-dimethoxydiphenylamine. 

Regrettably, the desired product was not obtained, and only dehalogenated 

compound 7 was isolated. 

 

Scheme 3.6. Synthesis of bis-substituted DTP derivatives 9–12 

Evidently, the reactions requiring the usage of stronger bases have resulted in 

dehalogenation of the starting material; therefore, it was decided to utilize Suzuki 

coupling reaction, which can be successfully conducted using milder bases. Various 

boronic acids with electron donating moieties have been utilized to obtain DTP 

derivatives 9–11 with the enhanced conjugated system, anticipating semiconducting 

molecules with lower ionization potential (Scheme 3.6). Additionally, the hole 

transporting material with two reactive vinyl groups 12 has been synthesized; 12 has 

a potential to be used as a crosslinkable HTM for the production of insoluble hole 

transporting layers within the devices.  

 

Scheme 3.7. Synthesis of compound thiophene-substituted DTP derivatives 13, 14 via Stille 

coupling reaction  
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Finally, palladium catalysed Stille coupling reaction using organotin thiophene 

compounds was utilized to extend the list of possible candidates for the investigation 

further. Thiophene 13 and 2-methoxythiophene 14 containing derivatives were 

isolated. The reaction of 2,6-dibromo-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (2) 

with 2-(tributylstannyl)thiophene as well resulted in the formation of dimeric 

structure 14, albeit in very low yield. Sadly, thiophene derivatives 13–15 did not 

demonstrate sufficient stability to be seriously considered as potential candidates for 

the application in PSC. Most likely, the increased sensitivity of the compounds 

could be attributed to too shallow HOMO level due to the presence of relatively 

strong donoric fragments (derivatives 14, 15) and unprotected reactive 5-position of 

the thiophene ring in compound 13. 

3.1.2. Thermal properties 

The thermal properties of the most promising HTMs have been investigated 

using thermogravimetric and differential scanning calorimetry analyses (Table 3.1). 

4-Hexyl-4H-dithieno[3,2-b:2′,3′-d]-pyrrole (1) demonstrates 5 % weight loss at 

202 °C (Table 3.1, Figure 3.1). Looking at the profile of the thermogravimetric 

analysis (TGA) curve, a sharp drop in weight can be observed, indicating that rapid 

evaporation of the material takes place. Small molecular weight of the compound as 

well as relatively long and hydrophobic aliphatic chain allow for easier evaporation. 

Additional phenyl or thiophene rings, at 2,6-positions of the DTP core in 9 and 10, 

increase the molecular weight of the compound and decomposition temperature by 

more than 110 °C.  

Table 3.1. Results of TGA[b] and differential scanning calorimetry (DSC)[a] analysis 

of 1, 9–12 

Compound Thermal 

decomposition 

Tdec, [°C] 

Glass 

transition Tg, 

[°C] 

Crystallization 

Tcryst, [°C] 

Melting point 

Tm, [°C] 

1  202 [c] − 7 47 

9  316 − 92 117, 119 

10  358 − 85 161 

11  338 [c] − 181 218 

12  412 − − − 
[a] Determined by DSC from second run, heating rate of 10 °C min-1 under N2 atmosphere; [b] 

determined by TGA, heating rate 10 °C min-1 under N2 atmosphere; [c] evaporation. 

The substitution of the methoxy moieties to tert-butyl ones in 11 weakens the 

interaction forces between molecules and allows for easier sublimation of the 

compound while maintaining higher sublimation temperature (Figure 3.1). Finally, 

the hole transporting material with two reactive vinyl groups 12 demonstrates the 

highest thermal stability of all materials in this group, although it can be attributed to 

the thermal polymerization taking place during the heating, and in reality, it 

demonstrates the thermal stability of the obtained polymer rather than monomer 12 

itself. 
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Figure 3.1. TGA analysis of DTP derivatives 1, 9–12 

The analysis of the DTP derivatives 1, 9–12 using differential scanning 

calorimetry has revealed that all the investigated compounds are crystalline 

materials with melting temperatures ranging from 47 to 218 °C (Table 3.1). 

Comparatively long aliphatic chain in 1 significantly contributes to the low melting 

temperature of 47 °C, no glass transition is observed throughout the first heating. 

During the second heating, the crystallization of the materials is observed at 7 °C, 

followed by the melting of the formed crystals at 47 °C (Figure 3.2).  
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Figure 3.2. DSC curves of hole transporting material 1 
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Similar picture, i.e., melting of the crystals during the first heating, followed 

by the crystallization during cooling and melting during the second heating, can be 

observed for HTMs 9–11 (Figures 3.3a–3.3c). Compared with the starting 

compound 1, the addition of the structural bulk in DTP derivatives 9–11 noticeably 

increases the melting temperature. 5-methylthiophene moieties in 9 increase Tm by 

60 °C, while larger and more rigid 4-methoxyphenyl and 4-tert-butylphenyl 

fragments in 10 and 11 increase it even further by 110 °C and 170 °C, 

accordingly. 
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Figure 3.3. DSC curves of hole transporting materials 9 (a), 10 (b), 11 (c), 12 (d) 

Finally, the hole transporting material with two reactive vinyl groups 12 

demonstrates exothermal peak at 183 °C during first heating and no other signals 

during subsequent cooling and heating cycles, indicating thermal polymerization of 

the material during the first heating cycle (Figure 3.3d). 

3.1.3. Optical, electrochemical and photoelectrical properties  

In order to investigate the size of the π-conjugated system of the synthesized 

dithieno[3,2-b:2′,3′-d]pyrrole derivatives, ultraviolet–visible light absorption spectra 

of the DTP-based compounds were recorded. The DTP core itself absorbs in the UV 

part of the spectrum with absorption maxima around 300 nm (Figure 3.4).  
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Figure 3.4. Light absorption spectra of 1, 9–12 in THF (c = 10-4 M) 

The introduction of two phenyl moieties into the system (10, 11) noticeably 

increases the size of the π-conjugated system, and a bathochromic shift of 80 nm is 

observed. Interestingly, additional methoxy groups in DTP derivative 10 did not 

produce any significant redshift of the spectrum, compared with tert-butyl-

containing HTM 11. As it could be expected, stronger electron donating thiophene 

groups increased the size of the conjugated system resulting in a batochromic shift 

of the absorption maximum in UV-Vis spectra of 20 nm, compared with phenyl-

bearing analogues 10 and 11. The most intriguing result was observed for the 

material with two 4-vinylphenyl groups 12. It demonstrates the largest π-conjugated 

system of all investigated compounds and a bathochromic shift of 25 nm, 

compared with very similar tert-butyl and methoxy analogues 10, 11. It is quite 

difficult to rationally explain such differences in UV-vis spectrum, it is speculated 

that the molecule of 12 adopts a more planar conformation, and vinyl groups 

contribute to the size of the conjugated system more substantially than it could 

appear from the first glance. 
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Figure 3.5. Light absorption spectra of 9–12 in thin films 

Interestingly, UV-vis spectra of the HTMs 9, 10, 12 in the solid state 

demonstrate broadening and redshift characteristical for the formation of the 

aggregates (Figure 3.5). Vinyl substituted DTP derivative 12 and thiophene 

substituted HTM 10 display redshifts of approximately 20 nm. The aggregation is 

especially well pronounced in case of DTP derivative 10 bearing methoxy groups, 

new redshifted (55 nm batochromic shift) and blueshifted (40 nm hypsochromic 

shift) absorption maxima, compared with the UV-vis spectrum in the solution, are 

registered. However, the introduction of branched and sterically bulkier tert-butyl 

groups in 11 results in a suppression of aggregation, and only small changes in 

shape and position of the spectrum are observed. 
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Figure 3.6. Light absorption spectra of the THF solvent used for washing of the samples 

after crosslinking experiments with 12 

The crosslinking of the DTP derivative 12 was further investigated using UV-

vis spectroscopy (Figure 3.6). The thin films were heated at 180 °C for various 

periods of time, washed with THF and their absorption spectra recorded. From the 

conducted experiments, it is evident that 20 minutes at 180 °C is sufficient for a 

complete crosslinking of the samples. Looking at the absorption spectra of the 

solvent used for washing (Figure 3.6), it is evident that the traces of HTM 12 can 

still be detected in samples heated for 10 min but are practically absent in the 

samples that are heat treated for 20 minutes. 

Table 3.2. Electrochemical[a] characteristics and Ip of 1 and 9–12 

Compounds Eg
opt [eV][b] EHOMO [eV][c] ELUMO [eV] Ip [eV] 

1 3.87 -5.07 -1.2 5.74 

9 2.74 -4.73 -1.99 5.04 

10 2.90 -4.83 -1.93 5.09 

11 2.89 -4.83 -1.94 4.99 

12 2.70 -4.82 -2.12 5.56 
[a] The cyclic voltammetry (CV) measurements were carried out with a glassy carbon electrode in 

dichloromethane solutions, 0.1 M tetrabutylammonium hexafluorophosphate as electrolyte and Pt wire 

as a reference electrode. Potentials measured vs Fc+/Fc. [b]Optical band gaps Eg
opt estimated from the 

edges of electronic absorption spectra in solution. [c]Conversion factors: Fc in DCM vs SCE 0.46 [111], 

SCE vs SHE: 0.244 [112], SHE vs. vacuum: 4.43 [113]. dELUMO calculated from the equation ELUMO = 

EHOMO – Eg
otp. 

The oxidation (Eox) potentials of the DTP-based HTMs 1, 9–12 were measured 

by employing a cyclic voltammetry technique, and the ionization energy (EHOMO) as 

well as electron affinity (ELUMO) have been calculated (Table 3.2). These values do 

not represent any absolute solid-state or gas-phase ionization energies but can be 

used to compare different compounds that are relative to one another. The cyclic 
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voltammograms of all synthesized DTP-containing compounds show quasi-

reversible oxidation (Figure 3.7). 2,6-Substituted DTP derivatives (9–12) 

demonstrate shallower EHOMO, compared with 4-hexyl-4H-dithieno[3,2-b:2′,3′-d]-

pyrrole (1) core (Table 3.2). Larger π-conjugated system of 9–12 ensures a change 

in EHOMO by approximately 0.2 eV, while the presence of the electron donoric 

thiophene moieties in 9 pushes the ionization energy even further to -4.73 eV. 
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Figure 3.7. Cyclic voltammograms of 9–12 (scan rate = 50 mV s–1) in argon-purged 

dichloromethane solutions 

The larger size of the π-conjugated system and the presence of additional 

electron donating moieties as well reduce the energy band gap Eg and lower ELUMO 

energy level in all four investigated DTP derivatives 9–12, compared with the 

starting compound 1. 

The solid-state Ip is an important parameter for the organic materials that are 

planned to be used for the optoelectronic applications. Ip of the HTMs was measured 

using photoelectron emission in air (PESA) method (Figure 3.8 and Table 3.2). The 

measurement results indicate that Ip values of the investigated materials follow the 

same trend as data obtained from UV-vis and CV, i.e., 1 demonstrates the highest Ip 

(5.74 eV), while the increased conjugated system and the presence of stronger 

electron donating fragments lower Ip to 5.0–5.1 eV in 9–11. One noticeable 

exception is vinyl-containing DTP-derivative 12: it breaks the trend and 

demonstrates significantly higher Ip of 5.56 eV. 
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Figure 3.8. Photoemission in air spectra of compounds 1, 9–12 

Generally, absolute values obtained using CV and PESA methods differ, and 

the main reason for such disagreements are different mediums used for the 

measurement (solution for CV and thin solid film for PESA). However, the main 

trends remain very similar using both techniques. In case of 12, however, the 

observed differences between results can be explained by different way molecules 

interact with each other. Cyclic voltammetry is carried out in the solution, and low 

concentration of 12 in the solution does not allow for any meaningful direct 

interaction between HTM molecules. However, PESA is measured in the thin films, 

and intermolecular interaction between HTM molecules is a factor to be considered. 

Therefore, the interactions between molecules are stronger for 12, compared with 9–

11, and they influence Ip significantly, increasing it to 5.56 eV, compared to 4.82 eV 

measured using CV. In general, for the successful application of the HTMs in 

perovskite solar cells, their Ip should ideally be in the range between 4.9–5.4 eV. 

Purely from the energetic point of view, 9–11 are more promising candidates for the 

application in PSC. 

3.1.4. Chapter summary 

In conclusion of the chapter, it could be said that the synthesis of the 

dithieno[3,2-b:2´,3´-d] pyrrole-based hole transporting materials is not a 

straightforward business. Many reactions require substantial optimization, and the 

materials themselves often lack stability requited for the optoelectronic application. 

Additionally, in the literature related to the synthesis of DTP-derivatives, it can be 

noticed that the researchers mostly focus on the Suzuki coupling reaction as other 

types of reactions run into considerable difficulties. The investigation of small 
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molecule materials that were synthesized in this work reveals some interesting traits 

of these DTP-derivatives. Most importantly, the energy level of these HTMs is 

suitable for the application in perovskite solar cells; furthermore, TGA analysis 

reveals potential for the application of these materials in vacuum deposited devices. 

In addition, the introduction of reactive functional groups opens a path for thermal 

crosslinking of these HTMs in the layer, thus simplifying the process of constructing 

solar cell devices. 

3.2. Long-term stability of the oxidized hole transporting materials used in 

perovskite solar cells* 

During the past eight years, perovskite solar cell technology has evolved from 

a scientific curiosity to a major research subject in the field of photovoltaics and in a 

short period of time, managed to demonstrate remarkable achievements in the PCE 

[114]. While significant progress has been made in terms of performance of PSC 

devices, much less attention has been paid to their long-term stability. Therefore, the 

next logical step is to address the longevity of the PSC devices. The stability of the 

PSC depends on a number of potential degradation factors. Some of them are 

obvious, for example, oxygen and moisture. Others, which are active as well under 

inert conditions and affect various materials, are harder to determine and eliminate 

due to the complex, multicomponent nature of the devices. Good examples of such 

intrinsic instabilities could be gold migration through hole transporting layer [115] 

and the crystallization of the hole transporting material which reduces the electronic 

contact between HTM and perovskite [116, 117]. Both these processes are observed 

at elevated temperatures and are responsible for rapid performance losses. 

Temperature induced degradation of perovskite solar cells is a particularly 

interesting and important topic, as temperatures as high as 40−45 °C could be 

routinely encountered in the field, especially in hot desert environments, which are 

particularly attractive for photovoltaic energy generation due to the abundance of 

sunshine and vast unutilized space. Normally, photovoltaic devices operate in direct 

sunlight, and cell temperature can be up to 45 °C higher than in the environmental 

one [118]. Therefore, it is important to study in a greater detail the stability of the 

HTMs at elevated temperatures not only as separate materials but more importantly 

in combination with various dopants used in the PSC as well as in contact with other 

components of devices, such as perovskite itself. 

3.2.1. Interaction with dopants used in perovskite solar cells  

To this date, a wide variety of hole transporting materials has been developed 

for use in perovskite solar cells, and vast majority of them require the use of 

chemical doping as an essential step in the preparation of efficient devices [119]. 4-

tert-Butylpyridine, lithium bis(trifluoromethanesulfonyl)imide and metalorganic 

 
* E. Kasparavičius investigated the stability of the oxidized HTMs, while A. Magomedov in 

his PhD thesis focused on a more detailed study of the pyridination reaction with model 

compound. 
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oxidants, such as tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 

tri[bis(trifluoromethane)sulfon-imide], comprise the doping mixture commonly in 

use for HTMs in perovskite solar cells. During the doping procedure part of the hole 

transporting material, approximately 10 % of it is oxidized to corresponding cation 

radical, which is responsible for the improvement in conductivity of the material and 

subsequently, device efficiency. The combination and the role of each doping 

component are more a result of the empirical optimizations rather than the 

application of a thorough design. An increase in HTMs conductivity while keeping 

charge recombination to a minimum is the most obvious effect observed so far from 

HTM doping [120, 121]. 

The oxidized organic hole transporting material could be one of the potential 

weak links in the perovskite solar cell composition. Interestingly, very little 

investigation has been done concerning the oxidized HTMs applied in the PSC, their 

properties and the effect of additives [122, 123, 124, 125, 126, 127, 128, 129]. Most 

importantly, long-term stability, especially under thermal stress, has not been 

investigated. It is not uncommon for a solar cell to heat up to temperatures 

exceeding 80 °C under summer sun; therefore, all device components must possess 

some degree of resistance to repetitive thermal stress [130]. 

In the current chapter, the thermal stability of a series of oxidized small 

molecular HTMs under different conditions and with different additives are 

investigated. In order to maximize the relevance of the research for the photovoltaic 

community, the hole transporting materials demonstrating very good performance in 

the PSCs have been chosen for this investigation. 

3.2.1.1. Synthesis of the oxidized HTMs 

A series of experiments with oxidized HTMs in the solid state have been 

conducted to investigate their long-term stability under different conditions and with 

different additives, which are routinely used in the hole transporting layers of the 

perovskite solar cells. Under standard doping conditions, the oxidized HTM 

comprises relatively small portion of the charge transporting layer composition, the 

rest being undoped hole transporting material. Hence, it is complicated to monitor its 

degradation dynamics in the film in real time due to low concentration and 

difficulties in identifying the oxidized species using such common analysis methods 

such as nuclear magnetic resonance (NMR) or mass spectrometry (MS) [128, 131]. 

Fortunately, however, the investigated hole transporting materials demonstrate 

intense absorption in the visible range of the spectrum in their oxidized state; thus, 

UV-vis spectroscopy is a very useful tool for monitoring processes that are taking 

place in the encapsulated films during the extended stability testing. In order to 

avoid concentration related problems and obtain a clearer picture of the processes 

taking place during the long-term stability testing, it has been decided to use films 

comprised of only oxidized material and not a mixture of HTM with a few percent 

of oxidized HTM in it. The layers of the oxidized HTMs have been prepared with 

and without the dopants and used in these studies. The oxidized derivatives of spiro-

MeOTAD, V886 and V862[132] (Scheme 3.8), used in the study, have been 
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obtained using chemical oxidation by the silver bis(trifluoromethanesulfonyl)imide 

(AgTFSI). 

 

Scheme 3.8. Synthesis of oxidized spiro-MeOTAD, V886 and V862  

The investigation of the synthesized materials was conducted in three steps: 

analysis of the thermal properties of the oxidized HTMs, study of their stability in 

the solution and, finally, long-term stability tests in the thin films. 

3.2.1.2. Thermal properties  

Prior to the actual stability tests of the thin films, a number of important 

parameters of the oxidized HTMs have been investigated. Thermal stability of the 

HTMs was determined by thermogravimetric analysis of the oxidized and pristine 

samples (Figure 3.9, Table 3.3). Different materials display somewhat different 

decomposition dynamics under thermal stress; nonetheless, from the obtained 

results, it is evident that oxidized HTMs have reduced thermal stability, compared to 

the pristine materials, and decomposition temperature decreased by more than 

100 °C. 
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Figure 3.9. Thermogravimetric analysis of pristine spiro-OMeTAD (a), V862 (b), V886 (c) 

and their oxidized derivatives (heating rate 10 °C min-1) 

Two-step patterns can be seen for all of the oxidized HTMs: most likely, the 

first step is the breakdown of the oxidized salt, and the second one is the 

decomposition of the HTM structure itself, as the second decomposition temperature 

is very similar to the one registered for the pristine unoxidized materials. 

Table 3.3. Thermal properties of spiro-MeOTAD, V862, V886 and their oxidized 

derivatives 

Compound Tm [°C] [a] Tg [°C] [b] Tdec [°C] [c] 

spiro-MeOTAD 245 126 449 

spiro[TFSI] (16) 213 91 277 

spiro[TFSI]2 (17) 215 95 260* 

V862 – 138 423 

V862[TFSI] (18) – 97 280 

V862[TFSI]2 (19) – 100 251 

V886 – 141 375 

V886[TFSI] (20) 217 93 253 

V886[TFSI]2 (21) 216 99 243 
[a] Determined by DSC from the first run, heating rate of 10 °C min-1 under N2 atmosphere; [b] 

determined by DSC from second run, heating rate of 10 °C min-1 under N2 atmosphere; [b] determined 

by TGA, heating rate 10 °C min-1 under N2 atmosphere.  

a) b) 

c) 
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Differential scanning calorimetry analysis revealed that oxidized HTMs of 

spiro-MeOTAD and V886 can exist in both crystalline and amorphous state, 

whereas derivatives of V862 are fully amorphous (Table 3.3); typical example of the 

DSC heating and cooling curves are given in Figure 3.10 (remaining DSC analysis 

curves can be found in Appendix 1, Figures S1–S7). 

 

 

Figure 3.10. DSC curves for spiro[TFSI] (a) and V862[TFSI]2 (b); heating and cooling rates 

10 °C min-1 

Similarly as spiro-MeOTAD, both spiro[TFSI] and spiro[TFSI]2 are crystalline 

after the synthesis and form amorphous state only after the melting of crystals and 

subsequent cooling (Figure 3.10a). In contrast, derivatives of V862, V862[TFSI] and 

V862[TFSI]2 remain completely amorphous, and only glass transition is observed 

(Figure 3.10b). In all of the cases, a drop in glass transition temperature is registered 

for the oxidized materials compared with the pristine HTMs. 

3.2.1.3. Long–term stability of the oxidized HTMs in the solution 

During the routine procedure of spiro-MeOTAD solution preparation in the 

air, it was noticed that light purple colour, which is formed after the addition of the 

bis(trifluoromethane)sulfonimide lithium salt and is associated with generated 

oxidized species, faded after the addition of 4-tert-butylpyridine. The same process, 

albeit much slower, was observed in the experiments with diluted solutions (10-4 M) 

of the oxidized spiro[TFSI], V862[TFSI] and V886[TFSI] after the addition of tBP 

(Figure 3.11). 
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Figure 3.11. Stability of the diluted spiro[TFSI], V862[TFSI] and V886[TFSI] solutions (10-

4 M) in chlorobenzene upon addition of the tBP at room temperature (RT) under ambient 

light 

From the UV-vis absorption dynamics, it is evident that the absorption band, 

attributed to the radical-cation species, diminishes strongly, and the intense colour 

fades. After several days, the peaks associated with the oxidized HTM disappear 

completely, and the intensity of the maxima attributed to the pristine HTM increases 

until the shape and position of the UV-vis absorption spectrum starts to resemble 

closely that of undoped HTM. 

The reaction proceeds more rapidly as the polarity of the solvent increases 

(Figure 3.12). In chlorobenzene, the whole process can take more than ten days; 

while in dimethyl sulfoxide (DMSO), it is over in a matter of hours. 
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Figure 3.12. Stability of the diluted spiro[TFSI], V862[TFSI] and V886[TFSI] solutions (10-

4 M) in different solvents upon addition of the tBP at RT under ambient light 

After a more detailed investigation, it has been determined that the irradiation 

by ambient light is sufficient to promote decomposition of the investigated oxidized 

HTMs in the solution (Figure 3.13), although without tBP, the process is 

significantly slower. Even after 180 days, UV-vis spectra of the materials dissolved 

in less polar chlorobenzene, demonstrated absorption maxima attributed to the 

oxidized HTMs. 
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Figure 3.13. Stability of the diluted spiro[TFSI], V862[TFSI] and V886[TFSI] solutions (10-

4 M) in different solvents at RT under ambient light 

In order to determine the role of the light, a series of identical measurements 

were conducted in the dark using solutions with and without tBP. The samples 

dissolved in chlorobenzene without tBP demonstrated very good stability, with very 

little change in absorption after the prolonged periods of time. In more polar 

solvents, the decomposition was a lot more noticeable but still significantly less 

rapid compared with the analogues kept under ambient light (Figure 3.14).  
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Figure 3.14. Stability of the diluted spiro[TFSI], V862[TFSI] and V886[TFSI] solutions (10-

4 M) in different solvents at RT in the dark 

In the presence of tBP, the decomposition of the investigated materials is 

accelerated to some extent; however, the effect is strongly dependent on the polarity 

of the solvent and structure of the investigated molecule (Figure 3.15). 
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Figure 3.15. Stability of the diluted spiro[TFSI], V862[TFSI] and V886[TFSI] solutions (10-

4 M) in different solvents upon the addition of the tBP at RT in the dark 

Larger scale experiment with spiro[TFSI] and tBP was conducted to 

investigate the process in more detail and determine the role of tBP, whether it is 

catalysing the ongoing reaction or does it react with the oxidized HTM. After the 

reaction, two main products were isolated with an approximate ratio of 1:1. NMR 

and MS analysis revealed that during the reaction part of the spiro[TFSI] gets 

reduced back to spiro-MeOTAD, while another part undergoes a pyridination 

reaction forming derivative 22 (Scheme 3.9). 

 

Scheme 3.9. Proposed pathway of the pyridination reaction of the oxidized spiro-MeOTAD 
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Figure 3.16. UV-vis absorption spectra of spiro-MeOTAD, pyridinated spiro-MeOTAD and 

spiro[TFSI] in the THF solution (a) and film (b) 

Both compounds demonstrate very similar UV-vis absorption spectra, albeit in 

a solution, light absorption intensity is lower for the pyridinated derivative, 

compared with pristine spiro-MeOTAD (Figure 3.16a), and there is a slight shoulder 

in the visible range of the spectrum for the pyridinated spiro-MeOTAD in the film 

(Figure 3.16b). Identical processes taking place in case of V862[TFSI] and 

V886[TFSI] have been observed. 

3.2.1.4. Long–term stability of the oxidized HTMs in the thin films 

The processes occurring in the solution will not necessarily take place in the 

solid state. In the solution, the molecules are much more mobile, and the interaction 

with solvent or other compounds, for example, tBP, is easier and faster. In order to 

evaluate the long-term stability of the investigated materials in the solid state under 

various conditions, a series of experiments with oxidized HTMs has been carried 

out. HTMs have been deposited as thin films on the glass substrates, encapsulated 

under inert atmosphere and stored under different conditions for prolonged periods 

of time. 

Long–term thermal stability of the encapsulated films of the synthesized 

materials was investigated using UV-vis spectroscopy. The thin films of the 

oxidized HTMs with standard additives: tris(2-(1H-pyrazol-1-yl)-4-tert-

butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide], 4-tert-butylpyridine 

and bis(trifluoromethane)sulfonimide lithium salt, in different variations have been 

prepared using spin-coating method. The layers were encapsulated under inert 

atmosphere and kept at RT or 100 °C for 70 days. 

The investigated oxidized HTMs are relatively stable at room temperature over 

longer periods of time (Appendix 1, Figures S8–S13); even the nonencapsulated 

material remains largely unchanged. Different additive variations have as well 

shown very similar results, the only notable exception is a composition containing 

all three additives (LiTFSI, FK209 and tBP): in this case, a more noticeable 

degradation takes place (Figure 3.17a). In this case, a decrease of absorption maxima 

attributed to the oxidized HTM and an increase of peaks related to the unoxidized 

HTM are observed (Appendix 1, Figure S13). 

When samples were kept at 100 °C, however, the degradation process was 

much more pronounced and rapid. In the UV-vis spectra of the nonencapsulated 

films of the investigated materials, kept in the air at 100 °C, the peaks associated 
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with the oxidized HTMs have practically disappeared in less than three weeks 

(Figure 3.17b). Decomposition dynamics are similar to the ones observed in the 

previously mentioned example, i.e., a drop in the intensity of the peaks associated 

with the oxidized species and an increase of maxima attributed to the unoxidized 

HTM (Appendix 1, Figure S14). 

 

Figure 3.17. Light absorption intensity dynamics of the films containing oxidized HTMs; 

measured at 517 nm for spiro[TFSI] and spiro[TFSI]2, 465 nm for V862[TFSI] and 

V862[TFSI]2, 818 nm for V886[TFSI] and V886[TFSI]2 
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Encapsulation slows down the decomposition process to some extent; 

however, all of the investigated materials degrade at elevated temperature, albeit at 

different rates (Figure 3.17c, Appendix 1, Figure S15). In most of the cases, the 

addition of the tBP, with or without other additives, speeds up the reaction quite 

noticeably (Figure 3.17d, g–i, Appendix 1, Figures S16, S19–21). The 

decomposition dynamics of the encapsulated films at elevated temperature followed 

the same pattern observed in the nonecapsulated samples and in the solution, i.e., a 

drop in intensity of peaks associated with the oxidized species and an increase of 

maxima attributed to the unoxidized HTM (Appendix 1, Figures S15–21). 

Although LiTFSI and FK209 do not play the major role after the initial 

oxidation of the HTM is done in the solution, prior to the film preparation; 

nonetheless, the investigation was conducted with these additives to establish if can 

they restore reduced HTM, formed during the experiment, back to the oxidized form 

in the film. The presence of the LiTFSI or FK209 in the mixture did not alter the 

degradation dynamics significantly (Figure 3.17e, f, Appendix 1, Figures S17, S18). 

Neither LiTFSI nor FK209 seem to be able to regenerate the oxidized species from 

the pristine HTM formed during the reduction of the investigated materials. The 

absence of oxygen in the encapsulated samples can explain why LiTFSI did not 

demonstrate any effect, as it is known that oxygen is required in order for this type 

of hole transporting material doping to occur [120, 128]. It is somewhat more 

difficult to explain why FK209 did not work. Possibly, the molecule of the cobalt 

complex is bigger than tBP and therefore, less mobile in the film of the material, 

which is just above glass transition temperature. Consequently, the reduction of the 

oxidized species and pyridination, in case if tBP is present, proceeds faster than the 

oxidation of the formed reduced products. In case of samples doped only with 

FK209 (Figure 3.17f), spiro[TFSI]2 deviates from the general trend; however, it is 

mostly due to the fact that the material starts to crystallize in the layer. Similarly as 

pristine spiro-MeOTAD, the oxidized analogues are as well prone to the 

crystallization, and in a number of samples, the crystallization of material has been 

observed (Figure 3.18). The crystallization induced changes can as well be observed 

in the UV-vis spectra; the absorption maxima of the oxidized spiro-MeOTAD starts 

to be more and more red shifted as the time progresses and crystalline domains grow 

in size (Figure 3.18d). The red shift of the absorption maxima could be attributed to 

the formation of more ordered structure inside the crystals. At the same time, the 

overall intensity of the peak decreases as the degradation process continues. 

Interestingly, the crystallized parts of the layer showed better resistance to the 

degradation; these differences can be explained by analysing thermal properties of 

the materials (Table 3.3). The glass transition temperature of the oxidized spiro-

MeOTAD is below 100 °C, and during the thermal test, the materials are essentially 

in a liquid state, while melting of the crystals occurs well above 200 °C and 

therefore, crystallized parts of the film are in solid state. The movement of the 

molecules is severely restricted in the solid state, and the rate of degradation of these 

crystalline parts of the layer is reduced as well. The materials with higher glass 

transition temperature or the ones that crystallize during film deposition could 

potentially improve the stability of the HTM layer at elevated temperatures. 
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Figure 18. Crystallization of the oxidized spiro-MeOTAD films at 100 °C; photograph of the 

crystallized layer (a), optical micrograph of the film (b), optical micrograph with dark field 

crossed polarizers (c), UV-vis spectrum of the encapsulated film containing spiro[TFSI] (d) 

Overall, the effect of additives on the decomposition dynamics of the oxidized 

spiro-MeOTAD seems to be less pronounced compared with V862 and V886. It 

could be due to the structural differences of the investigated molecules, or the above 

mentioned crystallization effect could be a contributing factor. 

Mass spectroscopy analysis of the spiro[TFSI]2 films, containing LiTFSI, 

FK209 and tBP kept at 100 °C for 70 days, was performed to confirm the 

observations made during the analysis of the UV-vis spectra, namely, that films 

containing oxidized HTMs with additives undergo pyridination and reduction back 

to the unoxidized hole transporting material during the thermal stability testing. 

Identifying the oxidized species is difficult; for example, spiro[TFSI]2 will 

only show the parent cation mass in MS [128, 131] and start to revert back to the 

spiro-MeOTAD in the high-performance liquid chromatography (HPLC) column. 

However, the reduction of the oxidized spiro back to spiro-MeOTAD is sufficiently 

slow to register two elution peaks at different retention times in the HPLC 

chromatogram, one for the spiro-MeOTAD (retention time 7.6 min) and the other 

for spiro[TFSI]2 (retention time 6.9 min) (Appendix 1, Figures S25, S26); both of 

them yield spiro-MeOTAD cation [M+H]+ of 1225 mass. MS analysis of the 

spiro[TFSI]2 films, containing LiTFSI, FK209 and tBP kept at elevated temperatures 

for 70 days, indicated the presence of the spiro-MeOTAD (retention time 7.6 min), 

pyridinated spiro (retention time 7.5 min) and spiro[TFSI]2 (retention time 6.9 min) 

(Appendix 1, Figures S22–S28). Similarly as in the previous sample, spiro-

MeOTAD and spiro[TFSI]2 yield spiro-MeOTAD cation [M+H]+ (m/z= 1225), 

while pyridinated spiro molecular ion [M+H]+ can be observed at m/z= 1359. 
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Since the formation of the oxidized HTMs during the doping process is 

responsible for the increase in conductivity of the hole transporting materials [120, 

128], the observed instability of the oxidized HTMs in the thin films at elevated 

temperatures could be one of the main causes of drop in the conductivity observed 

for the doped spiro-MeOTAD [118]. It could potentially be one of the reasons as 

well why perovskite solar cells lose their efficiency under prolonged thermal stress. 

A possible solution to this problem could be the substitution of the HTMs that 

require doping with analogues that do not need it and therefore, do not rely on the 

oxidized materials to improve conductivity [133, 134]. The development of the 

efficient technique to regenerate oxidized species in situ in the functioning device 

could be another more complicated alternative. Perhaps, the pyridination problem 

could be solved by using a different type of pyridine additive, which would be less 

prone to the reaction with oxidized HTM: 2-pentylpyridine could be a good 

candidate. It has been shown that devices constructed using this additive 

demonstrate better stability [135], and long aliphatic chain at 2-position of the 

pyridine ring could potentially hamper or at least slow down the pyridination 

reaction. 

3.2.1.5. Chapter summary  

In summary, it has been found that the investigated oxidized HTMs can react 

with 4-tert-butylpyridine forming pyridinated derivatives. This process takes place 

in the solution and in the films kept at elevated temperatures. During the thermal 

stability testing of the films kept at 100 °C, it has been noticed that the oxidized 

HTMs start to degrade and partly revert back to the original unoxidized material and 

partly react with tBP, if it is present in the film. The addition of the LiTFSI and 

FK209, the additives responsible for the oxidation of the HTMs, do not affect the 

rate or nature of degradation too significantly (under investigated conditions). 

Interestingly, a significant number of samples containing films of oxidized spiro-

MeOTAD, similarly as pristine spiro-MeOTAD, started to crystallize at elevated 

temperatures. It is known that the oxidized HTM, formed during doping, is 

responsible for the increased conductivity and ultimately for better efficiency of the 

hole extraction process in the PSC device; therefore, the observed instability of the 

oxidized HTMs in the thin films at elevated temperatures could be one of the causes 

of the drop in conductivity reported for the doped spiro-MeOTAD. It could 

potentially be one of the reasons why perovskite solar cells lose their efficiency 

under prolonged thermal stress. A possible solution to this problem could be the use 

of HTMs that do not require doping and therefore, do not rely on the oxidized 

materials to improve conductivity. 

3.2.2. Interaction with perovskite material 

The diffusion of the mobile ions from perovskite into the charge transporting 

layers (CTL) is another potential problem magnified at elevated temperatures [136]; 

it has been shown that the migration of these ions can negatively impact long-term 

stability of the PSC devices [137, 138, 139, 140, 141]. Halides, such as iodine and 

bromine, have been reported to be the main culprits in elemental diffusion. The 
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migration of these mobile ions beyond perovskite/CTL interfaces may result in an 

undesirable reaction between mobile ions and the CTL materials or metal electrode 

[140, 142, 143]. 

Recently, it has been observed that oxidized spiro-MeOTAD reacts readily 

with I- ions, migrating from MAPbI3 under device operation, resulting in the 

reduction of the oxidized spiro-MeOTAD and a decrease in conductivity of the 

transport layer [138]. This diffusion and spiro-MeOTAD dedoping processes were 

observed to be thermally accelerated in MAPbI3 and FAPbI3 at elevated 

temperatures [118, 138, 142]. 

It is evident that thermally accelerated ion diffusion processes observed in 

MAPbI3 and FAPbI3 perovskites can cause significant drop in device performance 

over long-term due to the reduction of the oxidized spiro-MeOTAD. However, 

during the last few years, a number of improved and more resistant to degradation 

perovskite compositions, especially the ones incorporating Cs, have been developed. 

Ion migration into hole transporting spiro-MeOTAD layer under thermal stress has 

not been investigated in these new perovskites. Therefore, it is important to see if the 

same problems persist in these cases as well. In the current chapter, the thermal 

stability of the oxidized spiro-MeOTAD in contact with various most popular 

perovskite compositions is investigated. Due to the complex nature of the PSC 

devices and the multitude of possible processes taking place simultaneously, it has 

been decided to focus on one particular issue involving interaction between 

perovskite and oxidized spiro-MeOTAD in thin films rather than trying to evaluate 

the entire system at once. In the previous chapter, it has been established that the 

stability of different oxidized HTMs and their behaviour was very similar; therefore, 

for this investigation, it was decided to focus on the most popular and intensively 

used one, i.e., spiro-MeOTAD. 

3.2.2.1. Interaction of the oxidized HTM with perovskite forming components 

Initially, it has been decided to investigate in more detail the interaction of the 

spiro[TFSI]2 with the perovskite components, namely with methylammonium iodide 

(MAI), formamidinium iodide (FAI) and methylammonium bromide (MABr). The 

initial experiments in the solution revealed that the addition of the FAI to the 

dissolved spiro[TFSI]2 induced immediate change in colour (Figure 3.19a) as well as 

disappearance of the absorption maxima associated with the oxidized HTM at 

around 510 nm and intensification of the maxima associated with neutral spiro-

MeOTAD at 380 nm (Figure 3.19b). A similar picture has been observed for MAI 

(Figure 3.19c, d). 
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Figure 3.19. Spiro[TFSI]2 stability in acetonitrile solution (10-4 M) at RT after adding FAI, 

MAI or MABr; photograph (a, c, e) and UV-vis spectrum of the solution (b, d, f) 

The processes occurring in the solution will not necessarily take place on the 

surface of the solid film, as molecules are much more mobile, and the interaction is 

easier and faster in the solution. Therefore, the interaction between spiro[TFSI]2 film 

and solutions of FAI or MAI has been investigated as well. In order to eliminate the 

possibility of dissolving the film by the solvent, it was specifically selected to 

dissolve the organic salts but not the spiro[TFSI]2 (Figure 3.20). In both cases, spin-

coating solution of the perovskite precursor on the top of spiro[TFSI]2 film resulted 

in discoloration of sample and disappearance of the characteristic absorbance 

maximum (Figure 3.20). 
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spiro[TFSI]2 + solvent spiro[TFSI]2 + FAI 
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spiro[TFSI]2 + MAI spiro[TFSI]2 + MABr 
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Figure 3.20. Photograph and UV-vis spectrum of the spiro[TFSI]2 film before and after the 

interaction with solvent, FAI, MAI or MABr solutions 

Interestingly, the substitution of iodine with bromine in MABr resulted in a 

significantly reduced reaction rate (Figures 3.19 e, f, 3.20), the process that took 
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minutes in case of iodide containing organic salts would not be completed for days 

when MABr was used. Although, a significant decrease in light absorption intensity 

at 510 nm can be observed after keeping the sample at 100 °C for 24 hours (under 

inert conditions), indicating that the reaction does proceed albeit at much slower rate 

and is accelerated by an increase in temperature. 

In order to investigate the process in more detail and establish the final 

products, the reactions with larger quantities of spiro[TFSI]2, MAI and FAI were 

performed. After the reaction, one main product was isolated in very high yields. 

The reduction of spiro[TFSI]2 back to spiro-MeOTAD was confirmed by NMR and 

MS analysis (Appendix 1, Figures S29–S31). Simple iodine test (Figure 2.21) as 

well as iodometric titration (for more details, see Experimental section) indicated the 

formation of iodine during the process (Scheme 2.10).  

 

 

Figure 3.21. Detection of the iodine formed during reaction between spiro[TFSI]2 and FAI, 

using iodine test; a) spiro[TFSI]2 solution in acetonitrile, b) spiro[TFSI]2 solution in 

acetonitrile after addition of FAI, c) spiro[TFSI]2 solution in acetonitrile after addition of 

FAI and starch suspension in water, d) mixture of FAI and starch suspension in water 

The MS analysis of the products obtained during the reaction between 

spiro[TFSI]2 and MAI, FAI or MABr in the solution has been conducted. The 

interaction with MAI or FAI resulted only in the reduction product spiro-MeOTAD 

(Appendix 1, Figures S34, S35), while during slower reaction with MABr, both 

spiro[TFSI]2 and spiro-MeOTAD were detected (Appendix 1, Figures S32, S33). 
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Scheme 3.10. Proposed reaction pathway of the oxidized spiro-MeOTAD with FAI (a) and 

MAI (b) 

3.2.2.2. Interaction of the oxidized HTM with films of various perovskites 

It is interesting that oxidized HTM reacts so easily with perovskite precursors; 

however, the more important question is whether the same process occurs in the 

solid-state between the perovskite and spiro[TFSI]2 films. For this reason, there have 

been conducted experiments in the solid-state using oxidized spiro-MeOTAD and 

five different popular perovskite compositions (Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3, 

MA0.17FA0.83Pb(I0.83Br0.17)3, FA0.83Cs0.17Pb(I0.83Br0.17)3, MAPbI3, MAPbBr3). Due to 

the complex nature of the PSC devices and the multitude of possible processes 

taking place simultaneously, rather than trying to evaluate the entire solar cell at 

once, it has been decided to focus specifically on the stability of oxidized spiro-

MeOTAD in contact with the perovskite film. The investigated spiro[TFSI]2 has 

been deposited as a thin film on the top of the perovskite. The glass substrate with 

two deposited layers was encapsulated under inert atmosphere using second class 

substrate and stored under different conditions for 56 days (for more details, see 

Experimental section). UV-vis spectra of the investigated samples were recorded 

periodically during the course of the experiments (Appendix 1, Figures S44–S58), 

and the results were compared with two different reference samples, i.e., plain 

perovskite film and spiro-MeOTAD film on top of perovskite. The absorption of the 

neutral and oxidized spiro-MeOTAD compounds was measured at the appropriate 

absorption maxima of 380 nm and 510 nm, accordingly. Perovskite absorption was 

tracked at 590 nm that it would not overlap with the absorption maxima of spiro-

MeOTAD and spiro[TFSI]2, the only exception being MAPbBr3 which has tracked 

at 510 nm due to the narrower absorption interval. 
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Figure 3.22. Stability of the encapsulated spiro[TFSI]2 films on various perovskites at 

100 C in the dark 

The experiments with spiro[TFSI]2 on MAPbI3 at 100 °C in the dark have 

shown that there is a rapid drop in absorption intensity at 510 nm and an increase at 

380 nm (Figure 3.22a, Figure 3.23a) indicating the reduction of the oxidized species 

and the formation of the neutral spiro-MeOTAD. The whole process took less than 1 

day, and afterwards, only minor changes in UV-vis spectrum have been observed. 
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Similar processes, not as intense or rapid, can be observed in samples kept at RT 

under illumination (Figure 3.23b) and even in the dark (Figure 3.23c). The migration 

of iodide ions in the solid state at elevated temperature is sufficiently intense to 

reduce the majority of the spiro[TFSI]2 to neutral molecule in a matter of hours, and 

even at RT, the process is noticeable over the extended periods of time. Similarly to 

the reports in the literature [25, 144], a drop in perovskite absorption intensity at 

elevated temperatures is observed as well (Figure 3.23a, Appendix 1, Figure S44c), 

indicating thermal stability related issues with MAPbI3. 
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Figure 3.23. Light absorption intensity dynamics of the spiro[TFSI]2 or spiro-MeOTAD 

films on MAPbI3 and MA0.17FA0.83Pb(I0.83Br0.17)3 perovskites 

Similar picture can be observed using FA and Cs containing perovskite 

FA0.83Cs0.17Pb(I0.83Br0.17)3 (Figures 3.22b, 3.23d): the absorption intensity of 

spiro[TFSI]2 decreases rapidly under thermal stress and less under direct sunlight at 

RT. Similarly as with MAPbI3, FA containing perovskite as well demonstrates some 

loss in absorption intensity at elevated temperatures, again indicating sensitivity of 

material to the elevated temperatures over the extended periods of time (Figure 

3.23d, Appendix 1, Figure S47c). 
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Figure 3.24. Light absorption intensity dynamics of the spiro[TFSI]2 or spiro-MeOTAD 

films on Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 and FA0.83Cs0.17Pb(I0.83Br0.17)3 perovskites 

The introduction of the Cs cation to the perovskite compositions 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 and FA0.83Cs0.17Pb(I0.83Br0.17)3 results in 

improved stability of the materials under prolonged thermal stress (Figures 3.24a, 

3.24d). However, iodide ions still diffuse in sufficient numbers to adjoining 

spiro[TFSI]2 layer to induce relatively rapid reduction of the material at 100 °C 

(Figures 3.22c, 3.22d, 3.24a, 3.24d). As with other types of perovskites, ion 

migration does take place at RT, and spiro[TFSI]2 deteriorates under these milder 

conditions, as it can be observed by a drop in intensity of the absorption peak at 

510 nm (Figures 3.24b, 3.24c, 3.24e, 3.24f). 

Interestingly, the samples containing perovskite and spiro-MeOTAD 

demonstrate very little change during prolonged testing (Figures 3.23, 3.24), 

indicating that neutral molecule is sufficiently stable under investigated conditions, 

although a slight loss in absorption intensity under illumination can be detected. 
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Figure 3.25. Light absorption intensity dynamics of the spiro[TFSI]2 or spiro-MeOTAD 

films on MAPbBr3 perovskite 

The substitution of iodide with bromide ion in MAPbBr3 perovskite results in 

improved resistance of the perovskite material to thermal stress (Figure 3.25a). The 

lower reactivity of bromide ensures that the reduction of spiro[TFSI]2 at 100 °C is 

noticeably slower and takes days and not hours as before (Figures 3.22e, 3.25a), 

while at RT, only a slight change in absorbance is observed. 

In order to confirm that the same reaction takes place in the solid films as in 

solution, HPLC-MS analysis of the samples was done after the stability experiments. 

The identification of the oxidized material is problematic: spiro[TFSI]2 will begin to 

revert to neutral molecule in HPLC column, and furthermore, only the parent 

molecular cation mass in MS has been observed [128, 131]. Luckily, the reduction 

process in the column is slow enough to detect two elution peaks at different 

retention times: one for the for spiro[TFSI]2 (retention time 6.9 min) and another for 

spiro-MeOTAD (retention time 7.6 min) (Appendix 1, Figures S37, S38), both of 

them yield 1225 mass spiro-MeOTAD molecular cation [M+H]+. In all of the 

samples with spiro[TFSI]2 on different perovskite compositions, kept at 100 °C for 

56 days, only neutral spiro-MeOTAD has been detected (Figures S32−S36). HPLC-

MS analysis results correlate well with the data obtained from UV-vis spectroscopy. 

Since the presence of oxidized HTM molecules in the charge transporting 

layer significantly improves conductivity [120, 128], the detected sensitivity of the 

spiro[TFSI]2 to ion diffusion from perovskite, especially under thermal stress, could 
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potentially be one of the main reasons for the conductivity decrease that has been 

observed in the doped films of spiro-MeOTAD [118] and a subsequent decline in 

the performance of perovskite solar cells operated under prolonged thermal stress. 

One possible solution to the problem could be the utilization of the charge 

transporting materials that do not rely on doping and oxidized molecules to perform 

effectively in PSC [145]. Alternatively, the suppression of ion migration via 

blocking layer could be another option [146, 147]. Finally, the application of charge 

transporting materials capable of forming the self-assembled monolayer could 

simultaneously solve both doping as well as HTM film quality issues [148, 149]. 

3.2.2.3. Chapter summary 

In summary, a series of experiments with oxidized spiro-MeOTAD have been 

conducted to determine the stability of the material in contact with various most 

popular perovskite compositions. Particular attention has been paid to long-term 

stability of the material under thermal stress. It has been determined that oxidized 

spiro-MeOTAD is readily reduced to neutral molecule during interaction with 

perovskite precursors MAI and FAI in the solution as well as with all five perovskite 

compositions in the solid state. It has been established that the presence of iodide 

ions, either in the solution or via ion migration from perovskite layer, is the main 

cause for the dedoping process. During the reaction, oxidized spiro-MeOTAD is 

reduced back to the neutral molecule, and iodine is formed. In the thin films, ion 

diffusion and consequently reduction of the oxidized spiro-MeOTAD is greatly 

enhanced at elevated temperatures, leading to a complete disappearance of the 

spiro[TFSI]2 in a matter of days. The observed processes take place with all the 

perovskite compositions, although it has to be mentioned that spiro[TFSI]2 degrades 

significantly slower in contact with MAPbBr3 due to the lower reaction rate with the 

bromide ion. Since the presence of oxidized HTM molecules in the charge 

transporting layer significantly improves conductivity, the detected sensitivity of the 

spiro[TFSI]2 to ion diffusion from perovskite, especially under thermal stress, could 

potentially be one of the main reasons for the conductivity decrease, observed in the 

doped films of spiro-MeOTAD, and a subsequent decline in performance of 

perovskite solar cells operated at elevated temperatures. Possible solutions to this 

problem could be the use of materials that do not require doping and therefore, do 

not rely on oxidized materials to improve conductivity or suppression of interlayer 

ion diffusion. 

3.3. Materials capable of forming self-assembled hole transporting monolayer 

Recently, the p-i-n configuration (in literature often referred to as “inverted” 

PSCs), where the hole transporting material is deposited on the TCO before 

perovskite, gained significant attention [53, 150]. p-i-n PSCs have several 

advantages in comparison to the n-i-p architecture. Firstly, high temperature 

annealing, which is required for the TiO2 layer formation, is avoided. Secondly, 

much cheaper copper can be used instead of gold as a metal contact layer [150]. 

Thirdly, no doping is needed for the charge transporting layers, which can improve 

long-term stability as dopants (for example, the ones used in conjunction with spiro-
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MeOTAD) that have been shown to reduce the device stability. Finally, the p-i-n 

configuration has shown to enable higher tandem efficiency potential due to less 

parasitic absorption in the front contact [151, 152], and thus, p-i-n PSCs have a great 

potential for further development. 

Currently, most popular hole transporting materials for p-i-n PSC are polymers 

(e.g., PTAA [53], Poly-TPD [153], PEDOT:PSS [154]) or inorganic metal oxides 

(e.g., NiOx [155]), which are deposited by a spin-coating technique. However, spin-

coating is not suitable for a large-scale production due to low throughput and large 

waste of materials. As an alternative, the vacuum deposition technique can be 

utilized for the HTM formation (e.g., TaTm [156]); yet, its application is limited to 

small molecules, which are compatible with sublimation, but usually not with 

solution-processed perovskites due to their low resistance to the used solvents. 

The formation of a self-assembled monolayer on TCO circumvents the 

disadvantages of spin-coating or vacuum deposition while offering the benefits of 

uniformly formed layers with minimized thickness [157]. SAM HTMs would have 

minimal parasitic absorption, very low material consumption, would help to avoid 

doping procedure and could be adopted for a large area of production of solar cells. 

Moreover, due to the covalent linking to the substrate surface, these layers are 

relatively tolerant to perovskite processing and could potentially ensure full 

coverage of textured surfaces. Therefore, SAM HTMs would be perfect candidates 

for direct integration of PSCs on top of the textured silicon or rough CIGSe solar 

cells, thus simplifying tandem device construction. 

The molecules with phosphonic acid anchoring groups are known to form 

densely packed, uniform monolayers on various oxides [157, 158], in particular on 

ITO by forming strong bidentate/tridentate bonds with the oxide surface [159, 160], 

which has been shown to occur even at room temperature [161]. 

Current section of the work, capitalizes on the information gained in the 

previous chapter. Herein, the synthesis and characterization of the hole transporting 

molecules capable of forming SAMs on the surface of the TCO are discussed. As 

mentioned above, this approach would allow to form extremely thin films, thus 

ensuring good charge transport without the use of dopants or partially oxidized 

material, hence improving the device stability, while maintaining good performance. 

SAM approach as well simplifies the PSC construction procedure, as simpler and 

upscalable deposition methods (spraying, substrate dipping) could be used. 

3.3.1. Dimethoxydiphenylamine substituted carbazole and fluorene derivatives 

In this chapter, new carbazole and fluorene-based hole transporting materials 

containing dimethoxydiphenylamine moiety and phosphonic acid anchoring group 

were synthesized and used for the formation of a self-assembled hole-transporting 

monolayer on ITO. PSC devices utilising p–i–n architecture and SAM HTM were 

constructed and tested.  
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3.3.1.1. Synthesis of the compounds 

Dimethoxydiphenylamine-containing derivative 25 having a fluorene central 

moiety and two diethylphosphonate anchoring groups was obtained by three-step 

synthesis. Alkylation of dibromofluorene with diethyl 2-bromoethylphosphonate in 

the presence of the base affords intermediate 23. Alkylated fluorene and 4,4'-

dimethoxydiphenylamine were used in palladium-catalysed Buchwald–Hartwig 

amination reaction affording dimethoxydiphenylamine-containing derivative 24. 

(Scheme 3.11). The resulting phosphonate 24 was hydrolysed in 1,4-dioxane using 

bromotrimethylsilane to obtain HTM 25 containing two phosphonic acid functional 

groups.  

 

 

Scheme 3.11. Synthesis of fluorene-based HTM 25 with two ethylphosphonic acid anchoring 

groups  

The synthesis of dimethoxydiphenylamine substituted carbazole 29, 

functionalized with phosphonic acid, was done in a 4-step synthetic procedure, 

starting from commercially available materials (Scheme 3.12). 3,6-

Dibromocarbazole was alkylated with 1,2-dibromoethane to give intermediate 

compound 26. In the next step, by the means of Arbuzov reaction, aliphatic bromide 

was transformed into phosphonic acid ethyl ester 27. Dimethoxydiphenylamine 

fragments were introduced via palladium-catalysed Buchwald–Hartwig amination 

reaction to yield 28. Finally, the cleavage of the ester utilising bromotrimethylsilane 

resulted in phosphonic acid containing carbazole derivative 29.  

The structures of the synthesized compounds were confirmed by means of 1H 

and 13C NMR spectroscopy. A relatively high overall yield of 46 % for the four-step 

synthesis is achieved due to the simplicity of most of the stages, making 29 a 

promising material for the practical application from the synthetical point of view. 
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Scheme 3.12. Synthesis of dimethoxydiphenylamine substituted carbazole 29 with 

phosphonic acid moiety 

During Buchwald–Hartwig amination reaction, it has been observed that the 

yield of the product was significantly influenced by the amount of palladium catalyst 

used in the reaction; therefore, it has been decided to review it a more detailed way. 

Table 3.4. Influence of Pd catalyst concentration on Buchwald–Hartwig amination 

reaction yield 

Pd catalyst content [Mol%] Product yield of 28, η 

[%] 

Product yield of 24, η 

[%] 

5 10 11 

15 14 16 

30 63 62 

 

The investigation showed that using 5 and 15 molar percentages of the 

palladium catalyst product yield was about 10 %, increasing Pd content to 30 molar 

percent increased the yield to 62 % (Table 3.4). It can be speculated that 

phosphonate groups, which tend to form coordination bonds with metal ions, do not 

allow the coupling reaction to proceed smoothly using lower loadings of the Pd 

catalyst. 

3.3.1.2. Thermal and optical properties 

Thermal decomposition of 25 and 29 was investigated by the means of 

thermogravimetric analysis presented in Table 3.5. From the TGA data that has been 

shown, it is evident that both materials thermally degrade at about 340 °C, although, 

Tdec is lower than that of commonly used HTM polymer PTAA (500 °C), but it is 

high enough to make these materials suitable for the practical applications in 

optoelectronic devices. 

From the DSC analysis of HTM 25, bearing fluorene core, it could be seen that 

the material is fully amorphous, and only glass transition at 149 °C is registered. 
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Carbazole-containing compound 29 demonstrates the glass transition temperature of 

124 °C. Comparing both semiconductors, it has been observed that the substitution 

of the fluorene core in 25 to carbazole in 29 and the removal of one phosphonic acid 

group reduces the glass transition temperature by 25 °C (Table 3.5).  

Table 3.5. Thermal and optical properties of 25, 29 and PTAA 

 Tdec 

[oC][b] 

Tm, [oC] Tg, 

[oC][a] 

λabs, 

[nm][c] 

25 

 

334 − 149 366 

29 

 

343  124 304 

PTAA 

 

500 − 400 383 

[a] Determined by DSC from the second run, heating rate of 10 °C min-1 under N2 atmosphere; [b] 

determined by TGA, heating rate 10 °C min-1 under N2 atmosphere; [c] UV–vis absorption spectra for 

10−4 M THF solution. 

In an inverted PSC, light first passes through the HTM layer when illuminated 

from the glass-substrate side; thus, it is important to minimize parasitic absorption of 

this layer. The optical properties of synthesized compounds 25, 29 were investigated 

by the means of UV–vis spectroscopy (Figure 3.27). In the UV−vis spectrum of 25, 

a π−π* transition is visible at 366 nm, while for 29, this maximum is 

hypsochromically shifted by 60 nm to 304 nm, indicating somewhat smaller 

π−conjugated system for carbazole-based derivative 29. Weaker n–π* absorption 

band in the 350–450 nm region is as well observed for 29, which is characteristic for 

the carbazole chromophoric system possessing two localized electrons around 

nitrogen [153]. In comparison, PTAA demonstrates red shifted absorption maximum 

(λmax = 387 nm), which is understandable, bearing in mind conjugated polymeric 

backbone of the PTAA.  
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Figure 27. UV–vis absorption spectra for 10−4 M THF solution of 25 and 29 

From the SAM HTM perspective, it is more beneficial to observe blue shifted 

absorption, as it would not interfere with the light absorption by perovskite material; 

therefore, both HTMs look quite promising, as their absorption spectra are mostly 

located in the UV region of the spectrum. 

3.3.1.3. Photoelectrical properties and photovoltaic performance in PSC*  

Good matching of the energy levels between the absorber and charge 

transporting layer is an important requirement for the efficient device operation. The 

work function of bare ITO was previously measured to be 4.6 eV [162] by the 

means of ultraviolet photoelectron spectroscopy (UPS). The perovskite valence band 

edge and conduction band edge energies are measured to be in the range of 5.6–

5.8 eV and 3.8–4.2 eV, respectively [163, 164, 165]. A suitable HTM should have Ip 

close to the perovskite valence band edge energy and a large energetic offset 

between the electron affinity (EA) and the perovskite conduction band edge. In order 

to measure Ip of the studied SAMs, photoelectron spectroscopy was performed in air 

measurements of 25, 29 (Table 3.6). 

For a PTAA film, spin-coated from a 2 mg/ml toluene solution on ITO, Ip 

value of 5.18 eV was obtained, which is within the measurement uncertainty of 

≈0.03 eV and is very similar to the previously reported value of 5.16 eV [158]. Bulk 

25 Ip measurements showed 5.31 eV (Table 3.6), while bulk 29 showed Ip of 

5.04 eV, which is a typical value for this type of chromophore [159]. For the pure 

100 % 25 SAM formed on ITO, Ip = 5.26 eV was obtained, while pure 29 SAM 

formed on ITO showed Ip of 4.98 eV, both of which are in good agreement with the 

bulk material values.  

 

 
* PSC devices were constructed by prof. S. Albrecht research group (Helmholtz Zentrum Berlin). The energy level 
investigation on SAM surface of 29 as well as detailed investigation, optimization and result analysis of the PSC 

devices containing HTM 29 were reported in A. Magomedov PhD thesis; therefore, they are mentioned just briefly 

in this work. 
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Figure 3.29. Structures of the HTM materials and secondary small molecule co-adsorber 

used in SAM experiments 

During the initial device testing, it has been noticed that there are performance 

issues most likely related to the non-uniform coverage of ITO surface by SAM 

molecules due to their bulk; therefore, it has been decided to introduce a secondary 

small molecule co-adsorber to hopefully mitigate this problem (Figure 3.29).  

Table 3.6. Ip, Eg
opt and EA values of the investigated substrates 

Material Ip, [eV] Eg
opt, [eV][a] EA, [eV][c] 

Bulk 25 5.31 2.96 2.35 

100 % 25 SAM 5.26 2.96 b) 2.30 

Bulk 29 5.04 2.75 2.29 

100 % 29 SAM 4.98 2.75b) 2.23 

PTAA 5.18 2.96 2.22 

ITO 4.6 [53] [d] - - 
[a] Optical band gap (Eg

opt) estimated from the edge of absorption spectra; [b]for SAMs, the same Eg
opt 

value as for bulk was used; [c]EA calculated using the equation EA = Ip−Eg
opt; [d]ITO work function.  

In order to compare 25 SAM HTM performance to a well-established 

procedure in p–i–n PSC fabrication, solar cells with pristine PTAA as an HTM were 

constructed. As it can be seen from Figure 3.30, the best-performing SAM devices 

using fluorene derivative 25 demonstrated PCE of 8.55 %, which is noticeably lower 

than that of the device with PTAA (17.34 %) as the HTM. The introduction of the 

co-adsorbers butylphosphonic acid (C4) or hexylphosphonic acid (C6) did not yield 

any significant improvement (Table 3.7). 
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Figure 3.30. J–V characteristics of the best performing PSCs with 25 and PTAA  

It is likely that the dimethoxydiphenylamine fragments at 2,7 positions in the 

fluorene molecule interfere with the packing of the molecules on the ITO surface. 

Poor monolayer packaging creates "holes" between the ITO and the perovskite 

through which charge recombination is possible. 

Table 3.7. Average PSC performance parameters for different SAM HTM 

compositions of 25  

SAM HTM Jsc, [mA cm−2] Voc, [V] FF, [%] PCE, [%] 

25 19.33 ± 0.17 

(19.43) 

0.63 ± 0.03 

(0.64) 

66.45 ± 1.65 

(67.7) 

8.09 ± 0.58 

(8.55) 

25:C4 1:1 19.81 ± 0.19 

(20.14) 

0.61 ± 0.06 

(0.68) 

63.52 ± 3.12 

(68.1) 

7.67 ± 1.13 

(9.32) 

25:C6 1:1 19.53 ± 0.18 

(19.70) 

0.60 ± 0.06 

(0.67) 

62.84 ± 2.46 

(68.1) 

7.36 ± 1.02 

(8.99) 

PTAA 20.09 ± 0.18 

(20.24)  

1.08 ± 0.01 

(1.08) 

79.09 ± 0.31 

(79.5) 

17.12 ± 0.23 

(17.34) 
[a] Data were extracted from J–V scans, including the standard errors and performance parameters of the 

best devices (in brackets). The statistics is based on 9–15 cells on different substrates for each SAM 

HTM composition. 

The best PCE achieved with HTM 29 were with the mixed SAM (10 % 29 and 

90 % C4) (Table 3.8). The better performance of the mixed SAMs compared to the 

pure 29 SAMs can be rationalized based on the several aspects. The addition of C4 

decreased the wettability of the perovskite solution, and small insulating C4 

molecules could reduce the direct contact of the perovskite with ITO by filling 

potential gaps left by the larger 29 molecule, thus reducing interfacial 

recombination. 
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Table 3.8. Average PSCs performance parameters of devices containing 29, a 

mixture of 10 % 29:90 % C4 and PTAA 

HTM Jsc, [mA×cm−2] Voc, [V] FF, [%] PCE, [%] 

29  21.22 ± 0.28 

(21.8) 

0.93 ± 0.03 

(0.96) 

66.48 ± 2.12 

(72.8) 

13.16 ± 0.83 

(15.3) 

29:C4 1:9 21.01 ± 0.06 

(21.9) 

1.00 ± 0.006 

(1.09) 

78.33 ± 0.46 

(81.0) 

16.46 ± 0.15 

(17.8) 

PTAA 20.87 ± 0.06 

(21.8) 

1.09 ± 0.002 

(1.13) 

77.82 ± 0.28 

(81.0) 

17.69 ± 0.08 

(19.2) 
[a] Data, extracted from J–V scans, including the standard errors and the best performance parameters 

(in brackets). The statistics is based on 41–68 cells from several batches for 29, 29:C4 1:9 and PTAA, 

respectively. 

3.3.1.4. Chapter summary 

In summary, a new and promising hole transporting material concept involving 

self-assembled monolayers was presented. For this purpose, new molecules 25 and 

29, containing a hole transporting fragment and phosphonic acid anchoring group, 

were synthesized and used for the formation of functional self-assembled 

monolayers on ITO surface. It was demonstrated that the addition of a small 

molecule co-adsorber, resulting in mixed SAM, can potentially have a positive 

impact on the overall performance of SAM HTM-based devices, although, the 

structure of the used HTM has a profound importance. Solar cell efficiencies of 9.32 

% for fluorene-based material 25 and 17.8 % for carbazole-containing HTM 29 were 

reached. 

3.3.2. Dithieno[3,2-b:2′,3′-d]pyrrole based derivatives 

In the previous chapter, it has been demonstrated that SAMs formed by larger 

HTM molecules have uniformity problems, which can be alleviated by the addition 

of smaller co-adsorbers. Therefore, the next logical step would be to test smaller 

HTM molecules and hopefully eliminate the need for co-adsorbers, simplifying the 

deposition procedure even further. In this chapter, a possibility to apply new small 

molecular weight dithieno[3,2-b:2′,3′-d]pyrrole-based hole transporting material, 

containing phosphonic acid anchoring group as SAM-forming material, is 

investigated. The HTM was synthesized and tested as self-assembled hole-

transporting monolayer in PSC devices utilising p–i–n architecture. 

3.3.2.1. Synthesis of dithieno[3,2-b:2´,3´-d]pyrrole-based materials containing 

anchoring group 

Along the “regular” structure DTP-containing HTMs, it has been decided to 

additionally synthesize materials containing both hole transporting fragment as well 

as anchoring moiety. Phosphonic acid was chosen as an anchoring group, as 

molecules with such groups are known to form densely packed, uniform monolayers 

on various substates, for example, oxides, in particular on ITO. They form strong 

bidentate/tridentate bonds with the surface, which was shown to occur even at room 

temperature and have been utilized for various applications, e.g., in dye-sensitized 

solar cells and electrochromic devices.  
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Initially, it was attempted to synthesize DTP directly via palladium catalysed 

Buchwald–Hartwig amination employing appropriate amine (Scheme 3.13). 

Unfortunately, the desired product was not obtained. 

 

 Scheme 3.13. Direct synthesis of DTP compound containing phosphonate moiety 

A different three-step approach was investigated as well, i.e., palladium catalysed 

Buchwald–Hartwig amination using 2-bromoethylamine hydrobromide followed by 

Arbuzov reaction, transforming aliphatic bromide into diethyl phosphonate, which 

in turn would be hydrolysed to obtain appropriate phosphonic acid. Regrettably, this 

approach was unsuccessful as well: during the first phase, cyclic aziridine derivative 

30 was isolated instead of goal DTP product (Scheme 3.14). 

 

Scheme 3.14. Synthesis of DTP compound containing ethylbromide moiety 

Finally, the synthesis of target compound containing both hole transporting DTP 

fragment as well as anchoring moiety was successfully realized via 4-step synthetic 

procedure (Scheme 3.15). Benzylamine group was introduced by employing 

palladium catalysed Buchwald–Hartwig amination, yielding DTP derivative 31. 

Dithieno[3,2-b:2´,3´-d]pyrrole (32) has been synthesized by debenzylation of 31 

with potassium tert-butoxide in DMSO.  
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Scheme 3.15. Four-step synthesis of DTP derivative 34 containing phosphonic acid moiety  

Dithieno[3,2-b:2´,3´-d]pyrrole (32) was alkylated with 2-

bromoethylphosphonate to give intermediate compound 33. Finally, the hydrolysis 

of the ester groups utilising bromotrimethylsilane resulted in phosphonic acid 34. 

3.3.2.2. Optical, photoelectrical properties and photovoltaic performance in 

PSC 

Similarly as with starting DTP derivative 1, phosphonic acid containing HTM 

34 demonstrates absorption maxima around 300 nm and compared with PTAA 

(λabs=383 nm), should not have any issues with parasitic absorption when used as 

self-assembled monolayer in the PSC.  
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Figure 3.31. Light absorption spectra of 34 in THF (c = 10-4 M) 

Ip measurements of 34 using PESA technique demonstrated Ip of 5.74 eV in 

the bulk and 5.71 eV as self-assembled monolayer on top of the ITO, while EA are 

1.86 eV and 1.83 eV, accordingly. The perovskite valence band edge and conduction 

band edge energies are measured to be in the range of 5.6–5.8 eV and 3.8–4.2 eV, 
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respectively. From the measurement results, it is evident that DTP derivative 34 has 

quite high ionization potential, and this energy level mismatch could potentially 

cause problems with charge transport via the layer, resulting in recombination losses 

and a drop in device efficiency. 

As suspected, the testing of material in the SAM HTM-based PSC devices 

revealed below average performance (Table 3.9). The best performing solar cells 

demonstrated efficiency of approximately 10.6 %, which is substantially lower than 

that of PTAA standard (19.2 %). 

Table 3.9. Average PSCs performance parameters of 34 and PTAA 

HTM Jsc, [mA×cm−2] Voc, [V] FF, [%] PCE, [%] 

PTAA 20.87 ± 0.06 

(21.8) 

1.09 ± 0.002 

(1.13) 

77.82 ± 0.28 

(81.0) 

17.69 ± 0.08 

(19.2) 

34 19.06 ± 0.22 

(19.48) 

0.71 ± 0.025 

(0.74) 

74.66 ± 1.83 

(77.3) 

9.92 ± 0.45 

(10.6) 
[a] Data, extracted from J–V scans, including the standard errors and the best performance parameters 

(in brackets). The statistics are based on 20 and 68 cells from several batches for 34 and PTAA, 

respectively. 

The extent of the problem can be clearly observed in EQE spectrum (Figure 

3.32). The external quantum efficiency of the devices constructed using SAM of 

DTP derivative 34 showed approximately 10 % lower photon to electron conversion 

ratio, compared with the PTAA containing standard. Interestingly, EQE spectrum of 

the PSC containing 34 demonstrated more or less similar external quantum 

efficiency along the entire wavelength spectrum, while PTAA has a noticeable drop 

in EQE at 300–400 nm range associated with parasitic absorbance by HTM. 

 

 

Figure 3.32. EQE spectra of 34 and PTAA containing PSC devices 
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3.3.2.3. Chapter summary 

In summary, new small molecular weight dithieno[3,2-b:2′,3′-d]pyrrole-based 

hole transporting material, containing phosphonic acid anchoring group, was 

synthesized and investigated as SAM-forming HTM material in the PSC devices. 

Unfortunately, mediocre device performance was registered, which could be most 

likely attributed to the energy level mismatch. On the positive side, it is evident that 

the application of the small molecule SAM approach allows for the elimination of 

HTM related parasitic absorbance. 

3.3.3. Carbazole-based small molecule derivatives 

Perovskite-based photovoltaics promises three main benefits: low cost, high 

efficiency and large versatility. However, combining all three factors into one solar 

cell design is still a difficult endeavour. In particular, one of the main bottlenecks 

towards the large-scale production is the available choice of hole transporting 

materials. The best standards in both architectures, n–i–p (Spiro-MeOTAD) and p–

i–n (PTAA), are highly unsuitable for commercial production due to their very high 

prices and limited processing versatility. Thus, a new generation of self-assembled 

monolayers as HTM that are intrinsically scalable, simple to process, dopant-free 

and cheap is a very attractive alternative. Besides minimal material consumption and 

parasitic absorption, the self-assembly process enables complete coverage of oxide 

surfaces of different roughness and texture utilising simple to control the process. 

The first hole-selective SAMs, discussed in the earlier chapters, demonstrated 

the ability to covalently bind to the transparent conductive oxide and perform the 

role of hole-selective contact, i.e., allow the movement of positive charge from 

perovskite absorber to the electrode while at the same time blocking electrons from 

going in the same direction. Due to this hole-selectivity, the SAMs demonstrated a 

potential to replace the classical hole-transporting layer. However, these SAMs did 

not enable high PCEs that would surpass those reached with the typically used 

polymeric hole transporting material PTAA. 

In this chapter, a second generation of self-assembly capable HTMs is 

presented. The new molecules are based on simple carbazole core and follow the 

philosophy of “less is more”. Compared to the previously discussed carbazole and 

fluorene derivatives 25 and 29, these molecules are significantly smaller and less 

complex. The main goal was to reduce the size of the molecule so that the use of co-

adsorbers would be unnecessary; furthermore, the synthesis and purification 

simplicity is of prime importance if a material has to be produced on a large scale. 

Naturally, proper energetical alignment and HTM/perovskite compatibility could be 

achieved easier with a system that is easier to modify and faster to synthesize. 

3.3.3.1. Synthesis of carbazole derivatives  

The first group of molecules, 3,6-dimethoxy functionalized carbazole with 

phosphonic acid moiety, was synthesized with the goal of obtaining materials 

demonstrating lower ionization potential and increased electron donating potential 

compared with the unsubstituted carbazole molecule. 
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Scheme 3.16. Synthesis of 3,6-dimethoxycarbazole derivatives 46–50 

The synthesis was done in a 4-step synthetic procedure, starting from 

commercially available materials (Scheme 3.16). 3,6-Dibromocarbazole reacted 

with sodium methoxide in DMF in the presence of copper iodide to yield 3,6-

dimethoxycarbazole 35. In the next stage, 3,6-dimethoxycarbazole was alkylated 

with different dibromoalkanes using tetra-n-butylammonium bromide as interphase 

catalyst, aqueous solution of NaOH as a base and alkylating agent as a reagent and 

solvent to give intermediate compounds 36–40. In the third step, by the means of 

Arbuzov reaction, aliphatic bromide was transformed into phosphonic acid ethyl 

esters 41–45. Finally, ester hydrolysis utilising bromotrimethylsilane resulted in goal 

phosphonic acids 46–50. The demonstrated four-step synthesis procedure is 

relatively straightforward and inexpensive, making these carbazole-based 

phosphonic acids 46–50 promising materials for the practical application. 
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Scheme 3.17. Synthesis of 3,6-dimethylcarbazole derivatives 62–66 

The second group of synthesized molecules contained less donoric methyl 

substituents, and these dimethylcarbazoles 62–66, functionalized with phosphonic 

acid anchoring group, were synthesized via similar 4-step procedure (Scheme 3.17). 

3,6-Dibromocarbazole reacted with Grignard reagent methylmagnesium bromide to 

yield 3,6-dimethyl-9H-carbazole (51). In the next stage, 3,6-dimethylcarbazole was 

alkylated with different dibromo alkanes to give intermediate alkylated compounds 

52–56. By the means of Arbuzov reaction, aliphatic bromide in 52–56 was 

substituted by phosphonic acid ethyl ester 57–61. Finally, the hydrolysis was 

conducted utilising bromotrimethylsilane, resulting in 3,6-dimethylcarbazole-based 

phosphonic acids 62–66.  

3.3.3.2. Thermal, optical and photoelectrical properties  

DSC measurements of compounds 47–50 revealed that most of the 

investigated carbazole derivatives with methoxy groups can exist both in amorphous 

and crystalline states (Figure 3.33, Table 3.10). During the first heating, the melting 

of crystals was observed; no crystallization takes place during cooling or second 

heating scans, and only glass transition is registered during the second heating 

(Figure 3.33, Table 3.10). The only exception being carbazole derivative 47 with the 

shortest aliphatic chain, which is fully crystalline.  
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Figure 3.33. DSC curves for compounds 47–50, heating rate 10 °C/min 

In general, the lengthening of the aliphatic chain results in a drop of glass 

transition temperature due to the increased flexibility of molecules.  

DSC measurements of the methylcarbazole series 62–66 revealed that the 

investigated HTM can as well exist both in crystalline and amorphous state (Figure 

3.34, Table 3.10), as melting of the crystals and glass transitions are registered. Most 

of the materials, with the exception of 64, demonstrate polymorphism, i.e., two or 

more different melting temperatures, indicating different crystal phases.  
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Figure 3.34. DSC curves for compounds 62–66, heating rate 10 °C/min 

As with the methoxy analogues, glass transition and melting temperatures 

decrease with the increasing length of the aliphatic chains. 3,6-Dimethylcarbazole 

derivative with the shortest aliphatic chain 62, similarly as with methoxy analogue 

46, has the strongest tendency to crystallize, and the recrystallization is observed at 

199 °C during the cooling of the melt. Interestingly, similar, although significantly 

more subdued, behaviour is observed for butyl analogue 64 containing even number 

of aliphatic carbons, but not for propyl one 63 containing odd number of aliphatic 

carbon atoms. Slightly higher tendency of the molecules with an even number of 
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carbon atoms to organize into orderly structures could be because of the observed 

differences between compounds 63 and 64. 

Table 3.10. Thermal properties of methoxy carbazole derivatives 46–50, 62–66 

Compound Tm [°C] [a] Tg [°C] [b] Tdec [°C] [c] 

46 171 - 266 

47 185 62 274 

48 201 59 281 

49 168 38 283 

50 92 25 285 

62 202, 213, 258 92 294 

63 199, 211 76 302 

64 194 59 314 

65 98, 106, 117 29 327 

66 64, 69 17 329 
[a] Melting point determined by DSC, scan rate 10 °C/min; [b] glass transition determined by DSC: scan 

rate, 10 °C/min, second run; [c] onset of decomposition determined by TGA: heating rate, 10 °C/min. 

 

Thermogravimetric analysis of carbazole and methoxycarbazole-based 

compounds 46–50 (Figure 3.35, Table 3.10) reveals that in general, all the 

compounds within the series have demonstrated relatively good thermal stability 

with decomposition temperature (corresponding to 5 % weight loss) in the 260–

280 °C range. From the existing result, it should be noted that during the 

construction of the PSC devices, the temperatures higher than 200 °C are rarely 

encountered; therefore, thermal stability is sufficient for the practical application.  
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Figure 3.35. TGA curves for compounds 46–50 
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Thermogravimetric analysis of methyl containing carbazole derivatives 62–66 

reveals even higher decomposition temperatures (Figure 3.36, Table 3.10). In 

general, all the compounds within this series have demonstrated better thermal 

stability that carbazole derivates with methoxy groups; initial thermal destruction 

temperature (corresponding to 5 % weight loss) is higher than 290 °C.  
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Figure 3.36. TGA curves for compounds 62–66 

UV-VIS absorption spectra of carbazole-based derivatives are quite similar; 

therefore, only the selected spectra are shown (Figure 3.37).  
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Figure 3.37. UV-VIS spectra of compounds 46, 48, 50 in THF solution (c=10-4 M) 

UV-vis absorption spectra demonstrate that compounds 46, 48, 50 have similar 

absorption peaks. π-π⁎ transition can be seen around 310 nm, while the weak 

absorption band ascribed to n-π⁎ transition can be seen in the region 320 nm to 

390 nm. 
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Figure 3.38. UV-vis spectra of compounds 62, 64, 66 in THF solution (c=10-4 M) 
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Similarly as in the previous example, UV-vis absorption spectra of 3,6-

dimethylcarbazole derivatives 62, 64, 66 are quite similar between each other due to 

the unchanged size of the conjugated system (Figure 3.38). Compared with 46, 

methyl groups at the 3,6-carbazole positions have less effect on π-conjugated 

system, as methoxy groups and the hypsochromic shift of approx. 15 nm can be 

seen. Most importantly, all of the investigated HTM, due to a relatively small size of 

the molecule, do not absorb intensively beyond 325 nm, thus ensuring as little 

parasitic absorption in the device as possible. 

The solid-state Ip is an important parameter for the organic materials that are 

planned to be used for the optoelectronic applications. Ip of the HTMs was measured 

using PESA method (Figure 3.39). Among methyl substituted carbazole derivatives, 

63 demonstrates the lowest Ip (5.41 eV), while HTMs with longer aliphatic chains 

demonstrate a slightly higher ionization potential, up to 5.58 eV for nonyl derivative 

66. 
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Figure 3.39. Photoemission in air spectra of compounds 62–66 

The introduction of stronger electron donating methoxy groups to the 3,6-

positions of the carbazole in 46–50 (Figure 3.40) results in the reduction of 

ionization potential by 0.2−0.3 eV to 5.2−5.3 eV, compared with methyl substituted 

analogues.  
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Figure 3.40. Photoemission in air spectra of compounds 46–50 

Overall, from the energetical point of view, all of the materials provide a 

sufficient barrier for the electron migration and should not interfere too significantly 

with the hole transport from the perovskite to the electrode. 

3.3.3.3. Performance in perovskite single-junction solar cells 

For comparing the performance and device-relevant characteristics of SAM-

based solar cells, it has been chosen to focus the analysis on the so called ‘‘triple 

cation’’ perovskite absorber Cs5(MA17- FA83)95Pb(I83Br17)3 (CsMAFA), which is 

widely used due to its high reproducibility. Since the polymeric hole transport 

material PTAA is currently being used in the highest-performing p–i–n PSCs [166, 

167, 168],  the SAM-based cells have been compared to PTAA-based PSCs and the 

perovskite film and device properties have been analysed. To keep the devices as 

simple as possible, the SAM and PTAA cells do not contain any interfacial 

compatibilizers, additives or doping. As such, the analysed PTAA control cells are 

comparable to the state-of-the art ones as found in literature [166, 169]. 
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Figure 3.41. Device-related analysis of SAM-based solar cells in comparison to the state-of-

the-art PTAA solar cells with triple cation perovskite absorber; a) J–V curves under 

simulated AM 1.5G illumination at a scan rate of 250 mV×s-1 in forward (JSC to VOC, dashed) 

and reverse scan (VOC to JSC, solid) with respective MPP tracks in the inset; (b) external 

quantum efficiency spectra of the best solar cells and corresponding integration of the 

product of EQE and AM 1.5G spectrum (right axis); (c) box plot of power conversion 

efficiency values for 41 (29), 53 (PTAA), 47 (46) and solar cells  

Figure 41a shows J–V characteristics under simulated AM 1.5G illumination 

of the best PSCs obtained with methoxy-containing carbazole derivative 46 in 

forward (JSC to VOC) and reverse scan (VOC to JSC) direction with continuous 

maximum power point (MPP) tracks in the inset. As a comparison, devices with 29 

and standard PTAA are given as well. A full list of the tested materials and their 

photovoltaic parameters are given in Table 3.11. A statistical comparison of the 

PCEs is plotted in Figure 3.41c with 41–53 solar cells per HTM. From the J–V 

curves, it can be noticed that hysteresis overall is negligible with MPP-tracked 

efficiencies close to the respective J–V scan values, and the fill factor is overall 

comparable at around 80 %. Figure 41b displays the EQE of the best devices as well 

as the integrated product of EQE and AM 1.5G spectrum. The JSC values from EQE 

integration have a negligible difference to the JSC values obtained from the J–V 

scans (~1 %). The most noticeable difference between the HTMs is visible in the 

open circuit voltage with a difference of 20 mV between PTAA and methoxy 

substituted carbazole SAMs. Overall, the PCE trend resembles an increase in VOC, 

and 46−50 series solar cells surpass or are very similar to the efficiency of PTAA 

c 
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devices with 46, yielding the highest efficiency of 20.4 % in J–V scan and 20.2 % in 

the maximum power point (MPP) track.  

Table 3.11. Photovoltaic parameters from J–V scans under illumination in reverse 

scan direction together with the efficiency of MPP tracking of the best CsMAFA 

perovskite solar cells based on the different investigated hole selective contacts. 

HSC JSC 

[mA×cm-2] 

VOC 

[V] 

FF 

[%] 

PCE 

(J–V) [%] 

PCE 

(MPP) [%] 

29[149] 21.2 1.041 79.3 17.5 16.9 

PTAA 21.5 1.125 79.3 19.2 18.9 

46 22.2 1.144 80.5 20.4 20.2 

47 18.4 1.144 77.4 18.4 18.4 

48 19.9 1.142 79.9 19.9 19.6 

49 20.0 1.145 79.7 19.6 19.5 

50 19.0 1.144 76.9 18.9 18.6 

62 20.6 1.129 80.4 18.9 − 

64 20.3 1.150 84.0 20.0 − 

64+ C60/LiF 20.7 1.224 82.0 20.8 − 

 

As shown in the Table 3.11, the self-assembled hole-transporting monolayers 

from materials with longer aliphatic chains 48–50, contrary to the expectations, do 

not lower the PSC performance very significantly; thus, demonstrating the scope of 

possible aliphatic chain modifications without severely influencing the device 

performance. 

Compared with PTAA standard, methoxycarbazole 46–50 series enable higher 

VOC values in solar cells. The changes in VOC can have a variety of origins, most 

importantly, the changes of the bulk properties and of the non-radiative 

recombination velocities at one or both interfaces. The latter can be caused by either 

a higher selectivity due to a more favourable energetic alignment and/or less defect 

states at one or both interfaces to the respective charge-selective contacts.  

For the analysis of methylcarbazole-based materials 62–66 on solar cell level, 

the focus has been placed on the simple single junction device stack 

glass/ITO/HTM/perovskite/C60/SnO2/Ag with the SnO2, latter serving as a buffer 

layer for indium zinc oxide (IZO) sputtering, in case the fabrication of tandem solar 

cells is undertaken [170]. The FF is the major remaining parameter for which PSCs 

have not yet come close to the values of established solar cell technologies [171, 

172], with the ideality factor being one of the main properties that limit high-

efficiency PSCs [173]. Combining a low ideality factor with high PCE was 

considered a significant challenge in the community [174]. Figure 3.42a shows that 

46 allow for very good FFs of up to 82 %, while 64 surpasses the other HTMs with 

FF values of up to 84 % (representing ~ 93 % of the radiative limit). Figure 3.42b 

shows J-V curves recorded at simulated AM 1.5G illumination conditions, 

comparing PTAA to 64 and showing the obvious effect of a lower ideality factor. 

The ideality factor nID for PSCs with the 64 is ~1.26, while it is 1.51 for 46 and 1.55 

for PTAA cells (Figure 3.42c). The high FF was accompanied by high VOC values 
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(up to 1.16 V) and up to 1.224 V if a LiF interlayer was used between perovskite 

and C60 (Figure 3.42d). The combination of high VOC with low nID allowed to 

fabricate a perovskite single junction solar cell with an efficiency of 20.8 % with 64.  

 

 

 

Figure 3.42. Analysis of p-i-n solar cells, showing of the benefits of 64 as the hole-selective 

contact: (a) comparison of fill factor values of PSCs with the stack 

glass/ITO/HTM/perovskite/C60/SnO2/Ag, triple-cation perovskite absorber with 1.68 eV 

band gap, all shown cells are made from the same perovskite precursor and contact 

processing batch; (b) J-V curves of the best cells of the batch in (A), and a J-V curve of a 64 

cell from batch with LiF interlayer between C60 and perovskite, reaching a VOC of 1.234 V; 

(c) intensity-dependent open-circuit voltage with linear fits (dashed lines); (d) J-V curve of 

the champion single junction cell based on 64 as the hole-selective layer and LiF/C60/SnO2 

on the electron-selective side, the inset shows a MPP track of that cell (spikes are from the 

unstable halogen lamp) 

3.3.3.4. Versatility of SAM contact and tandem solar cell integration 

In order to show the versatility of the new molecules, highly efficient 

perovskite solar cells with perovskite compositions other than CsMAFA were 

constructed using SAM approach. In addition to the “triple cation” composition 

utilized for the analysis above, a “double cation” MA0.05FA0.95Pb(I0.95Br0.05)3 

a) 
b) 

c) 
d) 
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(MAFA) absorber with a lower band gap of ca. 1.55 eV and a “single cation” 

(MAPbI3) absorber, which is fabricated by direct co-evaporation, were studied 

(Figure 3.43). Table 3.12 shows the corresponding device performance 

characteristics. 

Perovskite processing by co-evaporation is highly attractive due to the large-

area compatibility and absence of potentially harmful solvents for the fabrication. 

Utilizing 46 as the HTM works well with the co-evaporated MAPbI3 perovskite 

absorber. The shown stabilized PCE of 19.6 % with over 1.14 V VOC is approaching 

the PCE of the best co-evaporated PSC to date and represents the highest reported 

value for p–i–n type devices, utilizing co-evaporation for the perovskite absorber 

[156, 175]. 

Recently, the highest PSC performances were reported for the MAFA double 

cation composition [21, 176]. Compared to the CsMAFA solar cells shown before, 

the MAFA cell has an advantage in higher current density due to the lower band gap 

of the composition, but still enables a relatively high VOC. Without detailed 

optimization, the MAFA absorber enabled a stabilized PCE of 21.1 % when utilizing 

46 as the SAM forming HTM. 

 

 

Figure 3.43. Display of the versatility of SAM contacts and tandem solar cell integration: (a) 

J–V curves under illumination of solar cells based on a solution processed “double cation” 

perovskite absorber (MAFA, orange line) and co-evaporated perovskite absorber (MAPbI3, 

green line), inset: Continuous MPP tracks of these cells; (b) J–V curve of a monolithic 

CIGSe/perovskite tandem solar cell (active area of 1.034 cm2) with 46 as HTM conformally 

covering the rough CIGSe bottom cell; the orange circle indicates the MPP at 23.26 %; inset: 

SEM image of the cross-section of a representative tandem device; the recombination contact 

consists of aluminium-doped zinc oxide, sputtered onto the CIGSe surface and covered by 46 

Furthermore, SAM approach is as well suitable for manufacturing PSCs on 

rough surfaces, which is essential for, e.g., CIGSe/perovskite tandem solar cells 

(Figure 3.43b). All-thin-film tandem solar cells pose an attractive strategy for cheap, 

versatile and flexible high-efficiency solar cells and are a promising route for the 

introduction of halide perovskites into industrial production. CIGSe enables thin-

film solar cells with a suitable band gap for the use in perovskite-based tandem solar 

cells. However, the rough surface of the CIGSe makes it difficult to process the thin 
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HTM films that currently are used in efficient perovskite top cells. Recently, it has 

been demonstrated that the use of a NiOx layer processed by atomic layer deposition 

(ALD) in combination with PTAA represents a CIGSe/perovskite compatible hole-

transport layer that prevents shunting caused by the CIGSe roughness, enabling a 

21.6 % efficient tandem cell [177]. SAM removes the need for an ALD step, since 

the self-assembly process works reliably even on rough surfaces by dipping the 

CIGSe bottom cell into a 46 solution. The perovskite layer was fabricated by 

solution-processing and the top contact layers by either evaporation or 

ALD/sputtering. The tandem solar cell prepared in such a way is shown in Figure 

3.43b, which demonstrates a stabilized efficiency of 23.26 % on an area of 1.03 cm2. 

The presented tandem cell surpasses the previous record [168] (22.4 %) in PCE and 

the area (0.04 cm2 vs. 1.03 cm2 in this case). The simplicity of the tandem stack and 

the use of as-deposited CIGSe additionally suggest that SAM approach could be 

easily adopted in higher throughput fabrication. 

Table 3.12. Photovoltaic parameters from J–V scans under illumination in reverse 

scan direction as well as continuous MPP tracking; single cells with double cation 

MAFA and co-evaporated MAPbI3 perovskite and a CIGSe/perovskite (triple cation) 

tandem solar cell are presented; all cells use 46 as the HTM 

Perovskite 

Device type 

JSC [mA×cm-2] VOC [V] FF [%] PCE (J–V) 

[%] 

PCE (MPP) 

[%] 

Co-evaporated 

MAPbI3; 

Single 

22.6 1.145 76.8 19.8 19.6 

Double cation 

MAFA; 

Single 

23.5 1.120 80.6 21.2 21.1 

Triple cation 

CsMAFA; 

Monolithic 

Tandem 

19.17 

(certified) 

1.68 

(certified) 

71.9 

(certified) 

23.16 23.26 ± 0.75 

(certified) 

 

a)                                     b)                                        c) 

 

Figure 3.44. (a) Schematic stack of the perovskite/CIGSe tandem solar cell; (b) EQE 

spectrum of the constructed tandem device; (c) certified JV curve conducted at Fraunhofer 

ISE including the MPP of the perovskite/CIGSe tandem solar cell with the new HTM 64 
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Recently, perovskite/CIGSe tandem devices containing dimethylcarbazole 

derivative 64 were as well constructed and investigated (Figure 3.44a, b). The 

tandem device stack is as follows, starting from the bottom: glass/Mo/CIGSe/CdS/i-

ZnO/ZnO:Al/SAM 64/perovskite/LiF/C60/SnO2/IZO/LiF+Ag; the perovskite 

composition used in the device was Cs0.05(MA0.22FA0.78)Pb1.1(I0.78Br0.22)3. 

The best performing tandem cell with 64 was sent to the Fraunhofer ISE 

CalLab for independent certification (Figure 3.44c). With a VOC of 1.77 V, fill factor 

of 72 % and JSC of 19.6 mA×cm-2, the cell has a PCE of 24.98 %, when measuring 

from JSC to VOC, and was certified at the MPP with a PCE of 24.16 % with a 

designated area of 1.04 cm². This PCE surpasses the previously highest certified 

perovskite/CIGSe tandem record by a cell of HZB [2]by 1 % absolute and thus, 

sets a new world record in monolithic CIGSe/perovskite tandem solar cells. 

In summary, the compatibility of the SAM with three different perovskite 

compositions, two different processing techniques (solution and vacuum process), 

two different oxides (ITO in the single junctions and Al-doped zinc oxide in the 

tandem) and two different substrate morphologies (rough and flat) strongly suggests 

that SAM hole-selective contacts represent a universal approach for perovskite-

based photovoltaics. 

3.3.3.5. Integration into monolithic perovskite/silicon tandem solar cells 

In the following section, it has been demonstrated that the fast hole extraction 

capabilities of 64 in perovskite top cells help to achieve significantly higher FF, VOC 

and stability in monolithic tandem solar cells. A schematic stack of this solar cell is 

shown in Figure 47a. As previously reported [178], silicon hetero junction (SHJ) 

solar cell as the bottom cell was used, based on a 260 µm thick n-type float-zone Si 

wafer; the textured rear side enhances the near-infrared absorption, whereas the 

polished front side enables the deposition of spin-coated perovskite. The 20 nm of 

ITO serves as a recombination layer as well as the anchoring oxide for the SAMs 

[149]. The top cell with the Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 perovskite absorber 

resembles the single-junction stack of 

ITO/HTM/Perovskite/LiF/C60/SnO2/IZO/Ag/LiF. Figure 3.45b shows a scanning 

electron microscope cross-section image of a part of the tandem solar cell. As SAM 

is just a single layer of molecules, it cannot be resolved with the SEM. Furthermore, 

a columnar growth of the perovskite on 64 is clearly visible. 
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a) 

  

b) 

  

Figure 3.45. (a) Schematic stack of the monolithic perovskite/silicon tandem solar cell; (b) 

scanning electron microscope (SEM) image of a tandem cross-section with 64 as HTM 

A comparison of the PCE of tandem solar cells measured by J-V scans and 

MPP tracking for PTAA, 46 and 64 can be seen in Figure 3.46a, furthermore, 

distinguishing between cells with and without a LiF interlayer at the perovskite/C60 

interface. Interestingly, with PTAA, the utilization of a LiF interlayer is not 

advantageous for the constructed PSCs, as it led to rapid degradation of the cells. 

Although the VOC has indeed increased, the FF is lower, and together with a rapidly 

decreasing JSC, it leads to a lower PCE. Without the interlayer, an average PCE of 

25.25 % has been achieved. In contrast, the average efficiency of the tandem device 

with dimethoxycarbazole 46 was 26.21 %. The utilization of a LiF interlayer for 64 

cells increased the VOC but reduced the FF. Thus, both configurations reached a 

similar to 46 average PCE of 26.25 % and 26.41 %, respectively. However, with 64, 

the number of devices with maximum PCEs of >29 % was higher than with 46, 

mainly because of higher FF of up to 81 %. It is necessary to emphasize that these 

cells with an active area of slightly above 1 cm² do not feature a charge-collecting 

grid on the top contact. Furthermore, the VOCs of up to 1.92 V (Figure 3.46c) are 

achieved, which is, to the best of knowledge, the highest VOC shown for this type of 

solar cells.  
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a) 

 

b) 

 
   c)                                                                 d) 

   

 

Figure 3.46. (a) Statistics of the PCE of several PTAA, 46 and 64 tandem solar cells from J-

V-scan and MPP-tracking; (b) certified J-V curve conducted at Fraunhofer ISE including the 

MPP and the device parameters (red) in comparison to a tandem cell with PTAA (gray) as 

HTM; (c) J-V of the monolithic perovskite silicon tandem solar cell with the new HTM 64; 

to the best of knowledge, this is the highest VOC for monolithic perovskite silicon tandem 

solar cells; (d) comparison of champion monolithic perovskite silicon tandem solar cells (64) 

with and without LiF interlayer; the J-V of the cell with LiF interlayer was certified at 

Fraunhofer ISE; the higher Voc but lower FF for cells with LiF interlayer is clearly visible 

The best tandem cell with 64 was sent to the Fraunhofer ISE CalLab for 

independent certification (Figure 3.46b). With a VOC of 1.90 V, fill factor of 79.4 % 

and JSC of 19.23 mA×cm-2, the cell has a PCE of 29.01 % when measuring from JSC 

to VOC and was certified at the MPP with a PCE of 29.15 % with a designated area of 

1.04 cm². This PCE surpasses the previously highest certified monolithic 

perovskite/silicon tandem openly reported by Kim et al. in literature by 3 % absolute 



116 

 

[169]. It as well exceeds the previous record of 28 % by a cell of Oxford PV [179] 

by more than 1 % absolute and thus sets a new world record in monolithic 

silicon/perovskite tandem solar cells. To date, this monolithic tandem cell 

additionally outperforms the most efficient four-terminal perovskite-based tandem 

solar cell [180]. It is on par with the best GaAs single cell at the same active area. 

Thus, this cell fuels the expectations that the theoretical maximum efficiency for 

silicon solar cells [181] of 29.43 % will be surpassed in the near future, paving the 

way towards PCEs over 30 %.  

After the certification, more 64 containing tandem solar cells without LiF 

interlayer were fabricated, which showed similar average performance as with LiF. 

The champion cell showed a higher FF of 81 % and lower VOC of 1.87 V than 

without LiF. Together with a JSC of 19.37 mA×cm-2, this led to a PCE of 29.29 % 

and a stabilized efficiency of 29.32 % (Figure 3.46d). 

3.3.3.6. Stability assessment 

Compositions yielding the most promising results were as well tested for long-

term stability under various conditions. In addition to the increased efficiencies of 46 

based solar cells compared to PTAA, these devices as well demonstrate an increased 

stability. Figure 3.47a shows the time evolution of PCE under continuous MPP 

tracking for the investigated HTMs at simulated 1 sun AM 1.5G illumination 

without active sample cooling. The samples reach temperatures of at least 40 °C 

under operation. A slight advantage is evident for the 46 based devices after 11 h of 

operation (~3 % loss with 46, ~6 % loss with PTAA and almost 12 % loss for 29). A 

stronger difference is visible when increasing the stress on the solar cells, which is 

done by light soaking at open-circuit condition under 1 sun illumination, a condition 

in which high average density of charge-carriers is present in the device that can 

induce a quick degradation of the PSC [167]. The most notable differences occur in 

the time evolution of VOC, as displayed in Figure 3.47b. PTAA-based solar cells 

show a substantial drop (60 mV amplitude) after two hours, while the VOCs of all 

SAM-based cells remain virtually stable after an initial drop caused by increasing 

temperature. Interestingly, light soaking steadily improves the VOC of 29 based 

samples. The quick degradation of PTAA-based cells can be attributed to a material-

specific characteristic of the CsMAFA/PTAA contact that occurs under conditions 

with a high number of excess charge carriers and direct illumination of the PTAA, as 

observed in a recent work [177]. A previous study identified that a large number of 

excess charge carriers, as under illumination at open-circuit, leads to a lowered 

energetic threshold of ionic movement [167].  It can be hypothesized that the 

diffusion of iodine to the PTAA interface leads to the structural damage of PTAA 

[177]. In contrast, a SAM, being a chemically robust electrode modification with 

virtually no volume, is neither susceptible to structural damages nor to an 

accumulation of ions. 
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Figure 3.47. Stability assessments of PSCs based on the investigated HSCs in N2 

atmosphere: (a) MPP tracking under continuous, simulated 1 sun AM 1.5G illumination of 

uncooled devices (reaching a temperature of ~40 ºC in operation); (b) time evolution of VOC 

values of solar cells kept at open-circuit conditions under light-soaking at full sun 

illumination at ~40 ºC cell temperature (no active cooling); the values were extracted from 

J–V scans every 6–8 min; the error bars show the standard deviation of these values across 

the individual cells (4 devices for 29, 6 devices for PTAA, 3 devices for 46) 

The stability of different nonencapsulated tandem solar cells was measured as 

well (Figure 3.48). To track the degradation induced by either the top- or the bottom 

cell more carefully, a dichromatic LED setup using LEDs with 470 nm and 940 nm 

centre emission wavelengths and independent intensity calibration and recording 

was used. The degradation for the champion tandem cell showed 76 % of its initial 

efficiency (29.13 %) after 300 hours of continuous MPP tracking in ambient 

atmosphere at 25 °C. Substituting 64 with PTAA, the PCE decreased to 75 % of its 

initial PCE (25.9 %) after only 90 hours. The fast degradation was attributed to the 

combination of PTAA with the LiF interlayer.  
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Figure 3.48. Long term MPP track using a dichromatic LED illumination of non-

encapsulated solar cells in air at a controlled temperature of 25 °C; the data is normalized to 

the first 60 minutes of each individual track; the legend shows which HTM was used, 

whether the LiF-interlayer was used and which subcell was limiting 

Cell with 64 as HTM without a LiF interlayer was additionally tracked to test 

the intrinsic stability of the HTM/perovskite combination. After 300 hours, the cell 

still operated at 95 % of its initial PCE. This result strongly suggested that the 

utilization of a LiF interlayer (at least in this specific architecture) reduced the 

stability. Comparing this result to the state-of-the-art stability tests of non-

encapsulated tandem solar cells in ambient conditions, where the cells retained 90 % 

after 61 hours [182] and 92 % after 100 hours [183], the analysed tandem solar cell 

shows a superior operational stability. 

 

Figure 3.49. MPP track of a tandem solar cell with 64 (without LiF interlayer); the cell was 

illuminated with an AM1.5G spectrum (calibrated with a KG-3 filtered silicon reference cell, 

certified at Fraunhofer ISE); the cell was held for 15 minutes at 40 °C, 55 °C and 70 °C and 

for 20 minutes at 85 °C; due to a technical issue, the sun simulator needed to be restarted; 

however, the cell was still exposed to the elevated temperature 

Besides the long-term stability measurements at 25 °C, an MPP track at 

elevated temperatures was conducted with a tandem cell containing 

dimethylcarbazole 64 (Figure 3.49). Following the procedure of Jost et al., the 

temperature was successively increased from 25 °C to 85 °C and back to 25 °C 

[184], and there was no loss in PCE after this 200 minute procedure. 
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3.3.3.7. Chapter summary 

In summary, in this chapter, new simple molecules that form self-assembling 

monolayers were synthesized and integrated into inverted perovskite solar cells, 

enabling hole selective contacts with minimized non-radiative losses. The new 

SAMs can be deposited on transparent conductive oxides via spin-coating or by 

dipping the substrate into the solution, both yielding layers of comparable 

properties, combining high reproducibility and ease of fabrication. These SAMs 

outperform the polymer PTAA, the material that enabled the highest performing p–

i–n PSCs to date, in efficiency, stability and versatility. With a standard triple-cation 

absorber, a maximum power conversion efficiency of 20.8 % and a VOC of up to 

1.15 V were demonstrated using SAM forming methylcarbazole HTM 64. The 

results highlight that these carbazole-based compounds can combine all necessary 

features for lossless interfaces and are thus a compelling material class for future 

development of high-performance hole-selective contacts. In a light-soaking stress 

test at open circuit conditions, SAM-based PSCs showed a higher stability compared 

to PTAA-based cells. Integrating methoxycarbazole 46 as a SAM contact into a 

monolithic CIGSe/perovskite tandem solar cell demonstrated to create a hole-

selective layer on a rough surface. This led to a stabilized, certified PCE of 23.26 % 

with facile device design on an active area of 1.03 cm2, surpassing the values 

achieved with a complex bilayer or mechanical polishing. Most importantly, the 

herein demonstrated solar cells are fabricated without additional passivation layers, 

additives or dopants. Monolithic perovskite/silicon tandem solar cells with an 

average power conversion efficiency of 28.5 % and a maximum certified PCE of 

29.15 %, which sets a new record for this type of solar cells, were constructed using 

64 self-assembling monolayer. Besides the increased PCE, a non-encapsulated cell 

in ambient air with 64 exhibited excellent stability, retaining 95 % of its initial 

efficiency after 300 h of continuous maximum power point tracking, under LED 

illumination. With the typical p-i-n hole-selective layer, PTAA, the cell degraded to 

76 % of the initial efficiency after just 90 h. 
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  METHODS AND MATERIAL 

4.1. General methods  

The 1H and 13C NMR spectra were taken on Bruker Avance III 400 (400 MHz 

for 1H, 100 MHz for 13C) spectrometer at RT. All the data are given as chemical 

shifts in δ (ppm). 

The course of the reactions was monitored by TLC on ALUGRAM SIL 

G/UV254 plates and developed with UV light. Silica gel (grade 9385, 230–

400 mesh, 60 Å, Aldrich) was used for column chromatography.  

The elemental analysis was performed with an Exeter Analytical CE-440 

elemental analyser, Model 440 C/H/N/.  

Differential scanning calorimetry was performed on a Q10 calorimeter (TA 

Instruments) at a scan rate of 10 K×min-1 in the nitrogen atmosphere. The glass 

transition temperatures for the investigated compounds were determined during the 

second heating scan.  

Thermogravimetric analysis was performed on a Q50 thermogravimetric 

analyser (TA Instruments) at a scan rate of 10 K min-1 in the nitrogen atmosphere.  

UV-Vis spectra were recorded on a Shimadzu UV-2600 spectrophotometer. 

Microcells with an internal width of 1 mm were used.  

Optical microscopy experiments were conducted on Olympus BX-41 equipped 

with QImaging Go-3 camera.  

The thickness of the films was measured using MarSurf WS1 white light 

interferometer. MS spectroscopy was done using Shimadzu LCMS 2020 SQ LC 

mass spectrometer. 

 

Photoelectrical measurements 

The solid state ionization potential of layers of the synthesized compounds was 

measured by the electron photoemission in the air method at the Institute of 

Chemical Physics, Vilnius University. The samples for the ionization energy 

measurement were prepared by dissolving materials in THF, and these solutions 

were coated on Al plates that were pre-coated with ~0.5 µm thick 

methylmethacrylate and methacrylic acid copolymers adhesive layer. The thickness 

of the transporting material layer was 0.5–1 µm. Usually, the photoemission 

experiments are carried out in a vacuum, and high vacuum is one of the main 

requirements for these measurements. If the vacuum is not high enough, the sample 

surface oxidation and gas absorption are influencing the measurement results. In this 

case, however, the organic materials that were investigated were stable enough to 

oxygen, and the measurements could be carried out in the air. The samples were 

illuminated with monochromatic light from the quartz monochromator with 

deuterium lamp. The power of the incident light beam was (2–5)×10-8 W. The 

negative voltage of -300 V was supplied to the sample substrate. The counter-

electrode with the 4.5×15 mm2 slit for illumination was placed at 8 mm distance 

from the sample surface. The counter-electrode was connected to the input of the 

BK2-16 type electrometer, working in the open input regime, for the photocurrent 
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measurement, the 10-15–10-12 A strong photocurrent was flowing in the circuit under 

illumination. The I0.5 =f(hv) dependence was plotted. Usually, the dependence of the 

photocurrent on incident light quanta energy is well described by a linear 

relationship between I0.5 and hv near the threshold [185, 186]. The linear part of this 

dependence was extrapolated to the hv axis, Ip value was determined as the photon 

energy at the interception point.  

The hole drift mobility was measured by xerographic time of flight of flight 

technique (XTOF) [187, 188] at the Institute of Chemical Physics, Vilnius 

University. The samples for the hole mobility measurements were prepared by spin-

coating the solutions of the synthesized compounds or compositions of synthesized 

compounds with bisphenol-Z polycarbonate (Iupilon Z-200 from Mitsubishi Gas 

Chemical Co.) in weight ratio 1:1 on the polyester films with conductive Al layer. 

The layer thickness was in the range 5–11 µm. The electric field was created by 

positive corona charging. The charge carriers were generated at the layer surface by 

illumination with pulses of nitrogen laser (pulse duration was 2 ns, wavelength 

337 nm). The layer surface potential decreases as a result of pulse illumination that 

was up to 1–5 % of initial potential before the illumination. The capacitance probe 

that was connected to the wide frequency band electrometer measured the speed of 

the surface potential decrease dU/dt. The transit time tt was determined by the kink 

on the curve of the dU/dt transient in double logarithmic scale. The drift mobility 

was calculated by the formula µ=d2/U0tt, where d is the layer thickness, U0 is the 

surface potential at the moment of illumination.  

XPS measurements were conducted with a non-monochromated Mg Kα 

excitation source and a ScientaOmicron Argus CU electron analyser in the Energy 

Materials In-Situ Laboratory (EMIL) of HZB. Core level peak fitting was performed 

with the free software fityk7. The number of Voigt peaks was determined by fitting 

all three datasets simultaneously with coupled width and shape parameters and 

increasing the number of peaks until the residuum was in the order of the 

background noise of the data. A linear background was included into the fit. 

UPS measurements were conducted with the same equipment employing He I 

(21.22 eV) excitation. For measuring the secondary electron cutoff, a 10 V bias was 

applied to the substrate. The valence band onset was determined by the leading edge 

extrapolation method. 

 

Device preparation 

Devices for the measurement of compounds 25, 29, 34, 46–50, 62, 64 were 

prepared by the Prof. S. Albrecht Group at Helmholtz-Zentrum, Berlin. Patterned 

indium tin oxide glass substrates (25x25 mm, resistivity = 15 Ω×sq˗1, nominal ITO 

thickness = 150 nm, patterned by Automatic Research GmbH) were cleaned 

sequentially for 15 min with a 2 % Mucasol solution in water (Schülke), water, 

Acetone and Isopropanol at ~ 40 °C in an ultrasonic bath. After that, directly before 

HTM deposition, the substrates were treated in an UV-ozone cleaner for 15 min. UV 

treatment seemed crucial for achieving high reproducibility. All subsequent 

procedures were done in a nitrogen-filled glovebox (MBRAUN). All the spin-

coating layer deposition steps were conducted in a nitrogen atmosphere. The hole 
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transport material PTAA (2 mg×ml-1 in toluene) was deposited using spin-coating 

(5000 rpm for 30 s), followed by annealing for 10 min at 100 °C.  

SAM powders were dissolved in anhydrous Ethanol at a concentration of 

1 mmol/l and put into an ultrasonic bath for 15 min (30–40 °C) before using. 46 

(275.24 g/mol) was stored in ambient air, if stored otherwise before dissolving, 

penalties in performance were observed. The SAMs were prepared either by 

spincoating or dipping. When spin-coating, 100 µl of the solution was uniformly 

released onto the middle of the substrate, the lid was closed, and after ~ 5 s resting, 

the spin-coating program (30 s at 3000 rpm) was started. Alternatively, a lower 

concentration of 0.1 mmol/l can be used if dropping the solution 2–3 times 

dynamically during the spinning program. After spin-coating, the substrates were 

heated at 100 °C for 10 min. A washing step (with Ethanol) is possible but not 

necessary. For some perovskites, it might be beneficial to wash the substrates after 

heating, since it can change the contact angle of the perovskite (no significant 

performance differences were observed for all used perovskites in this work). SAMs 

by dipping were prepared by immersing the substrates into a 0.1 mmol/l solution for 

2–12 h with subsequent heating at 100 °C for 10 min. After heating, the dipped 

substrates were washed dynamically during a 4000 rpm, 30 s spin-coating program 

by dripping 100–200 µl of Ethanol 2–3 times onto them. 

Triple-cation Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 (CsMAFA) perovskite film 

was formed according to the previously reported procedure. [128] 100 µl of the 

precursor was dripped onto the PTAA or SAM-covered substrates, and the solution 

was spread with a pipette tip across the substrate before starting the spinning 

program (5 s acceleration to 4000 rpm, 35 s steady at 4000 rpm). On PTAA, 500 µl 

of Ethyl Acetate as the antisolvent was dripped onto the perovskite 25 s after starting 

the spin-coating program (closed spincoater lid). On SAMs, either Ethyl Acetate or, 

in later optimized stages, 200 µl of Chlorobenzene or Anisole [189] were used as the 

antisolvent (with open lid during the program), dripped 5–7 s before the end of the 

spinning program (with 3500 instead of 4000 rpm spinning speed). The SAMs are 

chemically robust and allow the use of more types of antisolvents than PTAA. 

Further, the perovskite was annealed at 100 °C for 30–60 min. 

Double cation MA5FA95Pb(I95Br5)3 (MAFA) perovskite was prepared similarly 

to the CsMAFA perovskite with a respectively changed ratio of mixing the 

MAPbBr3 and FAPbI3 precursor solutions and 60 min annealing. The final 

perovskite solution was mixed just before spin-coating. Additionally, 1.24 mol/l 

MACl solution in DMSO was mixed with the perovskite solution in a 5:95 volume 

ratio. The same spin-coating program as for CsMAFA was used with dripping 

300 µl Chlorobenzene 5 s before the end of the program. 

Single cation MAPbI3 was prepared by direct co-evaporation using a CreaPhys 

“PEROvap” deposition tool integrated into the inert glovebox (MBraun). The 

system includes a cooling shield inside the chamber, whose temperature was set to -

25 °C for the entire process time. The rotation speed of the substrate holder was held 

constant at 10 rpm. Lead iodide and Methylammonium iodide were filled in two 

individual crucibles, and the chamber was evacuated. At reaching a base pressure of 

1E-6 mbar, the sources where heated to 240 °C (PbI2) and 150 °C (MAI). Starting 
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from this point, the temperature was slightly adjusted until a stable rate of 1.4 Å s-1 

(PbI2) and 3.5 Å×s-1 (MAI) were obtained. The ratio was monitored using individual 

quartz crystal microbalances (QCM, Inficon) for each material. 

After perovskite deposition, 23 nm C60 and 8 nm BCP were thermally 

evaporated in a MBRAUN ProVap 3G at a base pressure of 1E-6 mbar with an 

evaporation rate of 0.1–0.18 Å/s. For completing the device, 100 nm Cu or Ag was 

thermally evaporated through a shadow mask. The overlap of the substrate’s ITO 

with the Cu stripe defines the active area of 0.16 cm² (cross-checked with an optical 

microscope). 

Some devices, such as the one sent for certification, were encapsulated with a 

cover glass and a two-component self-curing epoxy glue (5-min epoxy, R&G 

Faserverbundwerkstoffe GmbH). After encapsulation, an antireflective coating 

(100 nm NaF) was thermally evaporated onto the glass substrates, which increased 

the short-circuit current density distinctly more for 46 devices than for PTAA and 29 

devices. 

 

CIGSe/perovskite tandem solar cell 

CIGSe devices were prepared in the Prof. S. Albrecht group at Helmholtz-

Zentrum, Berlin. The CIGSe bottom cell was fabricated in a multi-step thermal 

evaporation on a glass substrate with RbF surface treatment. The p-type back contact 

is made of sputtered Molybdenum. The recombination contact consists of 10 nm 

sputtered i-ZnO and 140 nm ZnO:Al (AZO). After completion, the surface was 

rinsed with Ethanol and treated with UV-Ozone for 15 min, before submersing the 

CIGSe bottom cell into a 0.1 mmol/l 46, 64/Ethanol solution overnight. Spin-coating 

1 mmol/l 46, 64 solution once or 0.1 mmol/l solution three times as well yielded 

>20 %-efficient tandem cells. Subsequently, the bottom cell was heated at 100 °C 

for 10 min in a N2-filled glovebox, before proceeding the CsMAFA perovskite 

processing on top as described above. 

After perovskite annealing, 20 nm C60 was thermally evaporated, and 20 nm of 

SnO2 processed on top at a substrate temperature of 80 °C via atomic layer 

deposition (ALD, Arradiance GEMStar) to form a buffer layer for the IZO 

sputtering. SnO2 precursors were tetrakis(dimethylamino)tin(IV) (TDMASn) and 

water. The IZO top electrode was deposited by RF sputtering from 10 %wt ZnO and 

90 %wt In2O3 target. For contacting the electrode, 100 nm thick Ag frame was 

thermally evaporated through a shadow mask and 100 nm LiF as the anti-reflective 

coating. After device completion, the tandem cell was manually scribed around the 

Ag frame, since the AZO recombination and Molybdenum back contact were both 

processed on the full bottom cell area. 

 

Silicon solar cell preparation 

Silicon solar cell preparation was done in the Prof. S. Albrecht group at 

Helmholtz-Zentrum, Berlin. The silicon heterojunction-bottom cell was fabricated 

on a 260 µm thick, ~3 ohm cm-1 polished FZ <100> n-type crystalline silicon (c-Si) 

wafer in a rear junction configuration. The front surface of the wafer was left 

polished by capping with the plasma enhanced chemical vapour deposition 
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(PECVD) deposited SiO2 prior to the wet texturing to obtain random pyramids with 

<111> facets. After removal of the capping in HF, another final RCA clean and HF 

dip (1 % dilution in water) were done, and an approx. -5 nm thick, intrinsic (i) 

amorphous silicon (a-Si:H) layer stack was grown on both sides of the c-Si wafer in 

order to passivate the c-Si surface. On the textured rear-side, an approx. -5-nm thick, 

p-doped a-Si:H layer stack was deposited to form the hole contact (junction). On the 

polished front-side, a 95-nm thick (20-nm thick for single-junction reference cells), 

n-doped nanocrystalline silicon oxide layer (nc-SiOx:H) with a refractive index, n, 

of 2.7 at 633 nm was used as the electron contact of the SHJ bottom cell and the 

optical intermediate layer between the top and the bottom cells. The a- and nc-Si 

layers were deposited with the Applied Materials (AKT1600) plasma enhanced 

chemical vapour deposition cluster tool. In order to contact the bottom cell, a 

ZnO:Al/Ag layer stack was deposited on the textured rear-side, and a 20 nm (70-nm 

thick for single-junction references) thick ITO layer was deposited on the polished 

front-side on top of the nc-SiOx:H interlayer. Both depositions were DC-sputtered in 

an in-line sputter tool from Leybold Optics using Ar/O2 gas mixtures. For the ITO, a 

tube target with 95/5 doping ratio and for the AZO, a tube target with 1 % Al2O3 in 

ZnO was used. Both contact-layer stack of the silicon were deposited using aligned 

shadow masks with an opening of 1.13 x 1.13 cm2. For single-junction reference 

cells, an Ag grid was screen printed on top of the front ITO. 

 

Preparation of tandem solar cells 

Tandem solar cells were prepared in the Prof. S. Albrecht group at Helmholtz-

Zentrum, Berlin. The same perovskite deposition as described above was conducted 

on the silicon bottom cells. As indicated, some cells included a 1 nm LiF interlayer 

between the 18 nm C60 and perovskite, deposited via thermal evaporation. 

Subsequently, 20 nm SnO2, 100 nm IZO (Roth&Rau MicroSys 200 PVD) are 

deposited by ALD and sputtering. For sputtering, the 2 inch ceramic target consisted 

of 90 %wt. In2O3 and 10 %wt. ZnO. At a RF-power of 70 W, the cells oscillated 

under the target to have a uniform deposition. 0.2 %vol O2 was added to the 

chamber. A 100 nm silver frame was evaporated to collect the charge carriers 

without the need of grid fingers. Lastly, 100 nm LiF was evaporated as an 

antireflective coating by thermal evaporation. The active area is defined by the metal 

frame and is slightly larger than 1 cm2. 

 

Solar cell characterization 

Solar cell characterization was done in the Prof. S. Albrecht group at 

Helmholtz-Zentrum, Berlin. Current-voltage characteristics under 1 sun equivalent 

illumination were recorded using a Wavelabs Sinus-70 LED class AAA sun 

simulator in the air, calibrated with a filtered KG3 Silicon reference solar cell 

certified by Fraunhofer ISE. J-V scans were performed as 2-point measurements 

with a Keithley 2400 SMU (4-point measurement with Keithley 2600 for the tandem 

cell), controlled by a measurement control program written in LabView. The single 

junctions were not masked during measurement (due to small differences between 

JSC from integrated EQE and J-V). The voltage values are swept in 20 mV steps 
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with an integration time of 40 ms per point and settling time of 20–40 ms after the 

voltage application (maximum voltage sweep speed of 250 mV/s). EQE spectra 

were recorded with an Oriel Instruments QEPVSI-b system with a Newport 300 W 

xenon arc lamp, controlled by TracQ-Basic software. The white light was filtered 

into monochromatic light by a Newport Cornerstone 260 monochromator with a 

10 nm increment and chopped into a frequency of 78 Hz before being conducted to 

the solar cell surface via optical fibers. The system is calibrated using a Si reference 

cell with known spectral response before every measurement. The electrical 

response of the device under test is measured with a Stanford Research SR830 Lock-

In amplifier (time constant of 0.3 s) and evaluated in TracQ. The typical short-circuit 

current mismatch between integrated external quantum efficiency times AM 1.5G 

irradiance and values from J-V scans is around 1 %. For the Urbach energy 

estimation, the monochromator step size is reduced to 2 nm, and Lock-In integration 

time is increased to 1 s per increment. 

The temperature during continuous MPP tracking was measured with a 

thermocouple attached to the sample’s glass surface. A spectral mismatch M6 for the 

used solar simulator was calculated with typical CsMAFA and MAFA EQE spectra, 

the spectral response of the calibrated reference cell and the spectrum of the solar 

simulator. The small deviations from 1 (M = 0.997 for CsMAFA and 1.005 for 

MAFA) are within the measurement error margins during J-V characterizations; 

thus, the measured JSC values were not corrected by 1/M. No pre-conditioning 

protocols were applied. For some cells, there has been observed a slight rising trend 

in VOC upon multiple J-V scans (or some minutes of light-soaking until 

thermodynamic stabilization). Typically, the PCE value of the PSCs saturates at 

higher values a few days after perovskite processing. 

The pseudo-JVs were deduced from the intensity-dependent QFLS or VOC 

measurements. This was done by calculating the dark-current density from the 

generated current density at a given light intensity in equivalent suns, e.g., 1 sun 

corresponds to 22.0 mA×cm-2, 1 % of a sun to 0.220 mA×cm-2. The obtained dark 

current was then plotted against the measured QFLS or VOC at the given light 

intensity to create a transport/series resistance-free dark JV-curve. This curve was 

then shifted to the JSC in the JV-measurement to create the pseudo-JV curve 

allowing to read of the pseudo- (or implied) FF and VOC of the measured partial cell 

stack (e.g., the neat film or perovskite/transport layer junction) or the complete cell. 

It should be noted that the implied FF is only impacted by the non-radiative (and 

radiative) recombination processes in the studied sample but not by charge transport 

or resistive losses that are induced by the active layer or the transport layers and 

resistances (e.g., the ITO sheet resistance). 

4.2. Film preparation for the long-term stability testing of oxidized HTMs 

Corning Glass 0215 substrates were cleaned by sonication in 2 % Hellmanex 

water solution for 30 min. After rinsing with deionised water and ethanol, the 

substrates were further cleaned by sintering at 500 °C for 30 min and left to cool 

down to room temperature.  



126 

 

The investigated oxidized charge transporting materials with 

bis(trifluoromethane) sulfonimide lithium salt, 4-tert-butylpyridine and tris(2-(1H-

pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] 

additives have been dissolved in acetonitrile (spiro[TFSI], spiro[TFSI]2) or 2-

butanone (V862[TFSI], V862[TFSI]2, V886[TFSI] and V886[TFSI]2) and 

immediately spin-coated onto the glass substrates. Chlorobenzene was not used in 

the spin-coating procedure due to the insufficient solubility of the oxidized materials 

and poor quality of obtained films on the glass substrates. The concentrations of the 

additives and spin-coater parameters are identical to those in literature [22]. The 

thickness of the films was measured to be ~70 nm. The prepared films have been 

encapsulated under inert atmosphere using a second glass substrate and UV curable 

epoxy (Ossila Ltd., UK) for edge sealing. Care has been taken to avoid contact 

between edge sealant and investigated materials, as epoxy dissolves the film of 

HTM. The samples have been kept at RT and 100 °C for 70 days, and UV-vis 

spectra were recorded periodically. MS samples of the investigated films, after 70 

days at 100 °C, have been prepared by breaking open encapsulated sample and 

dissolving the films with acetonitrile. 

 

Preparation of perovskite films containing caesium 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 and analogue without caesium 

MA0.17FA0.83Pb(I0.83Br0.17)3  

The perovskite precursor films were deposited from a precursor solution 

containing FAI 0.0017 g (0.1 M), PbI2 0.051 g (0.11 M), MABr 0.002 g (0.02 M) 

and PbBr2 0.007 g (0.02 M) in anhydrous DMF:DMSO (4:1 volume ratio) (1 ml). 

According to the article, this composition contains a lead excess as reported 

elsewhere [128, 190]. Then, CsI, predissolved as a 0.15 M stock solution in DMSO, 

was added to the mixed perovskite precursor to achieve the desired triple cation 

composition [22]; in the samples without Cs this step was omitted. 

The perovskite solution was spin coated in a two-step program at 1000 and 

6000 rpm for 10 and 25 s, respectively. During the second step, 200 μl of 

chlorobenzene was poured on the spinning substrate 5 s prior to the end of the 

program. Films with Cs-containing perovskite turned dark immediately after spin 

coating. The substrates were then annealed at 100 °C for 1 h in the argon 

atmosphere. 

 

Preparation of MAPbI3 perovskite films 

The MAPbI perovskite precursor solutions were prepared by solubilizing the 

mixture of PbI2 0.092 g (0.1 M) and CH3NH3I 0.032 g (0.1 M) in DMF 2 ml. The 

perovskite solution was spin coated in a two-step program at 1000 and 6000 rpm for 

10 and 25 s, respectively. Then, the substrates were annealed at 100 °C for 1 h. 

 

Preparation of FA0.83Cs0.17Pb(I0.83Br0.17)3 perovskite films 

FACs perovskite was made according to the publication [19]. A solution of 

precursor was prepared with caesium iodide 0.013 g (0.025M), lead bromide 0.021 g 

(0.028 M), formamadinium iodide 0.041 g (0.12 M) and lead iodide 0.108 g 
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(0.117 M). Precursors were dissolved in solution (2 ml) of DMF and DMSO (4:1 

volume ratio) by stirring at 70 °C for 15 minutes. Precursor solution was spread onto 

the substrates and spin coated at 1000 rpm for 10 s (1000 rpm×s-1 ramp), followed 

immediately by 6000 rpm for 35 s. 10 seconds before the end of spin coating, the 

films were solvent quenched with 100 μl of anhydrous anisole. Substrates were 

annealed at 100 °C for 15 minutes. All spin coating occurred at 30–40 % relative 

humidity. 

 

Preparation of MAPbBr3 perovskite films 

MAPbBr3 film was deposited using 1-step deposition method. 0.367 g (0.5 M) 

PbBr2 precursor solution was prepared in 2 ml of DMF and DMSO mixture (4:1 

volume ratio) without stirring at 80 °C for 20 minutes until completely dissolved. 

After cooling down at room temperature, this solution was mixed with 0.111 g 

(0.5 M) of MABr powder to obtain the final solution. The perovskite solution was 

spin coated in a two-step program at 1000 and 4000 rpm for 10 and 40 s, 

respectively. The substrates were then annealed at 100 °C for 3 min to obtain shiny 

and homogenous orange film [191]. 

 

HTM film preparation for stability testing with various perovskites 

The investigated oxidized charge transporting material spiro[TFSI]2 (0.04 g) 

has been dissolved in acetonitrile (2 ml) and immediately spin-coated at 2000 rpm 

for 20 s onto the layer formed from different perovskites. Spiro-MeOTAD (0.027 g) 

has been dissolved in chlorbenzene (2 ml) and immediately spin-coated onto the 

layer formed from different perovskites via spin coating at 2000 rpm for 20 s. 

The thickness of the films was measured to be ~50 nm. All prepared films 

have been encapsulated under inert atmosphere using a second glass substrate and 

UV curable epoxy (Ossila Ltd., UK) for edge sealing. Care has been taken to avoid 

contact between edge sealant and investigated material, as epoxy dissolves the HTM 

film. The samples have been kept at RT in the dark and under ambient light as well 

as at 100 °C in the dark for 56 days, and UV-Vis absorption spectra were recorded 

periodically. 

 

Influence of individual perovskite components on the stability of spiro[TFSI]2 

films  

For the experiments involving interaction between films of oxidized charge 

transporting material spiro[TFSI]2 and organic cations, the appropriate organic 

cation (FAI 0.042 g, 0.5 M or MAI 0.039 g, 0.5 M or MABr 0.028 g, 0.5 M) 

dissolved in 0.5 ml of the mixture of H2O/EtOH (1:1 volume ratio) was deposited on 

top of HTM via spin coating at 2000 rpm for 20 s. A mixture of ethanol and water 

was used as a solvent as not to dissolve the layer of spiro[TFSI]2 that has been 

already deposited. 

 

Qualitative determination of I2 in solution 

6 mg of spiro[TFSI]2 was dissolved in 1 ml of acetonitrile, 3 mg of FAI or 

MAI were added, and the solution changed colour from dark red to yellow. 0.1 ml of 
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the prepared sample was added to 1 ml of 4 % starch solution colouring it in purple, 

indicating that iodine was formed during the reaction. 

 

Preparation of the solutions for the experiments of spiro[TFSI]2 reduction 

with organic cations, monitored via UV-vis absorption spectrometry 

100 ml of 10-4 M (0.01 mmol) spiro[TFSI]2 solution in acetonitrile was divided 

into four 25 ml volumetric flasks. In order for the spiro[TFSI]2 to react fully, two 

equivalents of MAI (0.0025 mmol×158.97 g/mol×2= 0.794 mg), FAI 

(0.0025 mmol×171.97 g/mol×2 = 0.85985 mg) or MABr (0.0025 mmol×111.97 

g/mol×2= 0.55985 mg) were calculated. Stock solution with 5-fold excess of 

appropriate halide was prepared in 1 ml of acetonitrile, and 0.2 ml of the solution 

was added to the spiro[TFSI]2 sample; UV-Vis spectra were recorded before and 

after the addition of the halide solution.  

When 0.2 ml of FAI solution was added to the spiro[TFSI]2 sample, the colour 

of the sample faded. UV was recorded before and after the reaction. 

4.3. Determination of iodine content in the mixtures of spiro[TFSI]2 and FAI by 

iodometric titration 

General procedure 

0.01 N solution of Na2S2O3 in water was prepared using Na2S2O3×5H2O 

fixanal. The sample of spiro[TFSI]2 is dissolved in 1 ml of acetonitrile (dark red 

solution), 5 mg (0.029 mol) of FAI is added to the solution, and it changes the 

colour to yellow. The solution is diluted with 2 ml of H2O, and 5 drops of 4 % starch 

solution are added, turning the starch suspension dark purple. The sample is titrated 

with the prepared sodium thiosulphate solution until the violet colour of the starch 

suspension disappears.  

spiro[TFSI]2 + 2FAI → spiro-OMeTAD + 2FA[TFSI]+ I2 

I2 + Na2S2O3 = 2NaI + Na2S4O6 

Experiment 1 

The violet colour of the sample disappears after 0.71 ml of sodium 

thiosulphate solution was used for titration.  

The amount of sodium thiosulphate in 250 ml of 0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

0.71 ml of sodium thiosulphate 0.01 N solution used in titration is: 

m= 310.225 mg×0.71 ml/250 ml=0.881 mg (0.00355 mmol) 

According to the reaction equation, 0.00355 mmol of spiro[TFSI]2 or 

m=0.00355×1785.77 g/mol= 6.34 mg have reacted with FAI. There has been used 

6.45 mg of spiro[TFSI]2; therefore, X1=6.34 mg×100 %/6.45 mg=98.28 % of the 

starting material have been used up in the reaction. 

Experiment 2 

The violet colour of the sample disappears after 0.7 ml of sodium thiosulphate 

solution was used for titration. The amount of sodium thiosulphate in 250 ml of 

0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

0.7 ml of sodium thiosulphate 0.01 N solution used in titration is:  



129 

 

m= 310.225 mg×0.7 ml/250 ml=0.87 mg (0.00349 mmol) 

According to the reaction equation, 0.00349 mmol of spiro[TFSI]2 or 

m=0.00349×1785.77 g/mol= 6.25 mg have reacted with FAI. There has been used 

6.34 mg of spiro[TFSI]2; therefore, X2=6.25 mg×100 %/6.34 mg=98.58 % of the 

starting material have been used up in the reaction. 

Experiment 3 

The violet colour of the sample disappears after 0.72 ml of sodium 

thiosulphate solution was used for titration. The amount of sodium thiosulphate in 

250 ml of 0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

0.72 ml of sodium thiosulphate 0.01 N solution used in titration is: 

m= 310.225 mg×0.72 ml/250 ml=0.89 mg (0.0036 mmol) 

According to the reaction equation, 0.0036 mmol of spiro[TFSI]2 or 

m=0.0036×1785.77 g/mol= 6.42 mg have reacted with FAI. There has been used 

6.52 mg of spiro[TFSI]2; therefore, X3=6.42 mg×100 %/6.52 mg=98.6 % of the 

starting material have been used up in the reaction. 

 

The experiment was repeated 3 times in total and X1= 98.28 %; X2 = 98.58 %, 

X3=98.6 % gives Xaverage= 98.48 ± 0.18 %, indicating a good correlation between 

amount of spiro[TFSI]2 used and iodine produced during reaction as well as proving 

the validity of the proposed reaction that takes place between spiro[TFSI]2 and FAI. 

 

4.4. Determination of iodine content in the mixtures of spiro[TFSI]2 and MAI 

by iodometric titration 

General procedure  

0.01 N solution of Na2S2O3 in water was prepared using Na2S2O3×5H2O 

fixanal. Sample of spiro[TFSI]2 is dissolved in 1 ml of acetonitrile (dark red 

solution), 5 mg (0.031 mol) of MAI are added to the solution, and it changes colour 

to yellow. The solution is diluted with 2 ml of H2O, and 5 drops of 4 % starch 

solution are added, turning the starch suspension dark purple. The sample is titrated 

with the prepared sodium thiosulphate solution until the violet colour of the starch 

suspension disappears.  

Spiro[TFSI]2 + 2MAI→ Spiro-OMeTAD + 2MA[TFSI]+ I2 

I2 + Na2S2O3 = 2NaI + Na2S4O6 

Experiment 1 

The violet colour of the sample disappears after 0.71 ml of sodium 

thiosulphate solution was used for titration. 

The amount of sodium thiosulphate in 250 ml of 0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

The amount of sodium thiosulphate in 0.71 ml of 0.01 N solution was: 

m= 310.225 mg×0.71 ml/250 ml=0.881 mg (0.00355 mmol) 

According to the reaction equation, 0.00355 mmol of spiro[TFSI]2 or 

m=0.00355×1785.77 g/mol= 6.34 mg have reacted with MAI. There has been used 
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6.37 mg of spiro[TFSI]2; therefore, X1=6.34 mg×100 %/6.37 mg=99.52 % of the 

starting material have been used up in the reaction. 

Experiment 2 

The violet colour of the sample disappears after 0.73 ml of sodium 

thiosulphate solution was used for titration. 

The amount of sodium thiosulphate in 250 ml of 0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

The amount of sodium thiosulphate in 0.73 ml of 0.01 N solution was: 

m= 310.225 mg×0.73 ml/250 ml=0.90 mg (0.00365 mmol) 

According to the reaction equation, 0.00365 mmol of spiro[TFSI]2 or 

m=0.00365×1785.77 g/mol= 6.51 mg have reacted with MAI. There has been used 

6.62 mg of spiro[TFSI]2; therefore, X2 =6.51 mg×100 %/6.62 mg=98.31 % of the 

starting material have been used up in the reaction. 

Experiment 3 

The violet colour of the sample disappears after 0.71 ml of sodium 

thiosulphate solution was used for titration. 

The amount of sodium thiosulphate in 250 ml of 0.01 N solution was:  

m= 0.01 N×124.09 g/eq×0.25 l=0.310225 g 

The amount of sodium thiosulphate in 0.71 ml of 0.01 N solution was: 

m= 310.225 mg×0.71 ml/250 ml=0.881 mg (0.00355 mmol) 

According to the reaction equation, 0.00355 mmol of spiro[TFSI]2 or 

m=0.00355×1785.77 g/mol= 6.34 mg have reacted with MAI. There has been used 

6.49 mg of spiro[TFSI]2; therefore, X3=6.34 mg×100 %/6.49 mg=97.68 % of the 

starting material have been used up in the reaction. 

 

The experiment was repeated 3 times in total and X1= 99.52 %; X2 = 98.31 %, 

X3=97.68 % gives Xaverage= 98.49 ± 0.91 %, indicating a good correlation between 

amount of spiro[TFSI]2 used and iodine produced during the reaction as well as 

proving the validity of the proposed reaction that takes place between spiro[TFSI]2 

and MAI. 

4.5. Materials 

All reagents were purchased from TCI Europe or Aldrich. The organic cations, 

methylammonium iodide (MAI), formamidinium iodide (FAI), methylammonium 

bromide (MABr), were purchased from Dyesol, the lead compounds and 9,9'-[1,2-

phenylenebis(methylene)]bis[N3,N3,N6,N6-tetrakis(4-methoxyphenyl)-9H-carbazole-

3,6-diamine] (V886) from TCI, CsI from abcr GmbH. Diatomaceous earth (Celite 

500 fine, Sigma-Aldrich) was used for filtering where mentioned. 

Tributyl(5-methoxythiophen-2-yl)stannane was synthesized according to the 

literature [192]; 9,9'-(thiene-2,5-diyldimethylylidene)bis[N,N,N',N'-tetrakis(4-

methoxyphenyl)-9H-fluorene-2,7- diamine] (V862) was synthesized according to 

the literature [132]. Diethyl (2-(1,3-dioxoisoindolin-2-yl)ethyl)phosphonate and 

Diethyl (2-aminoethyl)phosphonate were synthesized according to the literature 

[193].  
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4-hexyl-4H-dithieno[3,2-b:2',3'-d]pyrrole (1)  

Under argon atmosphere, a mixture of 3,3′-dibromo-2,2′-

bithiophene (4 g, 12.3 mmol), palladium (II) acetate (0.14 g, 

0.62 mmol), (±)-BINAP (0.77 g, 1.23 mmol) and sodium tert-

butoxide (2.93 g, 29.6 mmol) was dissolved in anhydrous toluene 

(30 ml). After stirring for 10 min, 1-hexylamine (3.4 ml, 

13.6 mmol) was added to the reaction mixture, and the solution 

was stirred for 20 hours at 110 °C temperature (TLC: n-hexane). 

The mixture was extracted with ethyl acetate. The organic layer 

was washed three times with water, dried over anhydrous Na2SO4, 

filtered, and the solvent was removed under reduced pressure [67]. The material was 

purified by column chromatography on silica gel with hexane and dried under 

vacuum to give a colourless crystal (82 %, 2.67 g). M.p. 45–46 °C 
1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 5.3 Hz, 2H, Ht 2,6-H), 6.97 (d, J = 5.3 

Hz, 2H, Ht 3,5-H), 4.15 (t, J = 7.1 Hz, 2H, NCH2), 1.83 (quin, J = 7.0 Hz, 2H, CH2), 

1.35–1.20 (m, 6H, 3× CH2), 0.85 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 145.06, 122.85, 114.72, 111.07, 47.53, 31.54, 30.45, 

26.78, 22.63, 14.13. 

Anal. calcd. for C14H17NS2, %: C 63.84, H 6.51, N 5.32; found, %: C 63.97, H 6.36, 

N 5.45. 

 

2,6-dibromo-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (2)  

4-hexyl-4H-dithieno[3,2-b:2',3'-d]pyrrole (0.8 g, 3.07 mmol) 

was dissolved in dichloromethane (12 ml) and cooled in an 

ice-water bath. Then, N-bromosuccinimide (1.16 g, 

6.56 mmol) solution in DMF (3 ml) was added dropwise 

into the reaction mixture, and the solution was stirred for 

1 hours in an ice-water bath and 2 hours at 20 °C 

temperature (TLC: n-hexane). The mixture was extracted 

with dichloromethane. The organic layer was washed three 

times with water, dried over anhydrous Na2SO4, filtered, and the solvent was 

removed under reduced pressure [79]. The material was purified by column 

chromatography (acetone/ n-hexane 1:49 v/v) to give a white solid (73 %, 0.94 g). 

M.p. polymerized by heating. 
1H NMR (400 MHz, CDCl3) δ 7.01 (s, 2H, Ht 3,5-H), 4.06 (t, J = 7.1 Hz, 2H, 

NCH2), 1.86–1.74 (m, 2H, CH2), 1.34–1.21 (m, 6H, 3× CH2), 0.87 (t, J = 6.8 Hz, 

3H, CH3).  
13C NMR (100 MHz, CDCl3) δ 141.58, 114.84, 114.36, 109.86, 47.70, 31.49, 30.37, 

26.71, 22.61, 14.13. 

Anal. calcd. for C14H15Br2NS2, %: C 39.92, H 3.59, N 3.33; found, %: C 40.05, H 

3.53, N 3.39. 
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2,6-dichloro-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (3)  

4-hexyl-4H-dithieno[3,2-b:2',3'-d]pyrrole (1) (0.5 g, 1.85 mmol) 

was dissolved in dichloromethane (10 ml) and cooled mixture 

until 0 °C in an ice-water bath. Then, N-chlorosuccinimide 

(0.530 g, 3.99 mmol) was added into the mixture, and the 

solution was stirred for 1 hours in an ice-water bath and 2 hours 

at 20 °C temperature (TLC: n-hexane). The mixture was 

extracted with dichloromethane. The organic layer was washed 

three times with water, dried over anhydrous Na2SO4, filtered, and the solvent was 

removed under reduced pressure. The material was purified by column 

chromatography with hexane and dried under vacuum to give white crystals (68 %, 

0.430 g). M.p. 76–77 °C 
1H NMR (400 MHz, CDCl3) δ 6.90 (s, 2H, Ht 3,5-H), 4.06 (t, J = 7.1 Hz, 2H, 

NCH2), 1.79 (quin, J = 7.0 Hz, 2H, CH2), 1.35–1.21 (m, 6H, 3× CH2), 0.92–0.78 (m, 

3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 140.09, 127.38, 112.13, 111.14, 47.66, 31.50, 30.36, 

26.71, 22.61, 14.12. 

Anal. calcd. for C14H15Cl2NS2, %: C50.60, H 4.55, N 4.22; found, %: C 50.69, H 

4.72, N 4.05. 

 

4-hexyl-2-methoxy-4H-bisthieno[3,2-b:2',3'-d]pyrrole (4) 

Under argon atmosphere, Na (0.55 g, 23.74 mmol) was 

dissolved in anhydrous methanol (6.5 ml, 159.3 mmol); 

afterwards, compound (2) (0.5 g, 1.18 mmol) dissolved in 

anhydrous DMF (3 ml) and CuI (0.926 g 4.838 mmol) were 

added into the reaction mixture. The solution was stirred for 

24 hours at 80 °C temperature under argon atmosphere. After 

the termination of the reaction (TLC: acetone/ n-hexane 4:21 

v/v), the mixture was diluted with THF and filtered through 

Celite. The solvent was partially removed until ~10 ml of mixture remained. The 

mixture was extracted with dichloromethane. The organic layer was washed three 

times with water, dried over anhydrous Na2SO4, filtered, and the solvent was 

removed under reduced pressure. The material was purified by column 

chromatography on silica gel with hexane and dried under vacuum to give a white 

solid (9 %, 0.03 g). 
1H NMR (400 MHz, CDCl3) δ 6.98 (d, J = 5.3 Hz, 1H, Ht), 6.95 (d, J = 5.3 Hz, 1H, 

Ht), 6.26 (s, 1H, Ht H-3), 4.09 (t, J = 7.1 Hz, 2H, NCH2), 3.94 (s, 3H, OCH3), 1.84–

1.79 (m, 2H, CH2), 1.32–1.26 (m, 6H, 3× CH2), 0.88–0.84 (m, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 165.06, 141.99, 139.90, 122.88, 120.65, 111.08, 

110.89, 91.00, 60.84, 47.45, 31.56, 30.46, 26.77, 22.65, 14.15. 

Anal. calcd. for C15H19NOS2, %: C 61.40, H 6.53, N 4.77; found, %: C 61.28, H 

6.42, N 4.93. 
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4-hexyl-2,6-dinitro-4H-bisthieno[3,2-b:2',3'-d]pyrrole (5)  

4-hexyl-4H-dithieno[3,2-b:2',3'-d]pyrrole (1) (1 g, 

3.8 mmol) was dissolved in chloroform (10 ml); then, 

acetic anhydride (10ml) and copper(II) nitrate (0.66 g, 

7.6 mmol) were added. After 10 minutes, 65 % HNO3 

(0.1 ml, 1.42 mmol) was added, and the solution was 

stirred at 20 °C for 1 hour (TLC: acetone/ n-hexane 3:22 

v/v). The mixture was neutralized with 20 % K2CO3 

solution (50 ml) and extracted with chloroform. The 

organic layer was washed three times with water, dried over anhydrous Na2SO4, 

filtered, and the solvent was removed under reduced pressure. The material was 

purified by column chromatography (acetone/ n-hexane 2:23 v/v) to give a yellowish 

powder (22 %, 0.3 g).  
1H NMR (400 MHz, CDCl3) δ 7.99 (s, 2H, Ht 3,5-H), 4.27 (t, J = 7.1 Hz, 2H, 

NCH2), 1.91 (quin, J = 7.1 Hz, 2H, CH2), 1.38–1.27 (m, 6H, 3× CH2), 0.88 (t, J = 

6.8 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 151.98, 143.38, 118.71, 112.73, 48.10, 31.37, 30.30, 

26.75, 22.56, 14.07. 

Anal. calcd. for C14H15N3O4S2, %: C 47.58, H 4.28, N 11.98; found, %: C 47.65, H 

4.36, N 12.07. 

 

4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole-2,6-diamine (6) 

4-hexyl-2,6-dinitro-4H-bisthieno[3,2-b:2',3'-d]pyrrole (5) 

(0.28 g 0.79 mmol) and 10 % Pd/C (0.08 g 0.08 mmol) were 

mixed in 25 ml ethanol under argon atmosphere. 65 % 

Hydrazine hydrate (0.5 ml 10.37 mmol) was then added 

dropwise, and the resulting mixture was refluxed for 3 hours 

(TLC: acetone/ n-hexane 1:4 v/v). After cooling to room 

temperature, the mixture was diluted with THF and filtered 

through Celite, the solvent was removed under reduced pressure. The material was 

purified by column chromatography (acetone/ n-hexane 1:4 v/v) to give a brown 

resin (17 %, 0.04 g). 
1H NMR (400 MHz, DMSO-d6) δ 7.02 (s, 2H, Ht 3,5-H), 4.30–3.94 (s, 4H, 2× NH2), 

3.86 (t, J = 8.1 Hz, 2H, NCH2), 1.51–1.42 (m, 2H, CH2), 0.93–0.78 (m, 6H, 3× 

CH2), 0.66 (t, J = 7.1 Hz, 3H, CH3). 
13C NMR (100 MHz, DMSO-d6) δ 142.91, 131.59, 114.18, 107.87, 46.24, 31.23, 

24.57, 22.65, 21.27, 14.91. 

Anal. calcd. for C14H15N3O4S2, %: C 57.30, H 6.53, N 14.32; found, %: C 57.46, H 

6.68, N 14.43. 
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4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole-2-carbaldehyde (7)  

To a cooled (-5 °C) N,N-dimethylformide (1.17 ml, 

15.18 mmol), phosphorus(V) oxychloride (1.05 ml, 

11.38 mmol) was added dropwise. After the mixture was 

diluted with dichloromethane (50 ml), 4-hexyl-4H-

dithieno[3,2-b:2',3'-d]pyrrole (2 g, 7.59 mmol) was added, 

and the solution was stirred for 1 hour in an ice-water bath 

and 1 hour at 20 °C temperature. Subsequently, saturated 

sodium acetate aqueous solution (20 ml) was added. The 

mixture was further stirred at room temperature for 2 h 

(TLC: acetone/ n-hexane 1:24 v/v), extracted with dichloromethane. The organic 

layer was washed three times with water and dried over anhydrous Na2SO4, filtered, 

and the solvent was removed under reduced pressure. The material was purified by 

column chromatography (acetone/ n-hexane 2:23 v/v) to give yellowish solid (98 %, 

2.16 g). 
1H NMR (400 MHz, CDCl3) δ 9.86 (s, 1H, CHO), 7.64 (s, 1H, Ht H-3), 7.37 (d, J = 

5.3 Hz, 1H, Ht), 7.01 (d, J = 5.3 Hz, 1H, Ht), 4.21 (t, J = 7.1 Hz, 2H, NCH2), 1.88 

(quin, J = 7.1 Hz, 2H, CH2), 1.33–1.26 (m, 6H, 3× CH2), 0.90–0.82 (m, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 183.13, 149.32, 144.40, 140.17, 128.63, 123.38, 

119.55, 115.07, 111.01, 47.64, 31.47, 30.36, 26.77, 22.60, 14.10. 

Anal. calcd. for C15H17NOS2, %: C 61.82, H 5.88, N 4.81; found, %: C 61.69, H 

5.95, N 4.94. 

 

6-bromo-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole-2-carbaldehyde (8) 

4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole-2-

carbaldehyde (7) (2 g, 6.87 mmol) was dissolved in 

dichloromethane (100 ml), and the mixture was cooled 

to 0 °C in an ice-water bath. Then, NBS (1.28 g, 

7.21 mmol) was added into the reaction mixture in 

proportions, and the solution was stirred for 1 hour in an 

ice-water bath and 1 hour at 20 °C temperature (TLC: 

acetone/ n-hexane 2:23 v/v). The mixture was diluted 

with dichloromethane and extracted with water. The 

organic layer was washed three times with water and dried over anhydrous Na2SO4, 

filtered, and the solvent was removed under reduced pressure. The material was 

purified by column chromatography (acetone/ n-hexane 1:9 v/v) to give yellowish oil 

(87 %, 2.21 g). 
1H NMR (400 MHz, CDCl3) δ 9.85 (s, 1H, CHO), 7.61 (s, 1H, Ht), 7.06 (s, 1H, Ht), 

4.15 (t, J = 7.1 Hz, 2H, NCH2), 1.90–1.79 (m, 2H, CH2), 1.34–1.25 (m, 6H, 3× 

CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 183.06, 146.73, 143.35, 140.47, 122.95, 119.41, 

115.65, 115.07, 114.39, 47.72, 31.44, 30.31, 26.73, 22.58, 14.09. 

Anal. calcd. for C15H16BrNOS2, %: C 48.65, H 4.36, N 3.78; found, %: C 48.69, H 

4.51, N 3.86. 
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4-hexyl-2,6-bis(5-methylthiophen-2-yl)-4H-bisthieno[3,2-b:2',3'-d]pyrrole (9)  

A solution of 2,6-dibromo-4-hexyl-4H-bisthieno[3,2-

b:2',3'-d]pyrrole (2) (0.5 g, 1.19 mmol) and 5-methyl-2-

thienylboronic acid (0.51 g, 3.56 mmol) in THF (10 ml) 

was mixed with argon-purged 2°N aqueous K2CO3 

solution (2.7 ml) and stirred under argon atmosphere. 

After 10 min, Pd(PPh3)4 (0.06 g, 0.30 mmol) was added, 

and the solution was stirred at 40 °C temperature 

overnight (TLC: acetone/ n-hexane 1:49 v/v). The 

solution was allowed to cool to room temperature; the mixture was filtered through 

Celite. The solvent was partially removed under reduced pressure until ~10 ml of 

mixture remained. The mixture was extracted with dichloromethane. The organic 

layer was washed three times with water and dried over anhydrous Na2SO4, filtered; 

the solvent was removed under reduced pressure. The material was purified by 

column chromatography on silica gel with hexane to give a yellow solid (52 %, 

0.28 g). M.p 115–116 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.39 (s, 2H, Ht 3,5-H), 7.07 (d, J = 3.5 Hz, 2H, Ht 

Thio), 6.77 (d, J = 3.5 Hz, 2H, Ht Thio), 4.26 (t, J = 7.0 Hz, 2H, NCH2), 2.45 (s, 6H, 

2× CH3), 1.77 (quin, J = 7.0 Hz, 2H, CH2), 1.32–1.13 (m, 6H, 3× CH2), 0.82 (t, J = 

6.7 Hz, 3H, CH3). 
13C NMR (100 MHz, DMSO-d6) δ 144.34, 138.25, 135.78, 134.18, 126.51, 122.89, 

112.33, 107.82, 46.39, 30.78, 29.80, 25.85, 22.06, 14.99, 13.86. 

Anal. calcd. for C24H25NS4, %: C 63.26, H 5.53, N 3.07; found, %: C 63.09, H 5.65, 

N 3.19. 

 

4-hexyl-2,6-bis(4-methoxyphenyl)-4H-bisthieno[3,2-b:2',3'-d]pyrrole (10)  

A solution of 2,6-dibromo-4-hexyl-4H-

bisthieno[3,2-b:2',3'-d]pyrrole (2) (0.3 g, 

0.71 mmol) and 4-methoxyphenylboronic acid 

(0.32 g, 2.14 mmol) in THF (10 ml) was mixed 

with argon-purged 2N aqueous K2CO3 solution 

(2.7 ml) and stirred under argon atmosphere. 

After 10 min, Pd(PPh3)4 (0.04 g, 0.18 mmol) was 

added, and the solution was refluxed overnight 

(TLC: acetone/ n-hexane 3:22 v/v). The solution was allowed to cool to room 

temperature; the mixture was filtered through Celite. The solvent was partially 

removed under reduced pressure until ~10 ml of mixture remained. The mixture was 

extracted with dichloromethane. The organic layer was washed three times with 

water, dried over anhydrous Na2SO4, filtered, and the solvent was removed under 

reduced pressure. The material was purified by column chromatography (acetone/ n-

hexane 1:24 v/v) to give a yellow solid (83 %, 0.28 g). M.p 160–161 °C 
1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.0 Hz, 4H, Ar), 7.09 (s, 2H, Ht 3,5-H), 

6.91 (d, J = 8.8 Hz, 4H, Ar), 4.15 (t, J = 7.1 Hz, 2H, NCH2), 3.83 (s, 6H, 2× OCH3), 

1.94–1.80 (m, 2H, CH2), 1.41–1.23 (m, 6H, 3× CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 
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13C NMR (100 MHz, CDCl3) δ 159.11, 128.83, 128.70, 126.75, 114.48, 113.87, 

106.10, 105.82, 55.51, 47.45, 31.60, 30.52, 26.85, 22.67, 14.17. 

Anal. calcd. for C28H29NO2S2, %: C 70.70, H 6.15, N 2.94; found, %: C 70.79, H 

6.22, N 2.79. 

 

2,6-bis(4-tert-butylphenyl)-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (11) 

A solution of 2,6-dibromo-4-hexyl-4H-

bisthieno[3,2-b:2',3'-d]pyrrole (2) (0.5 g, 

1.19 mmol) and 4-tert-butylphenylboronic acid 

(0.63 g, 3.56 mmol) in THF (10 ml) was mixed with 

argon-purged 2N aqueous K2CO3 solution (2.7 ml) 

and stirred under argon atmosphere. After 10 min, 

Pd(PPh3)4 (0.06 g, 0.30 mmol) was added, and the 

solution was refluxed overnight (TLC: acetone/ n-

hexane 1:24 v/v). The solution was allowed to cool to room temperature; the mixture 

was filtered through Celite. The solvent was partially removed under reduced 

pressure until ~10 ml of mixture remained. The mixture was extracted with 

dichloromethane. The organic layer was washed three times with water, dried over 

anhydrous Na2SO4, filtered, and the solvent was removed under reduced pressure. 

The material was purified by column chromatography on silica gel with hexane to 

give a yellow solid (58 %, 0.36 g) M.p. 216–218 °C 
1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 8.0 Hz, 4H, Ar), 7.40 (d, J = 8.1 Hz, 4H, 

Ar), 7.17 (s, 2H, Ht 3,5-H), 4.15 (t, J = 7.1 Hz, 2H, NCH2), 1.87 (quin, J = 7.1 Hz, 

2H, CH2), 1.34 (s, 18H, 6× CH3), 1.31–1.22 (m, 6H, 3× CH2), 0.90–0.82 (m, 3H, 

CH3). 
13C NMR (100 MHz, CDCl3) δ 150.35, 144.97, 141.91, 133.03, 125.97, 125.20, 

114.32, 106.63, 47.43, 34.73, 31.60, 31.43, 30.51, 26.85, 22.66, 14.18. 

Anal. calcd. for C34H41NS2, %: C 77.37, H 7.83, N 2.65; found, %: C 77.54, H 7.70, 

N 2.51. 

 

2,6-bis(4-ethenylphenyl)-4-hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (12)  

A solution of 2,6-dibromo-4-hexyl-4H-

bisthieno[3,2-b:2',3'-d]pyrrole (2) (0.5 g, 

1.19 mmol) and 4-vinylphenylboronic acid 

(0.53 g, 3.56 mmol) in THF (10 ml) was mixed 

with argon-purged 2 N aqueous K2CO3 solution 

(2.7 ml) and stirred under argon atmosphere. 

After 10 min, Pd(PPh3)4 (0.06 g, 0.30 mmol) was 

added, and the solution was stirred at 50 °C 

temperature for 5 h (TLC: acetone/ n-hexane 1:49 v/v). The solution was allowed to 

cool to room temperature; the mixture was filtered through Celite. The solvent was 

partially removed under reduced pressure until ~10 ml of mixture remained. The 

mixture was extracted with dichloromethane. The organic layer was washed three 

times with water, dried over anhydrous Na2SO4, filtered, and the solvent was 

removed under reduced pressure. The material was purified by column 
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chromatography on silica gel with hexane to give a yellow solid (49 %, 0.26 g). M.p. 

179–181 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.82 (s, 2H, Ht 3,5-H), 7.67 (d, J = 8.1 Hz, 4H, 

Ar), 7.52 (d, J = 8.2 Hz, 4H, Ar), 6.75 (dd, J = 17.6, 10.9 Hz, 2H, 2× CH), 5.86 (d, J 

= 17.6 Hz, 2H, CH2), 5.28 (d, J = 11.0 Hz, 2H, CH2), 4.32 (t, J = 7.0 Hz, 2H, 

NCH2), 1.84 (quin, J = 7.0 Hz, 2H, CH2), 1.32–1.17 (m, 6H, 3× CH2), 0.82 (t, J = 

6.9 Hz, 3H, CH3). 
13C NMR (100 MHz, DMSO-d6) δ 145.31, 140.49, 136.09, 135.93, 134.52, 126.86, 

124.79, 114.14, 113.33, 108.62, 46.53, 30.83, 29.81, 25.94, 22.07, 13.87. 

Anal. calcd. for C30H29NS2, %: C 77.04, H 6.25, N 2.99; found, %: C 77.21, H 6.11, 

N 3.15. 

 

Under argon atmosphere, a mixture of 2,6-dibromo-4-hexyl-4H-bisthieno[3,2-

b:2',3'-d]pyrrole (2) (0.5 g, 1.19 mmol), 2-(tributylstannyl)thiophene (0.95 ml, 

2.97 mmol) and Pd(PPh3)4 (0.025 g, 0.12 mmol) was dissolved in anhydrous toluene 

(10 ml), and the solution was refluxed overnight. The solution was allowed to cool 

to room temperature; the mixture was filtered through Celite; the solvent was 

removed under reduced pressure. The mixture was purified by column 

chromatography on silica gel with hexane and dried under vacuum to give two main 

products: 13(22 %, 0.11 g) yellow solids and 14 (5 %, 0.04 g) yellow solids. 

 

4-hexyl-2,6-di(thiophen-2-yl)-4H-bisthieno[3,2-b:2',3'-d]pyrrole (13) 

M.p. 105–107 °C 
1H NMR (400 MHz, CDCl3) δ 7.11 (t, J = 3.6 Hz, 4H, 

Ht Thio), 6.98 (s, 2H, Ht 3,5-H), 6.94 (dd, J = 4.9, 3.8 

Hz, 2H, Ht Thio), 4.07 (t, J = 7.1 Hz, 2H, NCH2), 1.79 

(quin, J = 7.1 Hz, 2H, CH2), 1.30–1.19 (m, 6H, 3× 

CH2), 0.80 (t, J = 7.0 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 144.62, 138.99, 135.06, 

128.02, 123.99, 123.11, 114.08, 107.59, 47.52, 31.57, 

30.48, 26.80, 22.68, 14.17. 

Anal. calcd. for C22H21NS4, %: C 61.79, H 4.95, N 3.28; found, %: C 61.75, H 5.09, 

N 3.14. 

 

4,4'-dihexyl-6,6'-di(thiophen-2-yl)-4H,4'H-2,2'-bibisthieno[3,2-b:2',3'-d]pyrrole 

(14) 
1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 4.9 Hz, 

4H, Ht Thio), 7.07 (s, 4H, Ht), 7.03 (dd, J = 5.0, 

3.7 Hz, 2H, Ht Thio), 4.18 (t, J = 7.1 Hz, 4H, 2× 

NCH2), 1.90 (quin, J = 7.1 Hz, 4H, 2×CH2), 1.42–

1.28 (m, 12H, 6× CH2), 0.93–0.85 (m, 6H, 2× 

CH3). 
13C NMR (100 MHz, CDCl3) δ 179.09, 149.42, 

144.80, 137.74, 131.63, 128.05, 126.92, 125.54, 

123.99, 123.08, 118.60, 106.72, 47.56, 31.59, 
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30.50, 26.82, 22.70, 14.19. 

Anal. calcd. for C36H36N2S6, %: C 62.75, H 5.2, N 4.07; found, %: C 62.86, H 5.42, 

N 4.01. 

 

4-hexyl-2,6-bis(5-methoxythiophen-2-yl)-4H-bisthieno[3,2-b:2',3'-d]pyrrole (15) 

Under argon atmosphere, a mixture of 2,6-dibromo-4-

hexyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (2) (0.99 g, 

2.36 mmol), tributyl(5-methoxythiophen-2-yl)stannane 

(1.8 g) and Pd(PPh3)4 (0.053 g, 0.24 mmol) was 

dissolved in anhydrous toluene (35 ml), and the solution 

was stirred for 10 hours at 90 °C (TLC: acetone/ n-

hexane 1:49 v/v). The solution was allowed to cool to 

room temperature; the mixture was filtered through 

Celite; the solvent was removed under reduced pressure. 

The material was purified by column chromatography (acetone/ n-hexane 1:24 v/v) 

to give a brown solid (5 %, 0.06 g). 
1H NMR (400 MHz, CDCl3) δ 7.26 (s, 2H, Ht 3,5-H), 7.11 (d, J = 3.5 Hz, 2H, Ht 

Thio), 6.86 (d, J = 3.5 Hz, 2H, Ht Thio), 4.09 (t, J = 7.1 Hz, 2H, NCH2), 3.89 (s, 6H, 

2× OCH3), 1.78 (quin, J = 7.1 Hz, 2H, CH2), 1.29–1.20 (m, 6H, 3× CH2), 0.82 (t, J = 

7.0 Hz, 3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 143.96, 138.56, 134.89, 125.68, 121.98, 121.12, 

111.91, 107.34, 58.21, 31.27, 30.28, 26.33, 22.54, 15.47, 14.34. 

Anal. calcd. for C24H25NO2S4, %: C 59.11, H 5.17, N 2.87; found, %: C 58.94, H 

5.28, N 2.95. 

 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

bis(trifluoromethane)sulfonimide salt (Spiro[TFSI]) (16)  

The compound was synthesized according to the 

literature [109] [131]. 

M.p. 217–219 °C 
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2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

dibis(trifluoromethane)sulfonimide salt (Spiro[TFSI]2) (17) 

The compound was synthesized according to the 

literature [128]. 

M.p. 213–215 °C 

 

 

 

 

 

 

 

9,9'-(thiene-2,5-diyldimethylylidene)bis[N,N,N',N'-tetrakis(4-methoxyphenyl)-9H-

fluorene-2,7- diamine] bis(trifluoromethane)sulfonimide salt (V862[TFSI]) (18) 

The V862 (0.4 g, 0.297 mmol) was dissolved in 

chlorobenzene (23 ml). Silver 

trifluoromethylsulfonylamide (0.115 g, 

0.297 mmol) was dissolved in 1 ml of methanol 

and added to the reaction. The mixture was stirred 

overnight, after which it was filtered through 

Celite. The solvent was partially removed under 

reduced pressure until ~10 ml of the mixture 

remained. The remaining solution was diluted in 

Toluene (100 ml) and kept at 0 °C overnight. A 

fine black powder was collected via filtration and washed with cold toluene. Then, 

the resulting powder was dissolved in warm methanol (20 mg/ml), placed in the 

refrigerator overnight; the resulting black precipitate was collected via filtration and 

washed with cold methanol. The powder was dried at 35 °C overnight to give dark 

yellow crystals (52 %, 0.250 g). M.p. 128–130 °C  

Anal. calcd for C90H72F6N5O12S3, %: C 66.49, H 4.46, N 4.31, found, %: C 66.32, H 

4.52, N 4.45. 

 

9,9'-(thiene-2,5-diyldimethylylidene)bis[N,N,N',N'-tetrakis(4-methoxyphenyl)-9H-

fluorene-2,7- diamine] dibis(trifluoromethane)sulfonimide salt (V862[TFSI]2) (19) 

The V862 (0.4 g, 0.297 mmol) was dissolved in 

chlorobenzene (23 ml). Silver 

trifluoromethylsulfonylamide (0.330 g, 

0.594 mmol) was added to the reaction. The 

mixture was stirred overnight, after which it was 

filtered through Celite. The solvent was removed 

under reduced pressure. The powder was dried at 

35 °C overnight to give dark yellow crystals 

(92 %, 0.52 g). M.p. 106–108 °C  

Anal. calcd for C92H72F12N6O16S5, %: C 57.98, H 

3.81, N 4.41, found, %: C 58.13, H 3.76, N 4.63. 
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1,2-Bis[3,6-(4,4`-dimethoxydiphenylamino)-9H-carbazol-9-methyl]benzene 

bis(trifluoromethane)sulfonimide salt (V886[TFSI]) (20) 

The V886 (0.4 g, 0.297 mmol) was dissolved in 

chlorobenzene (23 ml). Silver 

trifluoromethylsulfonylamide (0.115 g, 

0.297 mmol) was dissolved in 1 ml of methanol 

and added to the reaction. The mixture was stirred 

overnight, after which it was filtered through 

Celite. The solvent was partially removed under 

reduced pressure until ~10 ml of the mixture 

remained. The remaining solution was diluted 

with toluene (100 ml) and kept at 0 °C overnight. A fine black powder was collected 

via filtration and washed with cold toluene. The resulting powder was then dissolved 

in warm methanol (20 mg/ml), placed in the refrigerator overnight; the resulting 

black precipitate was collected via filtration and washed with cold methanol. The 

powder was dried at 35 °C overnight to give dark pink crystals (58 %, 0.280 g). M.p. 

198–199 °C  

Anal. calcd for C90H76F6N7O12S2, %: C 66.49, H 4.71, N 6.03, found, %: C 66.58, H 

4.86, N 5.98. 

 

1,2-Bis[3,6-(4,4`-dimethoxydiphenylamino)-9H-carbazol-9-methyl]benzene 

dibis(trifluoromethane)sulfonimide salt (V886[TFSI]2) (21) 

The V886 (0.4 g, 0.297 mmol) was dissolved 

in chlorobenzene (23 ml). Silver 

trifluoromethylsulfonylamide (0.330 g, 

0.594 mmol) was added to the reaction. The 

mixture was stirred overnight, after which it 

was filtered through Celite. The solvent was 

removed under reduced pressure. The powder 

was dried at 35 °C overnight to give dark blue 

crystals (94 %, 0.530 g). M.p. 96–98 °C  

Anal. calcd for C92H72F12N6O16S4, %: C 57.98, 

H 4.02, N 5.88, found, %: C 57.76, H 4.17, N 5.95. 

 

Pyridination of oxidized spiro-MeOTAD 

Spiro[TFSI]2 (0.5 g, 0.28 mmol) was dissolved in 4-tert-butylpyridine (3 ml) and 

stirred at 60 °C for 24 h. After the reaction has ended (TLC acetone/ n-hexane, 2:3 

v/v), 4-tert-butylpyridine was removed under vacuum, and residue was purified by 

column chromatography (acetone/ n-hexane, 8:17 v/v) yielding 0.18 g (48 %) of 

pyridinated spiro-MeOTAD and 0.16 g (46 %) of spiro-MeOTAD. 
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4-tert-butyl-1-{2,2',7,7'-tetrakis[bis(4-methoxyphenyl)amino]-9,9'-spirobi[fluoren]-

4- yl}pyridin-1-ium (22) 
1H NMR (400 MHz, DMSO-d6) δ 9.04 (d, J = 6.9 Hz, 

2H, Ht), 8.21 (d, J = 7.0 Hz, 2H, Ht), 7.58–7.46 (m, 

4H, Ar), 7.34 (d, J = 2.7 Hz, 1H, Ar), 7.24 (d, J = 9.2 

Hz, 1H, Ar), 7.10 (dd, J = 9.0, 2.7 Hz, 1H, Ar), 6.98–

6.75 (m, 29H, Ar), 6.70 (dd, J = 8.3, 2.0 Hz, 3H, Ar), 

6.30 (d, J = 1.8 Hz, 1H, Ar), 6.19 (d, J = 1.6 Hz, 3H, 

Ar), 3.84–3.62 (m, 24H, 8× OCH3), 1.36 (s, 9H, 3× 

CH3).  
13C NMR (100 MHz, DMSO-d6) δ 171.40, 155.92, 

155.35, 155.28, 149.60, 149.20, 147.53, 147.15, 

146.08, 145.72, 141.04, 140.34, 140.32, 139.58, 

135.32, 133.96, 133.52, 131.14, 126.32, 126.30, 

126.26, 126.23, 125.67, 125.56, 124.71, 121.32, 121.30, 120.85, 120.52, 120.30, 

115.52, 114.91, 114.70, 65.03, 56.57, 55.24, 55.20, 40.19, 36.53, 29.40.  

MS (APCI) m/z [M+H]+ = 1359. 

Anal. calcd for C9H80F6N6O12S2, %: C 67.39, H 4.92, N 5.13, found, %: C 67.22, H 

5.05, N 4.91. 

 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene  
1H NMR (400 MHz, DMSO-d6) δ 7.41 (d, J = 8.3 Hz, 

4H, Ar), 6.81 (dd, J = 9.0 Hz, 32H, Ar), 6.67 (d, J = 8.5, 

4H, Ar), 6.20 (s, 4H, Ar), 3.69 (s, 24H, 8× OCH3). 
13C NMR (100 MHz, DMSO-d6) δ 155.72, 149.87, 

147.63, 140.89, 134.44, 126.00, 121.35, 120.71, 116.14, 

115.14, 65.44, 55.63. 

MS (APCI) m/z [M+H]+ = 1225. 

Anal. calcd for C81H68N4O8, %: C 79.39, H 5.59, N 4.57, 

found, %: C 79.15, H 5.40, N 4.71. 

 

Reduction of oxidized spiro-MeOTAD with FAI 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene  

Spiro[TFSI]2 (0.1 g, 0.056 mmol) was dissolved in 

acetonitrile (5 ml); formamidinium iodide (0.05 g, 

0.29 mmol) was added, and the reaction mixture was 

stirred at room temperature for 10 min. After the 

reaction has ended (TLC acetone: n-hexane, 2:3), the 

precipitate was collected and purified by column 

chromatography (acetone/ n-hexane, 1:4 v/v), yielding 

0.067 g (98 %) of spiro-MeOTAD.  

 
1H NMR (400 MHz, DMSO-d6) δ 7.41 (d, J = 8.3 Hz, 

4H, Ar), 6.81 (dd, J = 9.0 Hz, 32H, Ar), 6.67 (d, J = 8.5, 

4H, Ar), 6.20 (s, 4H, Ar), 3.69 (s, 24H, 8× OCH3).  
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13C NMR (100 MHz, DMSO-d6) δ 155.72, 149.87, 147.63, 140.89, 134.44, 126.00, 

121.35, 120.71, 116.14, 115.14, 65.45, 55.63. 

MS (APCI) m/z [M+H]+ = 1225.  

Anal. calcd for C81H68N4O8, %: C 79.39, H 5.59, N 4.57, found, %: C 79.21, H 5.47, 

N 4.65. 

 

Reduction of oxidized spiro-MeOTAD with MAI 

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene 

Spiro[TFSI]2 (0.1 g, 0.056 mmol) was dissolved in 

acetonitrile (5 ml); methylammonium iodide (0.09 g, 

0.56 mmol) was added, and the reaction mixture was 

stirred at room temperature for 10 min. After the reaction 

has ended (TLC acetone: n-hexane, 2:3 v/v), the 

precipitate was collected and purified by column 

chromatography (acetone/ n-hexane, 1:4 v/v), yielding 

0.062 g (90 %) of spiro-MeOTAD.  
1H NMR (400 MHz, DMSO-d6) δ 7.41 (d, J = 8.3 Hz, 4H, 

Ar), 6.81 (d, J = 9.0 Hz, 32H, Ar), 6.67 (d, J = 8.5 Hz, 

4H, Ar), 6.20 (s, 4H, Ar), 3.69 (s, 24H, 8× OCH3). 
13C NMR (100 MHz, DMSO-d6) δ 155.72, 149.87, 147.63, 140.89, 134.44, 126.00, 

121.35, 120.71, 116.14, 115.14, 65.45, 55.63. 

MS (APCI) m/z [M+H]+ = 1225. 

Anal. calcd for C81H68N4O8, %: C 79.39, H 5.59, N 4.57, found, %: C 79.56, H 5.51, 

N 4.72. 

 

Tetraethyl [(2,7-dibromo-9H-fluorene-9,9-diyl)di(ethane-2,1-diyl)]bis(phosphonate) 

(23) 

2,7-dibromo-9H-fluorene (1 g, 3.08 mmol) was dissolved in 

anhydrous 1,4-dioxane (30 ml); diethyl 2-

bromoethylphosphonate (1.55 ml, 9.25 mmol) was added 

dropwise; finally, sodium tert-butoxide (1.18 g, 

12.34 mmol) was added in three proportions every 10 min. 

The reaction was stirred for 3 hours, raising the temperature 

every hour by 20 degrees from 30 to 70 °C. After 

completion (TLC, acetone: n-hexane, 7:18, v/v), the mixture was extracted with 

diethyl ether; the organic layer was washed three times with water, dried over 

anhydrous Na2SO4, filtered, and the solvent was removed under reduced pressure. 

The material was purified by column chromatography (acetone/ n-hexane 7:18 v/v) 

to give a white resin (98 %, 2.16 g). 
1H BMR (400 MHz, CDCl3) δ 7.53 (s, 2H, Ar), 7.52 (d, J = 1.6 Hz, 2H, Ar), 7.46 (d, 

J = 1.3 Hz, 2H, Ar), 4.08–3.87 (m, 8H, 4× OCH2), 2.32–2.20 (m, 4H, 2× CH2), 1.26 

(t, J = 7.1 Hz, 12H, 4× CH3), 1.02–0.88 (m, 4H, 2× CH2). 
13C BMR (100 MHz, CDCl3) δ 138.64, 129.24, 123.70, 123.35, 112.49, 110.29, 

61.97 (d, 2J(C,P) = 6.5 Hz), 37.24 (d, 2J(C,P) = 1.6 Hz), 25.19 (d, 1J(C,P) = 139.0 Hz), 

16.34 (d, 3J(C,P) = 6.0 Hz. 
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Anal. calcd for C25H34Br2O6P2, %: C 46.03, H 5.25, found, %: C 45.87, H 5.12. 

 

Tetraethyl [(2,7-bis(bis(4-methoxyphenyl)amino)-9H-fluorene-9,9-diyl)bis(ethane-

2,1-diyl)]bis(phosphonate) (24) 

A solution of tetraethyl [(2,7-dibromo-9H-fluorene-

9,9-diyl)di(ethane-2,1-diyl)]bis(phosphonate) (23) (1 g, 

1.53 mmol) and 4,4'-dimethoxydiphenylamine (1.05 g, 

4.59 mmol) in anhydrous toluene (50 ml) was purged 

with argon for 20 min. Afterwards, palladium(II) 

acetate (0.10 g, 0.46 mmol), tri-tert-butylphosphonium 

tetrafluoroborate (0.28 g, 0.95 mmol) and sodium tert-

butoxide (0.44 g, 4.59 mmol) were added, and the 

solution was refluxed under argon atmosphere for 6 h. After completion (TLC, 

acetone: n-hexane, 2:3, v/v), the reaction mixture was filtered through Celite. The 

solvent was removed under reduced pressure, and the crude product was purified by 

column chromatography (acetone/ n-hexane 7:18 v/v) to give 0.9 g (62 %) of yellow 

resin. 
1H BMR (700 MHz, CDCl3) δ 7.30 (dd, J = 16.8, 9.4 Hz, 2H, Ar), 7.24–6.71 (m, 

20H, Ar), 3.96 (p, J = 7.2 Hz, 8H, 4× OCH2), 3.80 (s, 12H, 4× OCH3), 1.99 (dd, J = 

16.6, 7.1 Hz, 4H, 2× CH2), 1.25 (t, J = 7.1 Hz, 12H, 4× CH3), 1.13–1.05 (m, 4H, 2× 

CH2). 
13C BMR (100 MHz, CDCl3) δ 155.85, 146.59, 141.60, 141.04, 127.85, 126.38, 

122.47, 120.62, 119.17, 114.76, 61.41, (d, 2J(C,P) = 6.5 Hz), 54.85, 32.21, (d, 2J(C,P) = 

1.6 Hz), 29.70, 20.84(d, 1J(C,P) = 139.0 Hz), 16.43 (d, 3J(C,P) = 6.0 Hz. 

Anal. calcd for C53H62N2O10P2, %: C 67.08, H 6.58, N 2.95, found, %: C 67.31, H 

7.09, N 2.79. 

 

[{2,7-bis[bis(4-methoxyphenyl)amino]-9H-fluorene-9,9-diyl}di(ethane-2,1-

diyl)]bis(phosphonic acid) (25) 

Tetraethyl [{2,7-bis(bis(4-methoxyphenyl)amino)-9H-

fluorene-9,9-diyl}bis(ethane-2,1-

diyl)]bis(phosphonate) (24) (0.88 g, 0.93 mmol) was 

dissolved in anhydrous 1,4-dioxane (20 ml) under 

argon followed by dropwise addition of 

bromotrimethylsilane (1.96 ml, 14.88 mmol). The 

reaction was stirred for 20 h at 25 °C under argon 

atmosphere. Afterwards, the solvent was distilled off under reduced pressure; solid 

residue was dissolved in methanol (10 ml), and distilled water was added dropwise 

(20 ml), until the solution became opaque, and was stirred for 3 h. The product was 

filtered off and washed with water to give 0.671 g (86 %) of reddish powder.  
1H BMR (400 MHz, d8-THF) δ 7.34 (d, J = 8.3 Hz, 2H, Ar), 7.19 (d, J = 1.2 Hz, 2H, 

Ar), 7.02 (d, J = 8.9 Hz, 8H, Ar), 6.80 (d, J = 8.9 Hz, 8H, Ar), 6.74 (dd, J = 8.2, 1.7 

Hz, 2H, Ar), 3.71 (s, 12H, 4× OCH3), 2.09 (d, J = 7.5 Hz, 4H, 2× CH2), 0.99–0.85 

(m, 4H, 2× CH2). 
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13C BMR (100 MHz, d8-THF) δ 155.78, 148.68, 147.61, 141.09, 134.71, 125.67, 

120.66, 118.88, 115.96, 114.59, 54.65, 31.70, 28.37. 

Anal. calcd for C45H46N2O10P2, %: C 64.59, H 5.54, N 3.35, found, %: C 64.56, H 

5.67, N 3.35. 

 

3,6-dibromo-9-(2-bromoethyl)-9H-carbazole (26)  

3,6-dibromo-9H-carbazole (2 g, 6.15 mmol) was dissolved in 

1,2-dibromoethane (40 ml), and tetrabuthylammonium bromide 

(0.198 g, 0.62 mmol) with 50 % KOH aqueous solution (1.72 ml, 

30.77 mmol) were added subsequently. The reaction was stirred 

at 60 °C for three days (TLC, acetone:n-hexane, 1:23, v/v) after 

each 24 h adding 0.198 g of tetrabuthylammonium bromide and 

1.72 ml of 50 % aqueous KOH solution. After completion of the reaction, the 

extraction was done with dichloromethane. The organic layer was dried over 

anhydrous Na2SO4, and the solvent was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone/ n-hexane 3:22 v/v) 

to give 2.4 g (90 %) of the white crystalline material. M.p.=153–155 °C 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 1.8 Hz, 2H, Ht); 7.54 (dd, J = 8.7, 1.8 Hz, 

2H, Ht), 7.25 (d, J = 8.7 Hz, 2H, Ht); 4.59 (t, J = 7.2 Hz, 2H, NCH2); 3.62 (t, J = 7.2 

Hz, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 138.98, 129.43, 123.80, 123.53, 112.86, 110.31, 

44.90, 28.09. 

Anal. calcd for C14H10NBr3, %: C 38.93, H 2.33, N 3.24, found, %: C 38.78, H 2.42, 

N 3.11. 

 

Diethyl [2-(3,6-dibromo-9H-carbazol-9-yl)ethyl]phosphonate (27) 

Compound 3,6-dibromo-9-(2-bromoethyl)-9H-carbazole (26) 

(2.4 g, 5.55 mmol) was dissolved in triethylphosphite (20 ml), and 

the reaction mixture was heated at reflux for 18 h. After reaction 

completion (TLC, acetone: n-hexane, 2:3, v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone/ 

n-hexane 7:18 v/v) to give 2.56 g (95 %) of white crystalline material (M.p.=118–

119 °C) 
1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 1.8 Hz, 2H, Ht); 7.56 (dd, J = 8.7, 1.8 Hz, 

2H, Ht); 7.30 (d, J = 8.7 Hz, 2H, Ht); 4.60–4.49 (m, 2H, NCH2); 4.04 (dq, J = 14.2, 

7.1 Hz, 4H, 2× OCH2); 2.28–2.16 (m, 2H, PCH2); 1.24 (t, J = 7.1 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, CDCl3) δ 138.65; 129.25; 123.71; 123.37; 112.50; 110.30; δ 

61.99 (d, 3J(C,P) = 6.6 Hz), 37.26 (d, 2J(C,P) = 1.7 Hz), 25.20 (d, 1J(C,P) = 139.0 Hz), 

16.35 (d, 2J(C,P) = 6.0 Hz). 

Anal. calcd for C18H20NBr2O3P, %: C 44.20, H 4.12, N 2.86, found, %: C 44.09, H 

4.26, N 3.02. 
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Diethyl (2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-

yl}ethyl)phosphonate (28) 

A solution of diethyl [2-(3,6-dibromo-9H-carbazol-9-

yl)ethyl]phosphonate (27) (1 g, 2.04 mmol) and 4,4'-

dimethoxydiphenylamine (1.37 g, 6.13 mmol) in 

anhydrous toluene (50 ml) was purged with argon for 

20 min. Afterwards, palladium(II) acetate (0.137 g, 

0.613 mmol), tri-tert-butylphosphonium 

tetrafluoroborate (0.35 g, 1.23 mmol) and sodium 

tert-butoxide (0.59 g, 6.13 mmol) were added, and 

the solution was refluxed under argon atmosphere for 5 h. After completion (TLC, 

acetone: n-hexane, 2:3, v/v), the reaction mixture was filtered through Celite. The 

solvent was removed under reduced pressure, and the crude product was purified by 

column chromatography (acetone/ n-hexane 7:18 v/v) to give 1 g (63 %) of greenish 

powder. 
1H NMR (400 MHz, DMSO-d6) δ 7.64 (d, J = 2.2 Hz, 2H, Ht), 7.46 (d, J = 8.7 Hz, 

2H, Ht), 7.11 (dd, J = 8.7, 2.2 Hz, 2H, Ht), 6.86–6.74 (m, 16H, Ar), 4.50 (dt, J = 

13.8, 7.3 Hz, 2H, NCH2), 3.92 (p, J = 7.2 Hz, 4H, 2× OCH2), 3.67 (s, 12H, 4× 

OCH3), 2.26 (dt, J = 18.2, 7.3 Hz, 2H, PCH2), 1.12 (t, J = 7.0 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, DMSO-d6) δ 154.16, 142.08, 140.25, 136.67, 124.39, 123.67, 

122.90, 116.94, 114.60, 110.28, 61.90 (d, 2J(C,P) = 6.5 Hz), 55.15, 30.22, 28.30 (d, 
1J(C,P) = 280.3 Hz), 16.45 (d, 3J(C,P) = 6.1 Hz). 

Anal. calcd for C46H48N3O7P, %: C 70.30; H 6.16; N 5.35, found, %: C 70.14; H 

6.29; N 5.56. 

 

Diethyl (2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-

yl}ethyl)phosphonate (29) 

Diethyl (2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-

carbazol-9-yl}ethyl)phosphonate (28) (0.4 g, 

0.51 mmol) was dissolved in anhydrous 1,4-dioxane 

(15 ml) under argon. Afterwards, 

bromotrimethylsilane (0.67 ml, 5.08 mmol) was added 

dropwise. The reaction was stirred for 24 h at 25 °C 

under argon atmosphere. Afterwards, the solvent was 

distilled off under reduced pressure; the solid residue 

was dissolved in methanol (10 ml), and distilled water was added dropwise (10 ml), 

until the solution became opaque, and was stirred for 15 h. The product was filtered 

and washed with water to give 0.321 g (86 %) of greenish powder.  
1H NMR (400 MHz, DMSO-d6) δ 7.64 (s, 2H, Ht), 7.42 (d, J = 8.8 Hz, 2H, Ht), 

7.15–7.07 (m, 2H, Ht), 6.87–6.74 (m, 16H, Ar), 4.50–4.44 (m, 2H, NCH2), 3.67 (s, 

12H, 4×OCH3), 2.02 (dt, J = 17.3, 8.0 Hz, 2H, PCH2).  
13C NMR (100 MHz, DMSO-d6) δ 154.16, 142.09, 140.22, 136.6, 124.60, 123.66, 

122.88, 117.15, 114.63, 110.01, 66.36, 55.16. 30.51 (d, 1J(C,P) = 180.5 Hz). 

Anal. calcd for C42H40N3O7P, %: C 69.13, H 5.52, N 5.76, found, %: C 68.89, H 

5.38, N 5.53. 



146 

 

 

1-(3'-bromo[2,2'-bithiophen]-3-yl)aziridine (30) 

Under argon atmosphere, a mixture of 3,3'-dibromo-2,2'-

bithiophene (0.5 g, 1.54 mmol), palladium (II) acetate (0.017 g, 

0.077 mmol), (±)-BINAP (0.096 g, 0.154 mmol) and sodium tert-

butoxide (0.355 g, 3.69 mmol) was mixed in anhydrous toluene 

(15 ml). After stirring for 10 min, 2-bromoethylamine 

hydrobromide (0.34 g, 1.69 mmol) was added to the reaction mixture, and the 

solution was stirred overnight at 110 °C temperature (TLC: n-hexane). The mixture 

was extracted with ethyl acetate. The organic layer was washed three times with 

water, dried over anhydrous Na2SO4, filtered, and the solvent was removed under 

reduced pressure. The material was purified by column chromatography on silica gel 

with hexane and dried under vacuum to give a white solid (16 %, 0.07 g). 
1H NMR (400 MHz, DMSO-d6) δ 7.72 (d, J = 5.4 Hz, 1H, Ht), 7.52 (d, J = 5.4 Hz, 

1H, Ht), 7.17 (d, J = 5.4 Hz, 1H, Ht), 6.91 (d, J = 5.4 Hz, 1H, Ht), 2.03 (s, 4H, 2× 

CH2). 
13C NMR (100 MHz, DMSO-d6) δ 152.45, 130.43, 129.80, 127.41, 125.62, 123.32, 

116.32, 108.59, 29.49. 

Anal. calcd. for C10H8BrNS2, %: C 41.97, H 2.82, N 4.89; found, %: C 42.08, H 

2.85, N 4.76. 

 

4-benzyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (31) 

Under argon atmosphere, a mixture of 3,3'-dibromo-2,2'-

bithiophene (4 g, 12.3 mmol), palladium (II) acetate (0.14 g, 

0.62 mmol), (±)-BINAP (0.77 g, 1.23 mmol) and sodium tert-

butoxide (2.93 g, 29.6 mmol) was mixed in anhydrous toluene 

(280 ml). After stirring for 30 min, benzylamine (1.4 ml, 

12.96 mmol) was added to the reaction mixture, and the solution 

was refluxed for 20 hours (TLC: acetone/ n-hexane 1:24 v/v). The 

mixture was extracted with ethyl acetate. The organic layer was washed three times 

with water, dried over anhydrous Na2SO4, filtered, and the solvent was removed 

under reduced pressure. The material was purified by column chromatography 

(acetone/ n-hexane 1:249 v/v) to give a white powder (45 %, 1.5 g). 
1H NMR (400 MHz, CDCl3) δ 7.33–7.23 (m, 3H, Ar), 7.17 (d, J = 6.4 Hz, 2H, Ar), 

7.08 (d, J = 5.3 Hz, 2H, Ht), 6.86 (d, J = 5.3 Hz, 2H, Ht), 5.35 (s, 2H, NCH2). 
13C NMR (100 MHz, CDCl3) δ 145.27, 137.19, 128.93, 127.93, 127.12, 123.14, 

115.41, 111.28, 51.09. 

Anal. calcd. for C15H11NS2, %: C 66.88, H 4.12, N 5.20; found, %: C 66.97, H 4.06, 

N 5.38. 

 

4H-bisthieno[3,2-b:2',3'-d]pyrrole (32) 

4-benzyl-4H-bisthieno[3,2-b:2',3'-d]pyrrole (31) (0.5 g, 1.86 mmol) 

was dissolved in dimethyl sulfoxide (15 ml); 1 M tetrahydrofuran 

solution of potassium tert-butoxide was added (18 ml, 18.6 mol), 

and the reaction was stirred at 20 °C overnight (TLC: acetone/ n-
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hexane 3:22 v/v). The mixture was quenched with water (150 ml), and the precipitate 

was filtered off. The material was purified by column chromatography (acetone: n-

hexane 2:23 v/v) to give white powder (57 %, 0.190 g). M.p. 164 °C 
1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H, NH), 7.16 (d, J = 5.3 Hz, 2H, Ht 2,6-H), 

6.95 (d, J = 5.3 Hz, 2H, Ht 3,5-H). 
13C NMR (100 MHz, CDCl3) δ 144.25, 123.69, 115.35, 112.43. 

Anal. calcd. for C8H5NS2, %: C 53.60, H 2.81, N 7.81; found, %: C 53.74, H 2.76, N 

7.95. 

 

Diethyl (2-(4H- bisthieno[3,2-b:2',3'-d]pyrrol-4-yl)ethyl)phosphonate (33)  

A mixture of 4H-bisthieno[3,2-b:2',3'-d]pyrrole (32) (0.65 g, 

3.62 mmol), diethyl 2-bromoethylphosphonate (1.22 ml, 

7.25 mmol) and sodium tert-butoxide (0.873 g, 9.07 mmol) was 

mixed in anhydrous 1,4-dioxane (15 ml), and the solution was 

stirred overnight at 50 °C under argon atmosphere (TLC: acetone/ 

n-hexane 3:22 v/v). The mixture was extracted with ethyl acetate. 

The organic layer was washed three times with water, dried over 

anhydrous Na2SO4, filtered, and the solvent was removed under 

reduced pressure. The material was purified by column chromatography (acetone/ n-

hexane 13:37 v/v) to give a colourless resin (38 %, 0.47 g). 
1H NMR (400 MHz, DMSO-d6) δ 7.34 (d, J = 5.4 Hz, 2H, Ht 2,6-H), 7.26 (d, J = 5.4 

Hz, 2H, Ht 3,5-H), 4.48 (dt, 3J(H,P) = 14.3, 7.2 Hz, 2H, NCH2), 3.92–3.82 (m, 4H, 2× 

OCH2), 2.32 (dt, 2J(H,P) = 18.0, 7.2 Hz, 2H, PCH2), 1.10 (t, J = 7.1 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, DMSO-d6) δ 144.44, 123.37, 113.90, 112.09, 61.09 (d, 2J(C,P) = 

6.2 Hz), 40.86 (d, 2J(C,P) = 3.1 Hz), 25.71 (d, 1J(C,P) = 136.4 Hz), 16.02 (d, 3J(C,P) = 6.0 

Hz). 

Anal. calcd. For C14H18NO3PS2, %: C 48.97, H 5.28, N 4.08; found, %: C 49.14, H 

5.13, N 4.19. 

 

[2-(4H-bisthieno[3,2-b:2',3'-d]pyrrol-4-yl)ethyl]phosphonic acid (34)  

Diethyl (2-(4H- bisthieno[3,2-b:2',3'-d]pyrrol-4-yl)ethyl)phosphonate 

(33) (0.3 g, 0.87 mmol) was dissolved in anhydrous 1,4-dioxane 

(10 ml) under argon atmosphere followed by dropwise addition of 

bromotrimethylsilane (1.15 ml, 8.73 mmol); the reaction was stirred 

for 24 h at 25 °C under argon atmosphere. Afterwards, methanol 

(0.5 ml) was added and stirring continued for 3 h. Finally, distilled 

water was added dropwise (10 ml), until the solution became opaque, 

and it was stirred overnight. The product was filtered off and washed with water to 

give 0.185 g (74 %) of white powder. 
1H NMR (400 MHz, DMSO-d6) δ 7.20 (d, J = 5.4 Hz, 2H, Ht 2,6-H), 7.09 (d, J = 5.4 

Hz, 2H, Ht 3,5-H), 4.39 (dt, J = 14.3, 7.2 Hz, 2H, NCH2), 2.10–1.91 (m, 2H, PCH2). 
 13C NMR (101 MHz, DMSO) δ 145.08, 123.63, 114.58, 112.66, 41.55 (d, 2J(C,P) = 

3.1 Hz) 28.46(d, 1J(C,P) = 30.1 Hz). 

Anal. calcd. For C10H10NO3PS2, %: C 41.81, H 3.51, N 4.88; found, %: C 41.95, H 

3.72, N 4.71. 
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3,6-dimethoxy-9H-carbazole (35) 

Sodium (10 g, 434.98 mmol) was dissolved in anhydrous 

methanol (170 ml) and 3,6-dibromocarbazole (10 g, 

30.76 mmol), copper-(I)-iodide (24.61 g, 129.23 mmol) and 

anhydrous DMF (80 ml) were added and refluxed for 6 h 

(TLC, acetone: n-hexane 4:21, v/v). Afterwards, 

tetrahydrofuran (100 ml) was added; the mixture was filtered 

over Celite; half of the solvent was removed under reduced 

pressure, and the mixture was extracted with dichloromethane. The organic layer 

was washed three times with water, dried over anhydrous Na2SO4, filtered, and the 

solvent was removed under reduced pressure. The material was purified by column 

chromatography (tetrahydrofuran n-hexane 3:22 v/v) to give 5.62 g (80 %) as a 

white solid. M.p. 110–112 °C  
1H NMR (400 MHz, CDCl3) δ 7.77 (s, H, NH), 7.47 (s, 2H, Ht), 7.30–7.20 (m, 2H, 

Ht), 7.04 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 3.91 (s, 6H, 2 × OCH3). 
13C NMR (100 MHz, CDCl3) δ 128.52, 123.83, 116.19, 112.30, 111.71, 103.00, 

56.20. 

Anal. calcd for C14H13NO2, %: C 73.99, H 5.77, N 6.16, found, %: C 73.86, H 5.92, 

N 6.23. 

 

9-(2-bromoethyl)-3,6-dimethoxy-9H-carbazole (36) 

 3,6-dimethoxy-9H-carbazole (35) (0.534 g, 2.35 mmol) was 

dissolved in 1,2-dibromoethane (8 ml, 92.4 mmol); 

tetrabuthylammonium bromide (0.08 g, 0.25 mmol) and 50 % 

KOH aqueous solution (0.62 ml, 11.00 mmol) were added 

subsequently. The reaction was stirred at 50 °C for two days 

(TLC, acetone: n-hexane 2:23, v/v); after each 24 h, 0.03 g 

(0.09 mmol) of tetrabuthylammonium bromide and 0.3 ml of 

50 % aqueous KOH solution were added. After completion of 

the reaction, the extraction was done with dichloromethane. The organic layer was 

dried over anhydrous Na2SO4, and the solvent was distilled off under reduced 

pressure. The crude product was purified by column chromatography (acetone n-

hexane 1:49 v/v) to give 0.352 g (60 %) of colourless solid. 
1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 2.5 Hz, 2H, Ht), 7.29 (d, J = 8.8 Hz, 2H, 

Ht), 7.10 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.62 (t, J = 7.5Hz, 2H, NCH2), 3.93 (s, 6H, 

2× OCH3), 3.62 (t, J = 7.5 Hz, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 153.85, 135.65, 123.39, 115.30, 109.41, 103.45, 

56.27, 45.07, 28.55. 

Anal. calcd for C16H16O2NBr, %: C 57.50, H 4.83, N 4.19, found, %: C 57.39, H 

4.86, N 4.15. 
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9-(3-bromopropyl)-3,6-dimethoxy-9H-carbazole (37) 

3,6-dimethoxy-9H-carbazole (35) (0.5 g, 2.20 mmol) was 

dissolved in 1,3-dibromopropane (5.6 ml, 55 mmol); 

tetrabuthylammonium bromide (0.071 g, 0.22 mmol) and 50 % 

KOH aqueous solution (0.62 ml, 11.00 mmol) were added 

subsequently. The reaction was stirred at 50 °C for two days 

(TLC, acetone: n-hexane 2:23, v/v); after each 24 h, 0.03 g 

(0.09 mmol) of tetrabuthylammonium bromide and 0.3 ml of 

50 % aqueous KOH solution were added. After completion of the 

reaction, the extraction was done with dichloromethane. The organic layer was dried 

over anhydrous Na2SO4, and the solvent was distilled off under reduced pressure. 

The crude product was purified by column chromatography (acetone n-hexane 1:49 

v/v) to give 0.48 g (52 %) of colourless solid. 
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ht), 7.34 (d, J = 8.8 Hz, 2H, 

Ht), 7.10 (dd, J = 8.9, 2.5 Hz, 2H, Ht), 4.41 (t, J = 6.5 Hz, 2H, NCH2), 3.93 (s, 6H, 

2× OCH3), 3.34 (t, J = 6.1 Hz, 2H, CH2), 2.38 (p, J = 6.3 Hz, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 153.45, 136.00, 123.02, 115.14, 109.48, 103.21, 

56.17, 41.09, 32.14, 30.94. 

Anal. calcd for C17H18BrNO2, %: C 58.63, H 5.21, N 4.02, found, %: C 58.38, H 

5.39, N 4.25. 

 

9-(4-bromobutyl)-3,6-dimethoxy-9H-carbazole (38)  

3,6-dimethoxy-9H-carbazole (35) (0.5 g, 2.20 mmol) was 

dissolved in 1,4-dibromobuthane (6 ml, 55 mmol); 

tetrabuthylammonium bromide (0.071 g, 0.22 mmol) and 50 % 

KOH aqueous solution (0.62 ml, 11.00 mmol) were added 

subsequently. The reaction was stirred at 50 °C for two days 

(TLC, acetone: n-hexane 2:23, v/v); after each 24 h, 0.03 g 

(0.09 mmol) of tetrabuthylammonium bromide and 0.3 ml of 

50 % aqueous KOH solution were added. After completion of the 

reaction, the extraction was done with dichloromethane. The organic layer was dried 

over anhydrous Na2SO4, and the solvent was distilled off under reduced pressure. 

The crude product was purified by column chromatography (acetone: n-hexane 1:49 

v/v) to give 0.52 g (65 %) of white powder.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ht), 7.25 (d, J = 8.7 Hz, 2H, 

Ht), 7.09 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.25 (t, J = 6.9 Hz, 2H, NCH2), 3.92 (s, 6H, 

2× OCH3), 3.34 (t, J = 6.5 Hz, 2H, CH2), 2.00 (quin, J = 6.9 Hz, 2H, CH2), 1.91–

1.79 (m, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 153.31, 135.94, 122.91, 115.10, 109.40, 103.19, 

56.17, 42.38, 33.21, 30.25, 27.82. 

Anal. calcd for C18H20BrNO2, %: C 59.68, H 5.56, N 3.87, found, %: C 59.92, H 

5.43, N 4.12. 
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9-(6-bromohexyl)-3,6-dimethoxy-9H-carbazole (39) 

3,6-dimethoxy-9H-carbazole (35) (0.5 g, 2.20 mmol) was 

dissolved in 1,6-dibromohexane (8.5 ml, 55 mmol); 

tetrabuthylammonium bromide (0.071 g, 0.22 mmol) and 50 % 

KOH aqueous solution (0.62 ml, 11.00 mmol) were added 

subsequently. The reaction was stirred at 60 °C for 24 h (TLC, 

acetone: n-hexane 2:23, v/v). After completion of the reaction, the 

extraction was done with dichloromethane. The organic layer was 

dried over anhydrous Na2SO4, and the solvent was distilled off 

under reduced pressure. The crude product was purified by 

column chromatography (acetone: n-hexane 1:24 v/v) to give 0.58 g (68 %) of white 

powder.  
1H NMR (400 MHz, CDCl3) δ 7.53 (s, 2H, Ht), 7.26 (d, J = 8.9 Hz, 2H, Ht), 7.09 

(dd, J = 8.9, 2.6 Hz, 2H, Ht), 4.23 (t, J = 7.0 Hz, 2H, NCH2), 3.93 (s, 6H, 2× OCH3), 

3.34 (t, J = 6.7 Hz, 2H, CH2), 1.90–1.73 (m, 4H, 2× CH2), 1.51–1.40 (m, 2H, CH2), 

1.35 (quin, J = 7.9 Hz, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 153.32, 136.18, 122.92, 115.15, 109.58, 103.23, 

56.30, 43.19, 33.88, 32.70, 29.13, 28.05, 26.58. 

Anal. calcd for C20H24BrNO2, %: C 61.54, H 6.20, N 3.59, found, %: C 61.75, H 

6.02, N 3.73. 

 

9-(9-bromononyl)-3,6-dimethoxy-9H-carbazole (40) 

3,6-dimethoxy-9H-carbazole (35) (0.5 g, 2.20 mmol) was 

dissolved in 1,9-dibromononane (11.2 ml, 55 mmol); 

tetrabuthylammonium bromide (0.071 g, 0.22 mmol) and 50 % 

KOH aqueous solution (0.62 ml, 11.00 mmol) were added 

subsequently. The reaction was stirred at 70 °C for 24 h (TLC, 

acetone: n-hexane 2:23, v/v). After completion of the reaction, 

the extraction was done with dichloromethane. The organic 

layer was dried over anhydrous Na2SO4, and the solvent was 

distilled off under reduced pressure. The crude product was 

purified by column chromatography (acetone: n-hexane 1:24 

v/v) to give 0.63 g (66 %) of white powder. 
1H NMR (400 MHz, CDCl3) δ 7.52 (s, 2H, Ht), 7.26 (d, J = 8.8 Hz, 2H, Ht), 7.09 

(dd, J = 9.0, 2.5 Hz, 2H, Ht), 4.21 (t, J = 7.1 Hz, 2H, NCH2), 3.93 (s, 6H, 2× OCH3), 

3.36 (t, J = 6.9 Hz, 2H, CH2), 1.87–1.75 (m, 4H, 2× CH2), 1.43–1.19 (m, 10H, 5× 

CH2). 
13C NMR (100 MHz, CDCl3) δ 153.24, 136.20, 122.86, 115.09, 109.60, 103.16, 

56.27, 43.35, 34.11, 32.86, 29.38, 29.36, 29.23, 28.73, 28.19, 27.33. 

Anal. calcd for C23H30BrNO2, %: C 63.89, H 6.99, N 3.24, found, %: C 63.67, H 

7.28, N 3.49. 
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Diethyl [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonate (41) 

9-(2-bromoethyl)-3,6-dimethoxy-9H-carbazole (36) (0.316 g, 

0.95 mmol) was dissolved in triethylphosphite (2.7 ml, 

15.74 mmol), and the reaction mixture was heated at reflux for 

18 h. After reaction completion (TLC, acetone: n-hexane 1:4, 

v/v), the triethylphosphite was distilled off under reduced 

pressure. The crude product was purified by column 

chromatography (acetone/ n-hexane 1:1 v/v) to give 0.353 g 

(95 %) of clear liquid.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ht), 7.30 (d, J = 8.8 Hz, 2H, 

Ht), 7.10 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.60–4.49 (m, 2H, NCH2), 4.09–4.03 (m, 4H, 

2× OCH2), 3.93 (s, 6H, 2× OCH3), 2.29–2.15 (m, 2H, CH2), 1.28 (t, J = 7.1 Hz, 6H, 

2× CH3). 
13C NMR (100 MHz, CDCl3) δ 153.67, 135.46, 123.37, 115.20, 109.49, 103.46, 

61.93 (d, 2J(C,P) = 6.1 Hz), 56.28, 37.31, 25.47 (d, 1J(C,P) = 136.2 Hz), 16.53 (d, 3J(C,P) 

= 6.1 Hz). 

Anal. calcd for C20H26NO5P, %: C 61.37, H 6.70, N 3.58, found, %: C 61.32, H 6.73, 

N 3.55. 

 

Diethyl [3-(3,6-dimethoxy-9H-carbazol-9-yl)propyl]phosphonate (42) 

9-(3-bromopropyl)-3,6-dimethoxy-9H-carbazole (37) (0.4 g, 

1.15 mmol) was dissolved in triethylphosphite (8 ml, 47.2 mmol), 

and the reaction mixture was heated at reflux for 19 h. After 

reaction completion (TLC, acetone: n-hexane 8:17, v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone/ 

n-hexane 15:35 v/v) to give 0.45 g (97 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ht), 7.30 

(d, J = 8.8 Hz, 2H, Ht), 7.09 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.34 (t, J = 6.9 Hz, 2H, 

NCH2), 4.04 (pd, J = 7.3, 2.3 Hz, 4H, 2× OCH2), 3.93 (s, 6H, 2× OCH3), 2.15 (dp, J 

= 14.6, 7.2 Hz, 2H, CH2), 1.71 (dt, J = 18.6, 7.8 Hz, 2H, CH2), 1.27 (t, J = 7.0 Hz, 

6H, 2× CH3).  
13C NMR (100 MHz, CDCl3) δ 153.46, 136.07, 123.04, 115.22, 109.59, 103.26, 

61.77 (d, 2J(C,P) = 6.5 Hz), 56.27, 43.23 (d, 3J(C,P) = 15.5 Hz), 23.16 (d, 1J(C,P) = 142.4 

Hz), 22.40 (d, 2J(C,P) = 4.9 Hz), 16.54 (d, 3J(C,P) = 5.9 Hz). 

Anal. calcd for C21H28NO5P, %: C 62.21, H 6.96, N 3.45, found, %: C 62.39, H 6.77, 

N 3.69. 

 

Diethyl [4-(3,6-dimethoxy-9H-carbazol-9-yl)butyl]phosphonate (43)  

9-(4-bromobutyl)-3,6-dimethoxy-9H-carbazole (38) (0.48 g, 

1.32 mmol) was dissolved in triethylphosphite (9 ml, 53 mmol), 

and the reaction mixture was refluxed overnight. After reaction 

completion (TLC, acetone: n-hexane 7:18, v/v), the 

triethylphosphite was distilled off under reduced pressure. The 
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crude product was purified by column chromatography (acetone: n-hexane 7:18 v/v) 

to give 0.54 g (97 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ar), 7.26 (d, J = 8.9 Hz, 2H, 

Ar), 7.08 (dd, J = 8.8, 2.5 Hz, 2H, Ar), 4.24 (t, J = 7.0 Hz, 2H, NCH2), 4.06–3.97 

(m, 4H, 2× OCH2), 3.93 (s, 6H, 2× OCH3), 1.99–1.89 (m, 2H, CH2), 1.76–1.57 (m, 

4H, 2× CH2), 1.25 (t, J = 7.1 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, CDCl3) δ 153.36, 136.08, 122.97, 115.14, 109.52, 103.26, 

61.63 (d, 2J(C,P) = 6.5 Hz), 56.28, 42.86, 30.02 (d, 3J(C,P) = 15.2 Hz), 25.56 (d, 1J(C,P) = 

141.4 Hz), 20.54 (d, 2J(C,P) = 5.1 Hz), 16.52 (d, 3J(C,P) = 6.0 Hz). 

Anal. calcd for C22H30NO5P, %: C 63.00, H 7.21, N 3.34, found, %: C 62.83, H 6.95, 

N 3.59. 

 

Diethyl [6-(3,6-dimethoxy-9H-carbazol-9-yl)hexyl]phosphonate (44) 

9-(6-bromohexyl)-3,6-dimethoxy-9H-carbazole (39) (0.5 g, 

1.28 mmol) was dissolved in triethylphosphite (9 ml, 52 mmol), 

and the reaction mixture was refluxed for 19 h. After reaction 

completion (TLC, acetone: n-hexane 7:18, v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone: 

n-hexane 7:18 v/v) to give 0.45 g (79 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.4 Hz, 2H, Ht), 7.26 

(d, J = 8.9 Hz, 2H, Ht), 7.09 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.22 (t, 

J = 7.1 Hz, 2H, NCH2), 4.11–4.00 (m, 4H, 2× OCH2), 3.93 (s, 6H, 

2× OCH3), 1.83 (p, J = 7.1 Hz, 2H, CH2), 1.71–1.60 (m, 2H, CH2), 1.60–1.49 (m, 

2H, CH2), 1.43–1.33 (m, 4H, 2× CH2), 1.29 (t, J = 7.0 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, CDCl3) δ 153.27, 136.15, 122.87, 115.10, 109.56, 103.19, 

61.52 (d, 2J(C,P) = 6.5 Hz), 56.27, 43.24, 30.45 (d, 3J(C,P) = 16.7 Hz), 29.05, 26.93, 

25.67 (d, 1J(C,P) = 140.6 Hz), 22.44 (d, 2J(C,P) = 5.2 Hz), 16.58 (d, 3J(C,P) = 6.0 Hz). 

Anal. calcd for C24H34NO5P, %: C 64.41, H 7.66, N 3.13, found, %: C 64.18, H 7.85, 

N 2.98. 

 

Diethyl [9-(3,6-dimethoxy-9H-carbazol-9-yl)nonyl]phosphonate (45) 

9-(9-bromononyl)-3,6-dimethoxy-9H-carbazole (40) (0.58 g, 

1.34 mmol) was dissolved in triethylphosphite (9 ml, 51 mmol), 

and the reaction mixture was refluxed overnight. After reaction 

completion (TLC, acetone: n-hexane 7:18, v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone: 

n-hexane 7:18 v/v) to give 0.64 g (97 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 2.5 Hz, 2H, Ht), 7.26 

(d, J = 8.8 Hz, 2H, Ht), 7.09 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.21 

(t, J = 7.2 Hz, 2H, NCH2), 4.13–4.01 (m, 4H, 2× OCH2), 3.93 (s, 6H, 2× OCH3), 

1.81 (p, J = 7.3 Hz, 2H, CH2), 1.75–1.63 (m, 2H, CH2), 1.62–1.49 (m, 2H, CH2), 

1.36–1.20 (m, 16H, Aliph). 
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13C NMR (100 MHz, CDCl3) δ 153.23, 136.18, 122.84, 115.07, 109.58, 103.15, 

61.49 (d, 2J(C,P) = 6.5 Hz), 56.26, 43.36, 30.64 (d, 3J(C,P) = 16.9 Hz), 29.45, 29.33, 

29.25, 29.11, 27.37, 25.77 (d, 1J(C,P) = 140.4 Hz), 22.47 (d, 2J(C,P) = 5.2 Hz), 16.59 (d, 
3J(C,P) = 6.0 Hz). 

Anal. calcd for C27H40NO5P, %: C 66.24, H 8.24, N 2.86, found, %: C 65.95, H 8.53, 

N 2.92. 

 

[2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (46) 

Diethyl [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonate 

(41) (0.335 g, 0.86 mmol) was dissolved in dry 1,4-dioxane 

(25 ml) under argon. Afterwards, bromotrimethylsilane (1.12 

ml, 8.48 mmol) was added dropwise. The reaction was kept for 

24 h at 25 °C under argon atmosphere. Afterwards, the solvent 

was distilled off under reduced pressure; the solid residue was 

dissolved in methanol (15 ml), and distilled water was added 

dropwise (30 ml), until the solution became opaque and was 

stirred for 15 h. The product was filtered off and washed with water to give 0.230 g 

(80 %) of beige solid – 46. 
1H NMR (400 MHz, MeOD) δ 7.57 (d, J = 2.5 Hz, 2H, Ht), 7.34 (d, J = 8.8 Hz, 2H, 

Ht), 7.05 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.58–4.48 (m, 2H, NCH2), 3.87 (s, 6H, 2× 

OCH3), 2.20–2.06 (m, 2H, CH2). 
13C NMR (100 MHz, MeOD) δ 154.97, 136.71, 124.61, 116.03, 110.37, 104.29, 

56.46, 38.47 (d, 2J(C,P) = 16.9 Hz), 26.02 (d, 1J(C,P) = 132.0 Hz). 

Anal. calculated for C16H18NO5P, %: C 57.32, H 5.41, N 4.18, found, %: C 57.19, H 

5.53, N 4.11. 

 

[3-(3,6-dimethoxy-9H-carbazol-9-yl)propyl]phosphonic acid (47) 

Diethyl [3-(3,6-dimethoxy-9H-carbazol-9-yl)propyl]phosphonate 

(42) (0.43 g, 1.06 mmol) was dissolved in anhydrous 1,4-dioxane 

(15 ml) under argon atmosphere followed by dropwise addition of 

bromotrimethylsilane (1.45 ml, 10.6 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards 

methanol (2 ml) was added, and stirring continued for 3 h. Finally, 

distilled water was added dropwise (15 ml), until the solution 

became opaque, and it was stirred overnight. The product was filtered off, washed 

with water and dissolved in tetrahydrofuran (1ml) and precipitated into n-hexane 

(12 ml). The precipitate was filtered off and washed with n-hexane to give 0.350 g 

(91 %) of white powder. M.p. 176–178 °C 
1H NMR (400 MHz, DMSO-d6) δ 9.49–7.88 (m, 2H, 2×OH), 7.72 (d, J = 2.5 Hz, 

2H, Ht), 7.50 (d, J = 8.9 Hz, 2H, Ht), 7.05 (dd, J = 8.9, 2.5 Hz, 2H, Ht), 4.38 (t, J = 

6.9 Hz, 2H, NCH2), 3.85 (s, 6H, 2× OCH3), 1.99–1.84 (m, 2H, CH2), 1.49 (dt, J = 

16.7, 8.0 Hz, 2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 152.82, 135.52, 122.26, 114.90, 110.06, 103.19, 

55.65, 42.63 (d, 3J(C,P) = 17.7 Hz), 25.02 (d, 1J(C,P) = 136.0 Hz), 22.80 (d, 2J(C,P) = 2.7 

Hz). 
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Anal. calcd for C17H20NO5P, %: C 58.45, H 5.77, N 4.01, found, %: C 58.73, H 5.51, 

N 4.27. 

 

[4-(3,6-dimethoxy-9H-carbazol-9-yl)butyl]phosphonic acid (48)  

Diethyl [4-(3,6-dimethoxy-9H-carbazol-9-yl)butyl]phosphonate 

(43) (0.49 g, 1.17 mmol) was dissolved in anhydrous 1,4-dioxane 

(15 ml) under argon atmosphere followed by dropwise addition of 

bromotrimethylsilane (1.55 ml, 11.67 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (3 ml) was added, and stirring continued for 3 h. Finally, 

distilled water was added dropwise (12 ml), until the solution 

became opaque, and it was stirred overnight. The product was 

filtered off, washed with water dissolved in tetrahydrofuran (1 ml) and precipitated 

into n-hexane (12 ml). The precipitate was filtered off and washed with n-hexane to 

give 0.370 g (87 %) of white powder. M.p. 193–194 °C 
1H NMR (400 MHz, DMSO-d6) δ 9.35–8.28 (s, 2H, 2× OH), 7.71 (d, J = 2.5 Hz, 

2H, Ht), 7.46 (d, J = 8.8 Hz, 2H, Ht), 7.04 (dd, J = 8.9, 2.5 Hz, 2H, Ht), 4.30 (t, J = 

7.0 Hz, 2H, NCH2), 3.85 (s, 6H, 2× OCH3), 1.79 (quin, J = 6.9 Hz, 2H, CH2), 1.60–

1.42 (m, 4H, 2× CH2). 
13C NMR (100 MHz, DMSO-d6) δ 153.20, 135.96, 122.68, 115.32, 110.50, 103.59, 

56.10, 42.63, 30.22 (d, 3J(C,P) = 15.1 Hz), 27.84 (d, 1J(C,P) = 136.7 Hz), 20.90 (d, 2J(C,P) 

= 4.5 Hz). 

Anal. calcd for C18H22NO5P, %: C 59.50, H 6.10, N 3.85, found, %: C 59.36, H 5.89, 

N 3.51. 

 

[6-(3,6-dimethoxy-9H-carbazol-9-yl)hexyl]phosphonic acid (49) 

Diethyl [6-(3,6-dimethoxy-9H-carbazol-9-yl)hexyl]phosphonate 

(44) (0.3 g, 0.67 mmol) was dissolved in anhydrous 1,4-dioxane 

(10 ml) under argon atmosphere followed by dropwise addition of 

bromotrimethylsilane (0.91 ml, 6.7 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (2 ml) was added, and stirring continued for 3 h. 

Finally, distilled water was added dropwise (11 ml), until the 

solution became opaque, and it was stirred overnight. The product 

was filtered off, washed with water dissolved in tetrahydrofuran (1.5 ml) and 

precipitated into n-hexane (18 ml). The precipitate was filtered off and washed with 

n-hexane to give 0.23 g (88 %) of white powder. M.p 165–167 °C 
1H NMR (400 MHz, DMSO-d6) δ 8.73 (s, 2H, 2× OH), 7.53 (d, J = 2.5 Hz, 2H, Ht), 

7.25 (d, J = 8.8 Hz, 2H, Ht), 6.86 (dd, J = 8.8, 2.5 Hz, 2H, Ht), 4.10 (t, J = 7.0 Hz, 

2H, NCH2), 3.66 (s, 6H, 2× OCH3), 1.51 (t, J = 7.4 Hz, 2H, CH2), 1.36–0.96 (m, 8H, 

4× CH2). 
13C NMR (100 MHz, DMSO-d6) δ 152.72, 135.51, 122.21, 114.85, 109.96, 103.14, 

55.63, 42.30, 29.72 (d, 3J(C,P) = 15.8 Hz), 28.50, 27.44 (d, 1J(C,P) = 134.8 Hz), 26.13, 

22.67 (d, 2J(C,P) = 4.2 Hz).  



155 

 

Anal. calcd for C20H26NO5P, %: C 61.37, H 6.70, N 3.58, found, %: C 61.59, H 6.93, 

N 3.36. 

 

[9-(3,6-dimethoxy-9H-carbazol-9-yl)nonyl]phosphonic acid (50) 

Diethyl [9-(3,6-dimethoxy-9H-carbazol-9-yl)nonyl]phosphonate 

(45) (0.6 g, 1.23 mmol) was dissolved in anhydrous 1,4-dioxane 

(15 ml) under argon atmosphere followed by dropwise addition 

of bromotrimethylsilane (1.86 ml, 12.26 mmol). The reaction 

was stirred for 22 h at 20 °C under argon atmosphere. 

Afterwards, methanol (3 ml) was added, and stirring continued 

for 3 h. Finally, distilled water was added dropwise (16 ml), until 

the solution became opaque, and it was stirred overnight. The 

product was filtered off, washed with water dissolved in 

tetrahydrofuran (2 ml) and precipitated into n-hexane (24 ml). The precipitate was 

filtered off and washed with n-hexane to give 0.490 g (92 %) of white powder. M.p. 

90–92 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.71 (d, J = 2.6 Hz, 2H, Ht), 7.42 (d, J = 8.9 Hz, 

2H, Ht), 7.04 (dd, J = 8.9, 2.5 Hz, 2H, Ht), 4.27 (t, J = 7.0 Hz, 2H, NCH2), 3.85 (s, 

6H, 2× OCH3), 1.69 (p, J = 6.7 Hz, 2H, CH2), 1.55–1.34 (m, 4H, 2×CH2), 1.33–1.06 

(m, 10H, 5× CH2). 
13C NMR (100 MHz, DMSO-d6) δ 152.72, 135.51, 122.21, 114.83, 109.95, 103.13, 

55.62, 42.34, 30.10, 29.95, 28.81, 28.75, 28.65, 28.60, 26.47, 22.72. 

Anal. calcd for C23H32NO5P, %: C 63.73, H 7.44, N 3.23, found, %: C 63.97, H 7.25, 

N 3.01. 

 

3,6-dimethyl-9H-carbazole (51)  

3,6-dibromo-9H-carbazole (10 g, 30.77 mmol) and 1,3-bis-

(diphenylphosphino)dichloronickel(II) (Ni(dppp)2Cl2) (2.5 g, 

4.62 mmol) were dissolved in 700 ml of absolute diethyl ether 

under argon atmosphere. After 15 min, to the purple red 

suspension, 40.9 ml of 3 M CH3MgBr solution in diethyl ether 

(123.08 mmol) over a period of 60 min was added, yielding a brown and clear 

solution. Afterwards, the reaction mixture was refluxed for 5 h (TLC, acetone: n-

hexane 1:24 v/v), cooled to room temperature and quenched with 100 ml of saturated 

aqueous NH4Cl solution. The organic phase was extracted three times with 200 ml 

of saturated aqueous Na2CO3 solution, three times with 200 ml of water and finally, 

three times with 200 ml of saturated aqueous NaCl solution. The organic layer was 

dried over anhydrous Na2SO4, and the solvent was distilled off under reduced 

pressure. The crude product was purified by column chromatography (acetone: n-

hexane 1:24 v/v) to give 3.5 g (58 %) of white crystals. M.p. 218–219 °C 
1H NMR (400 MHz, DMSO-d6) δ 10.95 (s, 1H, NH), 7.84 (s, 2H, Ht), 7.35 (d, J = 

8.1 Hz, 2H, Ht), 7.18 (d, J = 8.0 Hz, 2H, Ht), 2.46 (s, 6H, 2× CH3). 
13C NMR (100 MHz, DMSO-d6) δ 138.27, 126.79, 126.64, 122.40, 119.79, 110.58, 

21.12. 
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Anal. calcd for C14H13N, %: C 86.12, H 6.71, N 7.17, found, %: C 85.91, H 6.82, N 

7.27. 

 

9-(2-bromoethyl)-3,6-dimethyl-9H-carbazole (52)  

3,6-dimethyl-9H-carbazole (0.6 g, 3.07 mmol) was dissolved in 

1,3-dibromoethane (7 ml, 81.23 mmol); tetrabuthylammonium 

bromide (0.148 g, 0.46 mmol) and 50 % KOH aqueous solution 

(0.86 ml, 15.35 mmol) were added subsequently. The reaction was 

stirred at 50 °C for two days (TLC, acetone: n-hexane 2:23 v/v); 

after each 24 h, tetrabuthylammonium bromide (0.1 g, 0.31 mmol) 

and 0.5 ml of 50 % aqueous KOH solution were added. After completion of the 

reaction, the extraction was done with dichloromethane. The organic layer was dried 

over anhydrous Na2SO4, and the solvent was distilled off under reduced pressure. 

The crude product was purified by column chromatography (acetone: n-hexane 1:23 

v/v) to give 0.52 g (47 %) of colourless solid.  
1H NMR (400 MHz, CDCl3) δ 7.82 (s, 2H, Ht), 7.27–7.22 (m, 4H, Ht), 4.57 (t, J = 

7.5 Hz, 2H, NCH2), 3.58 (t, J = 7.5 Hz, 2H, CH2), 2.50 (s, 6H, HtCH3). 
13C NMR (100 MHz, CDCl3) δ 138.58, 128.75, 127.16, 123.21, 120.57, 108.16, 

44.82, 28.41, 21.50. 

Anal. calcd for C16H16BrN, %: C 63.59, H 5.34, N 4.63, found, %: C 63.72, H 5.52, 

N 4.77. 

 

9-(3-bromopropyl)-3,6-dimethyl-9H-carbazole (53) 

3,6-dimethyl-9H-carbazole (51) (0.6 g, 3.07 mmol) was 

dissolved in 1,3-dibromopropane (8 ml, 78.46 mmol); 

tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50 % 

KOH aqueous solution (0.86 ml, 15.35 mmol) were added 

subsequently. The reaction was stirred at 55 °C overnight (TLC, 

acetone: n-hexane 2:23 v/v). After completion of the reaction, 

the extraction was done with dichloromethane. The organic layer 

was dried over anhydrous Na2SO4, and the solvent was distilled 

off under reduced pressure. The crude product was purified by column 

chromatography (acetone n-hexane 1:49 v/v) to give 0.85 g (89 %) of white powder. 
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H, Ht), 7.32 (d, J = 8.3 Hz, 2H, Ht), 7.25 (d, 

J = 8.3 Hz, 2H, Ht), 4.41 (t, J = 6.4 Hz, 2H, NCH2), 3.33 (t, J = 6.2 Hz, 2H, CH2), 

2.52 (s, 6H, 2× CH3), 2.38 (quin, J = 6.3 Hz, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 139.03, 128.29, 127.08, 123.05, 120.46, 108.38, 

41.04, 32.16, 31.06, 21.49. 

Anal. calcd for C17H18BrN, %: C 64.57, H 5.74, N 4.43, found, %: C 64.72, H 5.95, 

N 4.26. 
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9-(4-bromobutyl)-3,6-dimethyl-9H-carbazole (54) 

3,6-dimethyl-9H-carbazole (51) (0.6 g, 3.07 mmol) was dissolved 

in 1,4-dibromobutane (9.1 ml, 76.75 mmol), and 

tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50 % 

KOH aqueous solution (0.86 ml, 15.35 mmol) were added 

subsequently. The reaction was stirred at 60 °C overnight (TLC, 

acetone: n-hexane 1:24 v/v). After completion of the reaction, the 

extraction was done with dichloromethane. The organic layer was 

dried over anhydrous Na2SO4, and the solvent was distilled off 

under reduced pressure. The crude product was purified by column chromatography 

(acetone n-hexane 1:124 v/v) to give 0.91 g (90 %) of white powder. 
1H NMR (400 MHz, CDCl3) δ 7.85 (s, 2H, Ht), 7.29–7.20 (m, 4H, Ht), 4.27 (t, J = 

6.8 Hz, 2H, NCH2), 3.33 (t, J = 6.5 Hz, 2H, CH2), 2.52 (s, 6H, 2× CH3), 2.01 (p, J = 

7.1 Hz, 2H, CH2), 1.92–1.80 (m, 2H, CH2). 
13C NMR (100 MHz, CDCl3) δ 138.88, 127.98, 126.88, 122.88, 120.37, 108.20, 

42.21, 33.26, 30.27, 27.71, 21.40. 

Anal. calcd for C18H20BrN, %: C 65.46, H 6.10, N 4.24, found, %: C 65.31, H 6.34, 

N 4.39. 

 

9-(6-bromohexyl)-3,6-dimethyl-9H-carbazole (55) 

3,6-dimethyl-9H-carbazole (51) (0.6 g, 3.07 mmol) was dissolved 

in 1,6-dibromohexane (9 ml, 58.51 mmol); tetrabuthylammonium 

bromide (0.148 g, 0.46 mmol) and 50 % KOH aqueous solution 

(0.86 ml, 15.35 mmol) were added subsequently. The reaction was 

stirred at 60 °C overnight (TLC, acetone: n-hexane 1:24 v/v). After 

completion of the reaction, the extraction was done with 

dichloromethane. The organic layer was dried over anhydrous 

Na2SO4, and the solvent was distilled off under reduced pressure. 

The crude product was purified by column chromatography (acetone: n-hexane 

1:249 v/v) to give 1.04 g (95 %) of colourless compound.  
1H NMR (400 MHz, CDCl3) δ 7.85 (s, 2H, Ht), 7.25–7.23 (m, 4H, Ht), 4.22 (t, J = 

7.0 Hz, 2H, NCH2), 3.32 (t, J = 6.7 Hz, 2H, CH2), 2.52 (s, 6H, 2× CH3), 1.88–1.80 

(m, 2H, CH2), 1.80–1.72 (m, 2H, CH2), 1.47–1.39 (m, 2H, CH2), 1.38–1.29 (m, 2H, 

CH2). 
13C NMR (100 MHz, CDCl3) δ 139.08, 127.86, 126.87, 122.89, 120.40, 108.35, 

42.99, 33.88, 32.70, 28.97, 28.06, 26.56, 21.50. 

Anal. calcd for C20H24BrN, %: C 67.04, H 6.75, N 3.91, found, %: C 67.18, H 6.62, 

N 4.10. 

 

 

 

 

 

 

 



158 

 

9-(9-bromononyl)-3,6-dimethyl-9H-carbazole (56) 

3,6-dimethyl-9H-carbazole (51) (0.6 g, 3.07 mmol) was 

dissolved in 1,9-dibromononane (9 ml, 44.27 mmol); 

tetrabuthylammonium bromide (0.148 g, 0.46 mmol) and 50 % 

KOH aqueous solution (0.86 ml, 15.35 mmol) were added 

subsequently. The reaction was stirred at 60 °C overnight (TLC, 

acetone: n-hexane 1:24 v/v). After completion of the reaction, 

the extraction was done with dichloromethane. The organic 

layer was dried over anhydrous Na2SO4, and the solvent was 

distilled off under reduced pressure. The crude product was 

purified by column chromatography (acetone n-hexane 1:249 

v/v) to give 1.08 g (87 %) of white material. 
1H NMR (400 MHz, CDCl3) δ 7.85 (s, 2H, Ht), 7.25–7.23 (m, 4H, Ht), 4.21 (t, J = 

7.1 Hz, 2H, NCH2), 3.36 (t, J = 6.8 Hz, 2H, CH2), 2.52 (s, 6H, 2× CH3), 1.86–1.74 

(m, 4H, 2× CH2), 1.39–1.20 (m, 10H, 5× CH2). 
13C NMR (100 MHz, CDCl3) δ 139.12, 127.77, 126.82, 122.87, 120.36, 108.39, 

43.19, 34.11, 32.88, 29.40, 29.36, 29.08, 28.76, 28.20, 27.34, 21.51. 

Anal. calcd for C23H30BrN, %: C 68.99, H 7.55, N 3.50, found, %: C 69.15, H 7.38, 

N 3.69. 

 

Diethyl [2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl]phosphonate (57) 

9-(2-bromoethyl)-3,6-dimethyl-9H-carbazole (52) (0.4 g, 

1.32 mmol) was dissolved in triethylphosphite (6 ml, 

34.99 mmol), and the reaction mixture was refluxed for 19 h. 

After reaction completion (TLC, acetone: n-hexane 8:17 v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography (acetone: 

n-hexane 1:4 v/v) to give 0.46 g (97 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H, Ht), 7.30–7.23 (m, 4H, Ht), 4.55 (quin, J 

= 8.5 Hz, 2H, NCH2), 4.08 (quin, J = 7.1 Hz, 4H, 2× OCH2), 2.52 (s, 6H, 2× 

HtCH3), 2.28–2.16 (m, 2H, CH2), 1.28 (t, J = 7.0 Hz, 6H, 2× CH3). 
13C NMR (100 MHz, CDCl3) δ 138.34, 128.42, 127.06, 123.23, 120.49, 108.21, 

61.95(d, 2J(C,P) = 6.5 Hz), 37.08, 25.30 (d, 1J(C,P) = 137.2 Hz), 21.47, 16.51 (d, 3J(C,P) 

= 6.1 Hz). 

Anal. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 67.01, H 7.09, 

N 4.08. 

 

Diethyl [3-(3,6-dimethyl-9H-carbazol-9-yl)propyl]phosphonate (58) 

9-(3-bromopropyl)-3,6-dimethyl-9H-carbazole (53) (0.6 g, 

1.90 mmol) was dissolved in triethylphosphite (9 ml, 

52.49 mmol), and the reaction mixture was refluxed overnight. 

After reaction completion (TLC, acetone: n-hexane 6:19, v/v), 

the triethylphosphite was distilled off under reduced pressure. 

The crude product was purified by column chromatography 
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(acetone/ n-hexane 1:4 v/v) to give 0.65 g (92 %) of yellowish resin.  
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H, Ht), 7.30–7.22 (m, 4H, Ht), 4.34 (t, J = 

7.0 Hz, 2H, NCH2), 4.06–4.01 (m, 4H, 2× OCH2), 2.52 (s, 6H, 2× HtCH3), 2.22–

2.09 (m, 2H, CH2), 1.72 (dt, J = 18.6, 7.8 Hz, 2H, CH2), 1.26 (t, J = 7.1 Hz, 6H, 2× 

CH3). 
13C NMR (100 MHz, CDCl3) δ 138.99, 128.11, 126.99, 122.97, 120.40, 108.35, 

61.73 (d, 2J(C,P) = 6.5 Hz), 43.11 (d, 3J(C,P) = 15.9 Hz), 23.22 (d, 1J(C,P) = 142.4 Hz), 

22.26 (d, 2J(C,P) = 4.9 Hz), 21.46, 16.53 (d, 3J(C,P) = 5.9 Hz). 

Anal. calcd for C21H28NO3P, %: C 67.54, H 7.56, N 3.75, found, %: C 67.41, H 7.52, 

N 3.63. 

 

Diethyl [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonate (59) 

9-(4-bromobutyl)-3,6-dimethyl-9H-carbazole (54) (0.8 g, 

2.42 mmol) was dissolved in triethylphosphite (9 ml, 

52.49 mmol), and the reaction mixture was refluxed overnight. 

After reaction completion (TLC, acetone: n-hexane 6:19 v/v), the 

triethylphosphite was distilled off under reduced pressure. The 

crude product was purified by column chromatography 

(acetone:n-hexane 1:4 v/v) to give 0.89 g (95 %) of yellowish 

resin.  
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H, Ht), 7.25–7.22 (m, 4H, Ht), 4.24 (t, J = 

7.0 Hz, 2H, NCH2), 4.00 (quin, J = 7.3 Hz, 4H, 2× OCH2), 2.51 (s, 6H, 2× HtCH3), 

1.93 (p, J = 7.5 Hz, 2H, CH2), 1.75–1.58 (m, 4H, 2× CH2), 1.24 (t, J = 7.0 Hz, 6H, 

2× CH3). 
13C NMR (100 MHz, CDCl3) δ 138.97, 127.94, 126.89, 122.91, 120.37, 108.30, 

61.59 (d, 2J(C,P) = 6.5 Hz), 42.64, 29.84 (d, 3J(C,P) = 15.3 Hz), 25.54 (d, 1J(C,P) = 141.2 

Hz), 21.45, 20.51 (d, 2J(C,P) = 5.0 Hz), 16.50 (d, 3J(C,P) = 6.0 Hz). 

Anal. calcd for C22H30NO3P, %: C 68.20, H 7.80, N 3.62, found, %: C 68.03, H 7.98, 

N 3.79. 

 

Diethyl [6-(3,6-dimethyl-9H-carbazol-9-yl)hexyl]phosphonate (60) 

9-(6-bromohexyl)-3,6-dimethyl-9H-carbazole (55) (1 g, 

2.79 mmol) was dissolved in triethylphosphite (10 ml, 

58.32 mmol), and the reaction mixture was refluxed overnight. 

After reaction completion (TLC, acetone: n-hexane 6:19 v/v), 

the triethylphosphite was distilled off under reduced pressure. 

The crude product was purified by column chromatography 

(acetone: n-hexane 4:21 v/v) to give 0.96 g (82 %) of yellowish 

resin.  
1H NMR (400 MHz, CDCl3) δ 7.84 (s, 2H, Ht), 7.25–7.22 (m, 4H, Ht), 4.22 (t, J = 

7.0 Hz, 2H, NCH2), 4.10–3.99 (m, 4H, 2× OCH2), 2.52 (s, 6H, 2× HtCH3), 1.82 (p, J 

= 7.0 Hz, 2H, CH2), 1.70–1.59 (m, 2H, CH2), 1.59–1.48 (m, 2H, CH2), 1.40–1.31 

(m, 4H, 2× CH2), 1.28 (t, J = 7.0 Hz, 6H, 2× CH3). 
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13C NMR (100 MHz, CDCl3) δ 139.04, 127.79, 126.82, 122.84, 120.33, 108.33, 

61.47 (d, 2J(C,P) = 6.5 Hz), 43.03, 30.44 (d, 3J(C,P) = 16.7 Hz), 28.88, 26.89, 25.65 (d, 
1J(C,P) = 140.5 Hz), 22.42 (d, 2J(C,P) = 5.2 Hz), 21.45, 16.55 (d, 3J(C,P) = 6.0 Hz). 

Anal. calcd for C24H34NO3P, %: C 69.38, H 8.25, N 3.37, found, %: C 69.56, H 8.13, 

N 3.50. 

 

Diethyl [9-(3,6-dimethyl-9H-carbazol-9-yl)nonyl]phosphonate (61) 

9-(9-bromononyl)-3,6-dimethyl-9H-carbazole (56) (1 g, 

2.50 mmol) was dissolved in triethylphosphite (10 ml, 

58.32 mmol), and the reaction mixture was refluxed overnight. 

After reaction completion (TLC, acetone: n-hexane 6:19 v/v), 

the triethylphosphite was distilled off under reduced pressure. 

The crude product was purified by column chromatography 

(acetone: n-hexane 4:21 v/v) to give 1.02 g (89 %) of yellowish 

resin.  
1H NMR (400 MHz, CDCl3) δ 7.85 (s, 2H, Ht), 7.26–7.22 (m, 

4H, Ht), 4.22 (t, J = 7.2 Hz, 2H, NCH2), 4.13–4.02 (m, 4H, 2× 

OCH2), 2.52 (s, 6H, 2× HtCH3), 1.82 (p, J = 7.2 Hz, 2H, CH2), 

1.74–1.63 (m, 2H, CH2), 1.61–1.51 (m, 2H, CH2), 1.35–1.28 (m, 12H, Aliph), 1.26–

1.19 (m, 4H, 2× CH2). 
13C NMR (100 MHz, CDCl3) δ 139.10, 127.74, 126.80, 122.85, 120.34, 108.37, 

61.47 (d, 2J(C,P) = 6.5 Hz), 43.19, 30.65 (d, 3J(C,P) = 16.9 Hz), 29.47, 29.34, 29.13, 

29.10, 27.37, 25.79 (d, 1J(C,P) = 140.3 Hz), 22.49 (d, 2J(C,P) = 5.2 Hz), 21.48, 16.60 (d, 
3J(C,P) = 6.0 Hz). 

Anal. calcd for C27H40NO3P, %: C 70.87, H 8.81, N 3.06, found, %: C 71.11, H 8.98, 

N 2.95. 

 

[2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl]phosphonic acid (62) 

Diethyl [2-(3,6-dimethyl-9H-carbazol-9-yl)ethyl]phosphonate (57) 

(0.47 g, 1.31 mmol) was dissolved in anhydrous 1,4-dioxane 

(15 ml) under argon atmosphere, followed by dropwise addition of 

bromotrimethylsilane (1.73 ml, 13.07 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (3 ml) was added, and stirring continued for 3h. Finally, 

distilled water was added dropwise (10 ml), until the solution became opaque, and it 

was stirred overnight. The product was filtered off, washed with water dissolved in 

tetrahydrofuran (1ml) and precipitated into n-hexane (12 ml). The precipitate was 

filtered off and washed with n-hexane to give 0.360 g (91 %) of white powder. M.p 

195–196 °C 
1H NMR (400 MHz, DMSO-d6) δ 9.59 (s, 2H, 2× OH), 7.88 (s, 2H, Ht), 7.38 (d, J = 

8.3 Hz, 2H, Ht), 7.25 (d, J = 8.3 Hz, 2H, Ht), 4.59–4.40 (m, 2H, NCH2), 2.46 (s, 6H, 

2× CH3), 2.09–1.90 (m, 2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 137.99, 127.43, 126.94, 122.27, 120.15, 108.58, 

37.43, 27.33(d, 1J(C,P) = 128.2 Hz), 21.04.  
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Anal. calcd for C16H18NO3P, %: C 63.36, H 5.98, N 4.62, found, %: C 63.53, H 5.81, 

N 4.76. 

 

[3-(3,6-dimethyl-9H-carbazol-9-yl)propyl]phosphonic acid (63) 

Diethyl [3-(3,6-dimethyl-9H-carbazol-9-yl)propyl]phosphonate (58) 

(0.6 g, 1.61 mmol) was dissolved in anhydrous 1,4-dioxane (20 ml) 

under argon atmosphere, followed by dropwise addition of 

bromotrimethylsilane (2.12 ml, 16.07 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (3 ml) was added, and stirring continued for 3 h. Finally, 

distilled water was added dropwise (15 ml), until the solution 

became opaque, and it was stirred overnight. The product was filtered off and 

washed with water dissolved in tetrahydrofuran (1 ml) and precipitated into n-

hexane (15 ml); the precipitate was filtered off and washed with n-hexane to give 

0.430 g (85 %) of white powder. M.p. 201–203 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.89 (s, 2H, Ht), 7.48 (d, J = 8.3 Hz, 2H, Ht), 7.24 

(d, J = 8.3 Hz, 2H, Ht), 4.39 (t, J = 7.0 Hz, 2H, NCH2), 2.47 (s, 6H, 2× CH3), 2.01–

1.86 (m, 2H, CH2), 1.56–1.43 (m, 2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 138.60, 127.17, 126.83, 121.98, 120.00, 108.98, 

42.52 (d, 3J(C,P) = 17.2 Hz), 25.05 (d, 1J(C,P) = 137.8 Hz), 22.67 (d, 2J(C,P) = 3.6 Hz), 

21.05. 

Anal. calcd for C17H20NO3P, %: C 64.35, H 6.35, N 4.41, found, %: C 64.18, H 6.47, 

N 4.55. 

 

[4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (64) 

Diethyl [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonate (59) 

(0.6 g, 1.55 mmol) was dissolved in anhydrous 1,4-dioxane (20 ml) 

under argon atmosphere followed by dropwise addition of 

bromotrimethylsilane (2.12 ml, 15.59 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards 

methanol (3 ml) was added, and stirring continued for 3 h. Finally, 

distilled water was added dropwise (15 ml), until the solution 

became opaque, and it was stirred overnight. The product was filtered off, washed 

with water dissolved in tetrahydrofuran (1 ml) and precipitated into n-hexane 

(15 ml). The precipitate was filtered off and washed with n-hexane, to give 0.460 g 

(91 %) of white powder. M.p. 187–188 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.88 (s, 2H, Ht), 7.45 (d, J = 8.3 Hz, 2H, Ht), 7.23 

(d, J = 8.3 Hz, 2H, Ht), 4.34–4.27 (m, 2H, NCH2), 2.47 (s, 6H, 2× HtCH3), 1.85–

1.76 (m, 2H, CH2), 1.58–1.45 (m, 4H, 2× CH2). 
13C NMR (100 MHz, DMSO-d6) δ 138.57, 127.03, 126.78, 121.95, 119.95, 108.95, 

42.05, 29.64 (d, 3J(C,P) = 15.6 Hz), 27.42 (d, 1J(C,P) = 136.7 Hz), 21.05, 20.47 (d, 
2J(C,N) = 4.2 Hz). 

Anal. calcd for C18H22NO3P, %: C 65.25, H 6.69, N 4.23, found, %: C 65.38, H 6.51, 

N 4.29. 
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[6-(3,6-Dimethyl-9H-carbazol-9-yl)hexyl]phosphonic acid (65) 

Diethyl [6-(3,6-dimethyl-9H-carbazol-9-yl)hexyl]phosphonate (60) 

(0.8 g, 1.92 mmol) was dissolved in anhydrous 1,4-dioxane (20 ml) 

under argon atmosphere, followed by dropwise addition of 

bromotrimethylsilane (2.5 ml, 19.25 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (3 ml) was added, and stirring continued for 3h. Finally, 

distilled water was added dropwise (15 ml), until the solution 

became opaque, and it was stirred overnight. The product was 

filtered off, washed with water dissolved in tetrahydrofuran (2 ml) and precipitated 

into n-hexane (25 ml). The precipitate was filtered off and washed with n-hexane to 

give 0.580 g (84 %) of white powder. M.p. 109–111 °C 
1H NMR (400 MHz, DMSO-d6) δ 8.98–8.00 (m, 2H, 2× OH), 7.84 (s, 2H, Ht), 7.38 

(d, J = 8.4 Hz, 2H, Ht), 7.20 (d, J = 8.2 Hz, 2H, Ht), 4.25 (t, J = 6.9 Hz, 2H, NCH2), 

2.43 (s, 6H, 2× HtCH3), 1.72–1.63 (m, 2H, CH2), 1.46–1.17 (m, 6H, 3× CH2), 0.87–

0.78 (m, 2H, CH2). 
13C NMR (100 MHz, DMSO-d6) δ 138.57, 127.00, 126.76, 121.95, 119.96, 108.84, 

42.17, 30.98, 29.79 (d, 3J(C,P) = 16.1 Hz), 27.51 (d, 1J(C,P) = 138.1 Hz), 26.17, 22.71 

(d, 2J(C,P) = 4.7 Hz), 21.04. 

Anal. calcd for C20H26NO3P, %: C 66.84, H 7.29, N 3.90, found, %: C 66.73, H 7.47, 

N 3.76. 

 

[9-(3,6-dimethyl-9H-carbazol-9-yl)nonyl]phosphonic acid (66) 

Diethyl [9-(3,6-dimethyl-9H-carbazol-9-yl)nonyl]phosphonate 

(61) (0.8 g, 1.75 mmol) was dissolved in anhydrous 1,4-dioxane 

(25 ml) under argon atmosphere, followed by dropwise addition 

of bromotrimethylsilane (2.3 ml, 17.48 mmol). The reaction was 

stirred for 22 h at 25 °C under argon atmosphere. Afterwards, 

methanol (3 ml) was added, and stirring continued for 3 h. 

Finally, distilled water was added dropwise (20 ml), until the 

solution became opaque, and it was stirred overnight. The 

product was filtered off and washed with water dissolved in 

tetrahydrofuran (2 ml) and precipitated into n-hexane (25 ml); 

the precipitate was filtered off and washed with n-hexane to give 0.610 g (87 %) of 

white powder. M.p. 63–65 °C 
1H NMR (400 MHz, DMSO-d6) δ 7.86 (s, 2H, Ht), 7.39 (d, J = 8.3 Hz, 2H, Ht), 7.21 

(d, J = 8.2 Hz, 2H, Ht), 4.26 (t, J = 7.1 Hz, 2H, NCH2), 2.45 (s, 6H, 2× HtCH3), 

1.78–1.61 (m, 2H, CH2), 1.53–1.35 (m, 4H, 2× CH2), 1.29–1.07 (m, 10H, 5× CH2). 
13C NMR (100 MHz, DMSO-d6) δ 138.56, 126.97, 126.73, 121.94, 119.94, 108.82, 

42.18, 30.18, 28.84, 28.77, 28.64, 28.49, 26.93, 26.47, 22.76, 21.03. 

Anal. calcd for C23H32NO3P, %: C 68.81, H 8.03, N 3.49, found, %: C 68.98, H 7.89, 

N 3.65. 
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 CONCLUSIONS 

1. DTP-based HTMs were successfully synthesised and investigated; it has been 

determined that: 

• Energy levels of the DTP-based HTMs are suitable for the application in 

perovskite solar cells. 

• TGA analysis revealed potential for the application of these materials in 

vacuum deposited devices, especially DTP derivatives 10, 11. 

• The introduction of reactive functional groups to 12 opens a path for thermal 

crosslinking of these HTMs in the layer, thus simplifying the process of 

constructing solar cell devices. 

 

2. A series of experiments with oxidized hole transporting materials have been 

conducted to determine the stability of the materials in contact with various most 

popular additives and perovskite compositions; it has been determined that: 

• Investigated oxidized HTMs 16–21 can react with 4-tert-butylpyridine 

forming pyridinated derivatives. This process takes place in the solution and 

in the films kept at the elevated temperatures.  

• LiTFSI and FK209, additives responsible for the oxidation of HTMs, do not 

affect the rate or nature of degradation too significantly under the 

investigated conditions.  

• The presence of iodide ions, either in the solution or via ion migration from 

perovskite layer at elevated temperatures, is among the main causes for the 

dedoping process. During the reaction, oxidized spiro-OMeTAD (17) is 

reduced back to the neutral molecule, and iodine is formed.  

• The observed processes take place with all the perovskite compositions, 

although it has to be mentioned that spiro[TFSI]2 degrades significantly 

slower in contact with MAPbBr3 due to the slower reaction rate with the 

bromide ion.  

• The observed instability of the oxidized HTMs in the thin films at elevated 

temperatures could be one of the causes of the drop in conductivity reported 

for the doped spiro-OMeTAD and could as well potentially be one of the 

reasons why perovskite solar cells lose their efficiency under prolonged 

thermal stress. A possible solution to this problem could be the use of HTMs 

that do not require doping and therefore, do not rely on oxidized materials to 

improve conductivity. 

 

3. New simple molecules that form self-assembling monolayers (46–50, 62–66) 

were synthesized and integrated into the inverted perovskite solar cells, enabling 

hole selective contacts with minimized non-radiative losses. It has been determined 

that: 

• These SAMs can be deposited on transparent conductive oxides via spin-

coating or by dipping the substrate into the solution, both yielding layers of 
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comparable properties, combining high reproducibility and ease of 

fabrication. 

• SAM-based solar cells can be fabricated without additional passivation 

layers, additives or dopants.  

• They outperform the polymer PTAA, the material that enabled the highest 

performing p–i–n PSCs to date, in efficiency, stability and versatility. The 

maximum power conversion efficiency of 20.8 % and a VOC of up to 1.15 V 

were demonstrated using dimethycarbazole HTM 64. 

• In a light-soaking stress test at open circuit conditions, SAM-based PSCs 

containing showed a higher stability compared to the PTAA-based cells.  

• By integrating 46 SAM layer into a monolithic CIGSe/perovskite tandem 

solar cell, the ability of conformally creating a hole-selective layer on a 

rough surface was demonstrated. This led to a stabilized, certified PCE of 

23.26 % with facile device design on an active area of 1.03 cm2, surpassing 

the values achieved with a complex bilayer or mechanical polishing. 

 

4. Monolithic perovskite/silicon tandem solar cells with maximum certified PCE of 

29.15 % and monolithic perovskite/CIGSe tandem solar cells with maximum 

certified PCE of 24.16 %, both constructed using dimethylcarbazole 64 self-

assembling monolayers, set new records for appropriate types of solar cells; thus, 

demonstrating viability of the SAM approach for the construction of the tandem 

devices of various architectures. 

 

5. Superior stability of the PSC devices was achieved by utilizing new materials and 

SAM approach. For instance, non-encapsulated c-Si/perovskite tandem cell with 

dimethylcarbazole HTM 64 in ambient air exhibited excellent stability, retaining 

95 % of its initial efficiency after 300 h of continuous maximum power point 

tracking, under illumination. With the typical p-i-n hole-selective layer, PTAA, the 

cell degraded to 76 % of the initial efficiency after just 90 h. 
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 APPENDIX 

 

 

Figure S1. DSC first and second heating curves for spiro-OMeTAD (heating rate 10 °C min-

1) 

 

Figure S2. DSC first and second heating curves for spiro[TFSI]2 (heating rate 10 °C min-1) 
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Figure S3. DSC first and second heating curves for V862 (heating rate 10 °C min-1) 

 

Figure S4. DSC first and second heating curves for V862[TFSI] (heating rate 10 °C min-1) 
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Figure S5. DSC first and second heating curves for V886 (heating rate 10 °C min-1) 

 

Figure S6. DSC first and second heating curves for V886[TFSI] (heating rate 10°C  

min-1) 
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Figure S7. DSC first and second heating curves for V886[TFSI]2 (heating rate 10 °C min-1) 
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Figure S8. Stability of the nonencapsulated films containing spiro[TFSI] (a), spiro[TFSI]2 

(b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at RT 
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Figure S9. Stability of the encapsulated films containing spiro[TFSI] (a), spiro[TFSI]2 (b), 

V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at RT 
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Figure S10. Stability of the encapsulated films containing LiTFSI and spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at RT 
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Figure S11. Stability of the encapsulated films containing tBP and spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at RT 
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Figure S12. Stability of the encapsulated films containing LiTFSI, tBP and spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at RT 
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Figure S13. Stability of the encapsulated films containing LiTFSI, tBP, FK209 and 

spiro[TFSI] (a), spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), 

V886[TFSI]2 (f) at RT 
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Figure S14. Stability of the nonencapsulated films containing spiro[TFSI] (a), 

spiro[TFSI]2 (b),V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 

°C 
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Figure S15. Stability of the encapsulated films containing spiro[TFSI] (a), spiro[TFSI]2 (b), 

V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 °C 
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Figure S16. Stability of the encapsulated films containing tBP, spiro[TFSI] (a), spiro[TFSI]2 

(b),V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 °C 
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Figure S17. Stability of the encapsulated films containing LiTFSI, spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 

°C 
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Figure S18. Stability of the encapsulated films containing FK209, spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 

°C 
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Figure S19. Stability of the encapsulated films containing LiTFSI, tBP, spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 

°C 
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Figure S20. Stability of the encapsulated films containing tBP, FK209, spiro[TFSI] (a), 

spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 100 

°C 
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Figure S21. Stability of the encapsulated films containing LiTFSI, tBP, FK209, spiro[TFSI] 

(a), spiro[TFSI]2 (b), V862[TFSI] (c), V862[TFSI]2 (d), V886[TFSI] (e), V886[TFSI]2 (f) at 

100 °C 
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Figure S22. Mass spectra of the first fraction (retention time 6.9 min) detected in the sample 

prepared from encapsulated film containing LiTFSI, tBP, FK209 and spiro[TFSI]2 kept at 

100 °C for 70 days 

 

Figure S23. Mass spectra of the second fraction (retention time 7.5 min) detected in the 

sample prepared from encapsulated film containing LiTFSI, tBP, FK209 and spiro[TFSI]2 

kept at 100 °C for 70 days 

 

Figure S24. Mass spectra of the third fraction (retention time 7.6 min) detected in the sample 

prepared from encapsulated film containing LiTFSI, tBP, FK209 and spiro[TFSI]2 kept at 

100 °C for 70 days 
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Figure S25. Mass spectra of the first fraction (retention time 6.9 min) detected in the sample 

prepared from the pure spiro[TFSI]2 

 

Figure S26. Mass spectra of the first fraction (retention time 7.6 min) detected in the sample 

prepared from the pure spiro[TFSI]2 

 

Figure S27. Mass spectra of the pure spiro-OMeTAD (retention time 7.6 min) 
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Figure S28. Mass spectra of the pure pyridinated spiro-OMeTAD (retention time 7.5 min) 
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Figure S29. 1H NMR spectra of the obtained spiro-OMeTAD (400 MHz, DMSO-d6, δ, 

ppm) 
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Figure S30. 13C NMR spectra of the obtained spiro-OMeTAD (100 MHz, DMSO-d6, δ, 

ppm) 

 

Figure S31. Mass spectra of the obtained spiro-OMeTAD after reaction (retention time 7.5 

to 7.8 min) 
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Figure S32. Mass spectra of the first fraction (retention time 6.6 to 6.95 min) detected in the 

sample prepared from mixture of MABr and spiro[TFSI]2 in acetonitrile, kept at RT for 24 

days in the dark 

 

Figure S33. Mass spectra of the second fraction (retention time 7.5 to 7.8 min) detected in 

the sample prepared from mixture of MABr and spiro[TFSI]2 in acetonitrile, kept at RT for 

24 days in the dark 
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Figure S34. Mass spectra of the first fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from mixture of FAI and spiro[TFSI]2 in acetonitrile, kept at RT for 6 hours 

in the dark 

 

Figure S35. Mass spectra of the first fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from mixture of MAI and spiro[TFSI]2 in acetonitrile, kept at RT for 6 

hours in the dark 
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Figure S36. Mass spectra of the fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from encapsulated film containing Cs5(MA0.17FA0.83)95Pb(I0.83Br0.17)3 and 

spiro[TFSI]2 kept at 100 °C for 56 days 

 

Figure S37. Mass spectra of the fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from encapsulated film containing MA0.17FA0.83Pb(I0.83Br0.17)3 and 

spiro[TFSI]2 kept at 100 °C for 56 days 
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Figure S38. Mass spectra of the fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from encapsulated film containing MAPbI3 and spiro[TFSI]2 kept at 100 °C 

for 56 days 

 

Figure S39. Mass spectra of the fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from encapsulated film containing FA0.83Cs0.17Pb(I0.83Br0.17)3 and 

spiro[TFSI]2 kept at 100 °C for 56 days 
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Figure S40. Mass spectra of the fraction (retention time 7.5 to 7.8 min) detected in the 

sample prepared from encapsulated film containing MAPbBr3 and spiro[TFSI]2 kept at 100 

°C for 56 days 

 

Figure S41. Mass spectra of the first fraction (retention time 6.9 min) detected in the sample 

prepared from the pure spiro[TFSI]2 
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Figure S42. Mass spectra of the second fraction (retention time 7.6 min) detected in the 

sample prepared from the pure spiro[TFSI]2 

 

Figure S43. Mass spectra of the pure spiro-OMeTAD (retention time 7.6 min) 
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Experiments with MAPbI3 perovskite 
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Figure S44. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbI3 perovskite as well as 

pristine perovskite (c) at 100 ºC in the 

dark 
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Figure S45. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbI3 perovskite as well as 

pristine perovskite (c) at RT in the dark 
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Figure S46. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbI3 perovskite as well as 

pristine perovskite (c) at RT under 

ambient light 

 

 

 

Experiments with 

MA0.17FA0.83Pb(I0.83Br0.17)3 perovskite 
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Figure S47. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MA0.17FA0.83Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at 100 ºC in the dark 
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Figure S48. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MA0.17FA0.83Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT in the dark 
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Figure S49. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MA0.17FA0.83Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT under ambient light 
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Experiments with 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 

perovskite 
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Figure S50. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at 100 ºC in the dark 
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Figure S51. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT in the dark 
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Figure S52. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT under ambient light 

 

 

 

 

 

Experiments with 
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Figure S53. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on FA0.83Cs0.17Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at 100 ºC in the dark 
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Figure S54. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on FA0.83Cs0.17Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT in the dark 
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Figure S55. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on FA0.83Cs0.17Pb(I0.83Br0.17)3 

perovskite as well as pristine perovskite 

(c) at RT under ambient light 
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Experiments with MAPbBr3 

perovskite 
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Figure S56. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbBr3 perovskite as well as 

pristine perovskite (c) at 100 ºC in the 

dark 
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Figure S57. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbBr3 perovskite as well as 

pristine perovskite (c) at RT in the dark 
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Figure S58. Stability of the encapsulated 

spiro[TFSI]2 (a), spiro-OMeTAD (b) 

films on MAPbBr3 perovskite as well as 

pristine perovskite (c) at RT under 

ambient light 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



227 

 

 ACKNOWLEDGEMENTS 

The author of the dissertation is the most grateful to Assoc. Prof. Dr. T. 

Malinauskas for comprehensive assistance, useful advices in conducting research 

and studies as well as patience in editing this work. 
Sincere appreciations are sent to Prof. Dr. V. Getautis (Department of Organic 

Chemistry, Kaunas University of Technology) for giving an opportunity to work in 
his research group and Dr. M. Daškevičienė (Department of Organic Chemistry, 
Kaunas University of Technology) for helpful advice. 

Feeling especially thankful to Prof. Dr. Steve Albrecht, Amran Al-Ashouri, 
Eike Köhnen, Bor Li, Pietro Caprioglio, Dorothee Menzel, Max Grischek, Lukas 
Kegelmann, Marko Jošt (Young Investigator Group Perovskite Tandem Solar Cells, 
Helmholtz-Zentrum Berlin) for the fabrication and characterization of the PSCs. 

The author of the dissertation would like to kindly thank Dr. B. Barvainienė, 
A. Urbonavičienė, Dr. L. Pečiulytė, Dr. P. P. Danilovas, Dr. J. Simokaitienė, Dr. G. 
Ragaitė and A. Bieliauskas (Faculty of Chemical Technology, Kaunas University of 
Technology) for their help with elemental analysis, MS, DSC, TGA, NMR 
measurements. 

Special thanks go to Dr. V. Gaidelis, Assoc. Prof. Dr. V. Jankauskas (Institute 
of Chemical Physics, Vilnius University) for the measurements of ionization 
potentials, charge carrier mobilities.  

Sincere thanks go to colleagues: Dr. A. Magomedov, Dr. S. Urnikaitė, M. 
Steponaitis, Dr. K. Rakštys, Dr. Titas Braukyla (Department of Organic Chemistry, 
KTU) and others for their help, advice, encouragement and for keeping the 
atmosphere warm. 

Moreover, warm thanks go to the family and friends for their patience and 
support over the long years of studies. 

 

 

 

 

 

 

 

 

 

 

 



228 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SL344. 2021-xx-xx, 11,5 leidyb. apsk. l. Tiražas xx egz. 

Išleido Kauno technologijos universitetas, K. Donelaičio g. 73, 44249 Kaunas 

Spausdino leidyklos „Technologija“ spaustuvė, Studentų g. 54, 51424 Kaunas 


