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SUMMARY 

 

The molecular structure of hole transporting materials (HTMs) play an important role in hole 

extraction in perovskite solar cells. It has significant influence on molecular planarity, energy level, 

and charge transport properties. Understanding the relationship between the chemical structure of 

HTMs and perovskite solar cells (PSCs) performance is crucial for the continued development of 

efficient organic charge transporting materials. Using a molecular engineering approach we have 

constructed a series of hole transporting materials with strategically placed aliphatic substituents to 

investigate the relationship between the chemical structure of the HTMs and the photovoltaic 

performance. PSCs employing the investigated HTMs demonstrate power conversion efficiency 

values in the range of 9% to 16.8% highlighting the importance of optimal molecular structure. An 

inappropriately placed side group could compromise the performance of the device. Due to ease of 

synthesis and moieties employed in its construction, it offers a wide range of possible structural 

modifications. This class of molecules has great potential for structural optimization in order to realize 

simple and efficient small molecule based HTMs for perovskite solar cell application. 

One of the main problems of PSCs is hygroscopicity of the perovskites which determines the 

transiency of the cells. The second part of this project was to synthesize HTMs which would be more 

moisture resistant. Because of the unique characteristics of the fluorine atom we decided to construct 

materials which would have a similar structure to the conventional ones and replacing one or several 

hydrogen atoms with fluorine atoms. After measuring the wetting angle of the materials we found out 

that the addition of a fluorine atom in a molecule increased the hydrofobicity of the material almost 

in all cases. Based on these results we can assume that a strategic addition of fluorine atoms to a HTM 

could increase the operation time of a PSC.  
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SANTRAUKA 

 

Skylių perovskitiniuose saulės elementuose gavimui svarbų vaidmenį vaidina skyles 

pernešančių medžiagų (HTM) struktūra, nuo kurios stipriai priklauso molekulės plokštumas, 

energetiniai lygmenys ir krūvio pernašos savybės. Ryšio tarp cheminės HTM struktūros ir  

perovskitinių saulės elementų (PSC) veikimo charakteristikų supratimas yra būtinas tolesniam 

efektyvių organinių krūvį pernešančių medžiagų kūrimui. Šiame darbe HTM struktūros įtakos PSC 

fotovoltinėms savybėms ištyrimui pasitelkiant molekulinės inžinerijos metodą buvo susintetinta serija 

naujų organinių medžiagų su alifatiniais pakaitais skirtingose padėtyse. Naudojant šias skyles 

pernešančias medžiagas sukonstruotų PSC elektros konversijos efektyvumas yra nuo 9% iki 16,8%. 

Tai patvirtina optimalios molekulinės struktūros svarbą -   netinkamoje vietoje prijungta šoninė grupė 

gali ženkliai pabloginti prietaiso eksploatacines savybes. Dėl sintezės paprastumo ir joje panaudotų 

pradinių junginių galimas platus organinių fotopuslaidininkių struktūrinių modifikacijų pasirinkimas. 

Šios klasės junginių struktūros optimizavimas atveria plačias galimybes paprastų ir efektyvių mažų 

molekulių pagrindu susintetintų HTM panaudojimui perovskitinėse saulės celėse. 

Viena iš pagrindinių PSC problemų yra saulės elementų trumpalaikiškumas, kurį lemia 

perovskitų hidroskopiškumas, todėl antroje šio darbo dalyje buvo susintetinta drėgmei atsparesnės 

HTM. Įvertinus unikalias fluoro atomo savybes nuspręsta gauti junginius, kurie struktūra būtų panašūs 

į šiuo metu etaloninėmis vadinamas medžiagas. Vieną ar kelis vandenilio atomus pakeičiant fluoro 

atomais buvo išskirtos naujos fluorą turinčios organinės molekulės. Nustačius šių medžiagų drėkinimo 

kampus pastebėta, kad fluoro atomų pridėjimas į molekulę beveik visais atvejais padidina junginių 

hidrofobiškumą. Remiantis gautais rezultatais galima daryti prielaidą, jog strategiškas fluoro atomų 

pridėjimas į HTM galėtų pailginti PSC eksploatacijos laiką.  

 

 



 

LIST OF ABBREVIATIONS AND PHYSICAL UNITS 

  chemical shift in parts per million; 

0  zero field charge carrier mobility; 

  charge carrier mobility; 

1H NMR   proton nuclear magnetic resonance; 

13C NMR  carbon nuclear magnetic resonance; 

CDCl3 deuterated chloroform; 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide; 

DSC differential scanning calorimetry; 

FF fill factor; 

FTO fluorine doped tin oxide; 

HOMO  highest occupied molecular orbital;  

HTM hole transporting material; 

Ip  ionization potential; 

IPCE incident photon-to-current conversion efficiency; 

J  coupling constant in Hz; 

JSC short circuit current-density; 

LUMO  lowest unoccupied molecular orbital;  

m.p. melting point; 

NBS N-bromosuccinimide 

NMR  nuclear magnetic resonance; 

PCE power conversion efficiency; 

ppm parts per million; 

PSC  perovskite solar cell; 



 

RT room temperature; 

Spiro-OMeTAD 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'- 

 spirobifluorene; 

Tdec temperature of 5 % thermal decomposition; 

Tg glass transition temperatures; 

TGA thermogravimetric analysis 

Tm melting point; 

THF tetrahydrofurane; 

TLC  thin layer chromatography; 

TMS  trimethylsilane; 

TPA  triphenylamine;  

UV/Vis ultraviolet/visible; 

VBE valence band energy; 

VOC open circuit voltage; 

XTOF  xerographic time of flight technique. 
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1. INTRODUCTION 

Replacement of the imminenty depleting fossil fuels by renewable energy sources is possibly 

the biggest test for humanity. The population also needs to avert the adverse results on health, climate 

and environment that the present energy system causes. The conditions of peoples lives largely depend 

on the accessibility to sources of clean energy. It is expected that the amount of energy used will 

double in the next 30 years [1]. One of the most powerful sources of renewable energy is the sun. 178 

TWh of solar energy reaches the surface of the earth each hour, while the annual global demand is 

111 TWh. Solar cells are used to convert solar energy into electrical energy. If this technology were 

to be properly perfected the global demand could be met. 

 Currently polycrystalline silicon solar cells are the most produced ones and while they generally 

have good overall performance (~20-25% energy conversion efficiency), they are too expensive due 

to the difficult technology of silicon purification. In this case, organic compounds provide 

opportunities to design a much cheaper and simpler solar cell technology. 

This work concentrates on the search for alternatives to the best hole transporting material used 

at this time - 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-

OMeTAD).  

 The aim of this work: to synthesize organic semiconductors containing fluorenyl and 

carbazolyl chromophores and to investigate the influence of fluoro and methyl groups to these 

compounds. 

Tasks:   

1. To synthesize and investigate hole transporting materials containing methyl groups. 

2. To synthesize and investigate organic semiconductors containing fluorine atoms. 
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2. LITERATURE REVIEW 

Currently crystalline silicon based solar cells are predominantly used in the world, however 

their manufacture involves processes which require complex technology and have a high price. One 

of the few inexpensive substitutes that could be used as an alternative to solar cells based on silicon 

are organic solar cells. 

2.1. Perovskite solar cells 

Perovskite solar cells have caused a revolution with their progress in recent years with power 

conversion efficiencies (PCEs) evolving from 3.8% [2] in 2009 to a certified 22.1% [3] in 2016.    

Perovskites are a class of materials with a generic formula ABX3. In the formula the anion is X 

whereas the differently sized cations are B and A, (B being smaller than A). In a cubic structure, they 

make-up a BX6 octahedron (Figure 1). The cations B are positioned at the center of the octahedron 

while the anions X are located at the corners. Cations A reside in the gap, surrounded by 8 octahedrons. 

[4, 5]. Organolead halide perovskites are generally used in PSCs, where typically A = CH3NH3
+, B = 

Pb2+ and X = I−, Br−, Cl−, or mixtures thereof. 

 

Figure 1. Perovskite ABX3 crystal structure [6] 

PSCs have been traditionally designed with the use of a mesoporous scaffold and a stack 

architecture (Figure 2). The fabrication process of the solar cell begins by forming a compact TiO2 

hole-blocking layer on a fluorine doped tin oxide (FTO) substrate.  It is necessary to make the compact 
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layer homogenous and without pin-holes to avoid recombination between transporters from the FTO 

and perovskite layers. A mesoporous layer of n-type TiO2 is formed on the hole-blocking layer by 

spin coating or screen printing a nanoparticle TiO2 paste. Annealing is used after for the removal of 

polymeric binders. The perovskite is then dissolved in a solvent such as N,N-dimethylformamide 

(DMF) and a layer of it is spin coated on the mesoporous layer. The hole transporting material (with 

appropriate dopants that improve conductivity) is deposited after that. Lastly, a metal electrode for 

instance silver (Ag) or gold (Au) is thermally evaporated on the HTM to complete the solar cell [7]. 

 

 Figure 2. Schematic of a PSC stack [8] 

Regardless of the device architecture the HTM layer is one of the key components to prepare 

highly efficient and  stable PSCs [8]. An optimal hole transporting material should meet some general 

requirements for the PSC to have a higher efficiency, like a compatible HOMO (highest occupied 

molecular orbital) energy level of the HTM to the valence band energy (VBE) of the perovskite, high 

photochemical and thermal stability and an ample hole mobility as well [9]. There are four large 

families of HTMs that can be identified: small molecule, polymeric, carbon and inorganic. The 

following sections will focus on the influence of methyl and fluorine groups to properties of small 

molecule HTMs. 

2.2. Properties HTMs containing methyl groups 

Compounds based on triphenylamine (TPA) are the best known small molecule HTMs most 

oftenly used in solar cells. Spiro-OMeTAD is the classic example amidst these hole transporting 

materials, having been generally used in solar cells [10].  
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Lukšienė synthesized a series of materials 1-3 which were similar to spiro-OMeTAD but  

contained methyl groups in different parts of the molecule [11].  

 

 

Compound 1 had better drift mobility than spiro-OMeTAD, while 2 and 3 showed a slight decrease 

in that aspect. Solid state dye-sensitized  solar cells were constructed using materials 1-3 as HTMs 

with 1 reaching a PCE of  4.8%, while 2 and 3 both showed PCEs of 2.9%. A device using spiro-

OMeTAD was built as a reference and it desplayed a 4.8% efficiency demonstrating that more methyl 

groups in side chains tend to worsen the performance of solar cells. 
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Malinauskas T. et al. presented materials 4-7 based on TPA [12].  

 

 

All of the shown compounds have a much higher drift mobility than spiro-OMeTAD and are obtained 

using a simple one-step synthesis.  
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Ko and co-workers designed HTMs 8 and 9 incorporating a fused quinolizino arcidine core with 

methyl groups in the central fragments of the molecules [13, 14].  

 

Efficiencies of 11.9% and 13.6% were obtained by using these HTMs in PSCs. Devices with spiro-

OMeTAD as a HTM were used as reference and showed PCEs of 12.8% and 14.7% respectively. 
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Grätzel and Nazeeruddin et al. introduced HTM 10 which incorporates a fused quinolizino 

arcidine core also but with side branches based on thiophene [15]. 

An average efficiency of 12.8% is attained with this HTM, that surpasses the spiro-OMeTAD-

based one (11.7%). The PSC with compound 10 shows a much greater incident photon-to-current 

conversion efficiency (IPCE) than spiro-OMeTAD does in the blue region of the spectra. This 

suggests that 10 performs as a hole transporting material as well as improves the overall photocurrent. 

A. Cho et al. presented an acridine-based HTM 11 with two methyl groups at the center of the 

molecule, obtained through a four step synthesis [16].  

 

The photovoltaic performance of 11 is comparable to that of spiro-OMeTAD. The PSC based on 11 

demonstrates an average PCE of 16.42%, whereas the cell with spiro-OMeTAD shows an average 

PCE of 16.26%. The synthesis of 11 also is much more cost effective that that of spiro-OMeTAD. 

Alternative molecular TPA-based hole transporting materials with methyl groups in different 

positions have also been produced and displayed acceptable efficiencies. They include a butadiene 

derivative 12 and π-conjugated linear modified TPA-based compounds 13-15 [17, 18]. 
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HTMs 12-14 exhibit PCE values in the range of 9.1 to 11.3%. Devices using spiro-OMeTAD were 

also built as reference for each material and displayed efficiencies from 10.2% to 12.1% respectively. 

 

S. Lv et al. reported TPA-based materials 16 and 17 containing vinyl derivatives [19]. 

 

PSCs were constructed using 16 and 17 as HTMs and the results revealed that 17 exhibited PCEs up 

to 12%, slightly lower than spiro-OMeTAD (13.1%) under the same fabrication method, whereas 16 

had a rather poor performance of 9.0%. One of the contributing factors for such an outcome might 

have been a rather low hole mobility of material 16. 

S. Kazim et al. presented a pentacene based material 18 [20].  
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It is potentially economical in terms of cost, easily synthesized and shows rather good hole 

mobility [21, 22]. The device built using 18 as a hole transporting material gave a very competetive 

performance of 11.8% compared to the classical PSC using spiro-OMeTAD which showed a PCE of 

10.1%. 

2.3. Properties of HTMs containing fluorine groups 

The past decade or two has seen researchers use fluorination as a means to induce stability in 

organics by lowering both the the lowest unoccupied molecular orbital (LUMO) and HOMO energy 

levels in the molecule [23]. 

Y. Liu et al. synthesized material 19 containing two fluorine atoms in the central fragment of 

the molecule [24]. A PSC was constructed using 19 however the device showed an inferior efficiency 

of 6.2%.  

 

I. Cho et al. designed a fluorinated indolo[3,2-b]indole derivative 20 as a crystalline HTM for 

PSCs [25].  
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Due to the strong π–π interaction between the planar structures of the extended core, 20 shows a higher 

hole mobility than that of spiro-OMeTAD. The device built using 20 as an HTM displayed an 

impressive average efficiency of 19.05% proving ir to be a promising candidate for highly efficient 

PSCs. 

J. H. Yun et.al. synthesized a series of molecules 21-24 with different fluorine substitution 

patterns. Depending on symmetricity and the number of fluorine atoms incorporated very different 

morphological and optical properties can be seen [26]. 

 

A similar compound without fluorine atoms was also synthesized as a reference. After hole mobility 

measurements were done it could be seen that compound 23 exhibited the highest mobility, followed 
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by  compound 24. Materials 21 and 22 exhibited lower hole mobility values, while the compound that 

contained no fluorine atoms had the lowest value. This proved  that charge trasport mobilities were 

influenced by the symmetricity and number of the fuorine atom substitutions. Bulk heterojunction 

solar cells incorporating materials 21-24 were fabricated and the efficiencies of the cells correlated 

with the results of hole mobility measurements with 23 showing the highest PCE of 8.14%. 

H. Chen et al. demostrated a simple one step synthesis method for HTM 25 [27]. 

 

The advantages of 25 over spiro-OMeTAD are a simple and cost effective synthesis and a relatively 

high yield, however PSCs incorporating 25 as a HTM show a PCE of only 10.4% which is 

significantly lower than the 15% efficiency of equivalent devices fabricated using spiro-OMeTAD 

[28]. 

2.4. Literature review conclusions 

In recent years perovskite solar cells have experienced an uprecedented rise in PCE and have 

emerged as a highly efficient photovoltaic technology. Their efficiencies have reached those of their 

inorganic counterparts and are approaching their practical limitations. 

The literature review revealed that there are few simple easily sythesized organic 

semiconductors that show decent results in PSCs. Most HTMs with strategically placed methyl groups 

display reasonably good results in perovskite solar cells and are much more cost effective than the 

conventionally used spiro-OMeTAD. Nonetheless, the influence of fluorine atoms in hole transporting 

materials has not been studied that extensively. Based on the literature review the search for simple 

yet effective HTMs should be continued. A broaded sense about the influence of methyl groups and 

fluorine atoms  in organic semiconductors should also be established. 
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3. MATERIALS AND METHODS 

All reagents were purchased from from commercial companies and used as received. The 1H 

NMR (400 or 700 MHz field strength)  and 13C NMR (75 or 176 MHz) spectra  were taken on Bruker 

Avance III 400 (400 MHz) or Bruker Avance III 700 (700MHz) spectrometers at RT. Reactions were 

magnetically stirred and the course of the reactions products were 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 chemical shifts, expressed in ppm, are reported 

relative to tetramethylsilane (TMS). UV-Vis spectra were recorded on Perkin Elmer Lambda 35 

UV/Vis spectrometer. Melting points were determined for crystalline materials on an Electrothermal 

MEL-TEMP capillary melting point apparatus and are uncorrected. Elemental analysis was performed 

with an Exeter Analytical CE-440 elemental analyzer, 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 

nitrogen atmosphere. Glass transition temperatures for the synthesized compounds were determined 

during the second heating cycle Thermogravimetric analysis was performed on a Q50 

thermogravimetric analyser (TA Instruments) at a scan rate of 10 K min-1 in the nitrogen atmosphere. 

The wetting angle was measured with a Theta Lite Optical Tensiometer by the sessile drop 

measurement method on the HTMs whose solutions were spin coated on a glass substrate. 

The solid state ionization potential (Ip) of the layers of the synthesized compounds was measured 

by the electron photoemission in air method [29]. The hole drift mobility (µ) was measured by 

xerographic time of flight technique (XTOF) [30]. Ip and µ were measured at the Departament of Solid 

State Electronics, Vilnius University by dr. V. Gaidelis and dr. V. Jankauskas. 

3.1. Synthesis of the intermediate compounds  

Synthesis of materials 2-4 was described in the Bsc thesis [31]. 
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4-[(2,7-dibromo-9H-fluoren-9-ylidene)methyl]-N,N-diphenylaniline (1) 

 

13 ml of 40% NaOH solution and tetrabuthylammonium bromide (0.23 g, 0,0072 mol) were 

added to a solution of 2,7-dibromofluorene (1.3 g 0.004 mol)  and 4-(diphenylamino)benzaldehyde 

(1.09 g, 0.004 mol) in 13 ml of toluene. The reaction was heated at 100 oC for 10 minutes. After 

cooling, the resulting mixture was quenched with distilled water and extracted with ethyl acetate. The 

organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude 

product was purified by column chromatography using 0.1:24.9 v/v acetone/n-hexane as an eluent to 

collect 1 as a orange solid. Yield 1.97 g (85 %) m.p.: 174‒175.5 °C. 

1H NMR (400 MHz, CDCl3, ppm):  7.87 (dd, J = 11.6, 1.5 Hz, 2H), 7,62 (s, 1H), 7.54-7.07 

(m, 19H), 1.54 (s, 1H).  

13C NMR (101 MHz, CDCl3, ppm): 148.62, 147.18, 141.34, 138.81, 138.16, 136.67, 133.26, 

131.07, 130.73, 130.54, 130.21, 129.46, 128.77, 127.27, 125.08, 123.68, 123.44, 122.28, 121.10, 

120.97, 120.89, 120.66. 

Anal. calcd. for C32H21Br2N: C, 66.34; H, 3.65; N, 2.42. Found: C, 66.39; H, 3.69; N, 2.22. 

 

4-[(2,7-dibromo-9H-fluoren-9-ylidene)methyl]-N,N-bis(4-butylphenyl)aniline (5) 
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36 ml of 40% NaOH solution and tetrabuthylammonium bromide (0.58 g, 0,0018 mol) were 

added to a solution of 2,7-dibromofluorene (3.24 g 0.01 mol)  and 4-[bis(4-

butylphenyl)amino]benzaldehyde (3.85 g, 0.01 mol) in 36 ml of toluene. The reaction was heated at 

100 oC for 10 minutes. After cooling, the resulting mixture was quenched with distilled water and 

extracted with ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the 

solvent was evaporated. The crude product was purified by column chromatography using 0.1:24.9 

v/v acetone/n-hexane as an eluent to collect 5 as a orange solid. Yield 5.18 g (75%) m.p.: 75‒76.5 °C. 

1H NMR (400 MHz, CDCl3, ppm): 7.96 (s, 1H), 7.86 (s, 1H), 7.61 (s, 1H), 7.54-7.07 (m, 

16H), 2.59 (t, J = 7.8 Hz,  4H), 1.60 (quin, J = 7.8 Hz, 4H), 1.38 (sex, J = 7.8 Hz 4H), 0.95 (t, J = 7.8 

Hz, 6H). 

13C NMR (101 MHz, CDCl3, ppm): 149.09, 144.70, 141.49, 138.72, 138.57, 138.22, 136.55, 

132.67, 130.93, 130.55, 129.37, 127.64, 127.20, 125.27, 123.36, 121.05, 120.93, 120.85, 120.64, 

35.12, 33.67, 22.45, 14.00. 

Anal. calcd. for C40H37Br2N: C, 69.47; H, 5.39; N, 2.03. Found: C, 69.40; H, 5.43; N, 2.09. 

 

3-[(2,7-dibromo-9H-fluoren-9-ylidene)methyl]-9-ethyl-9H-carbazole (6) 

 

15 ml of 40% NaOH solution and tetrabuthylammonium bromide (0.29 g, 0,0009 mol) were 

added to a solution of 2,7-dibromofluorene (1.62 g 0.005 mol)  and 9-ethyl-3-

carbazolcarboxyaldehyde (1.11 g, 0.005 mol) in 15 ml of toluene. The reaction was heated at 100 oC 

for 10 minutes. After cooling, the resulting mixture was quenched with distilled water and extracted 

with ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 1:24 v/v 

tetrahydrofurane/n-hexane as an eluent to collect 6 as a yellow solid. Yield 1.5 g (57 %) m.p.: 172‒

174°C. 
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1H NMR (400 MHz, CDCl3, ppm):  8.27 (s, 1H), 8.04-7.17 (m, 13H), 4.33 (q, J = 7.2 Hz, 

2H), 1.42 (t, J = 7.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3, ppm): 141.70, 140.47, 140.25, 138.82, 138.33, 136.53, 132.31, 

131.93, 131.04, 130.51, 127.66, 126.84, 126.25, 125.95, 123.38, 123.25, 122.88, 122.01, 121.09, 

120.98, 120.88, 120.69, 120.60, 119.57, 108.84, 108.57, 37.82, 13.91. 

Anal. calcd. for C28H19Br2N: C, 63.54; H, 3.62; N, 2.65. Found: C, 63.70; H, 3.69; N, 2.43. 

 

4-[{2,7-bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-ylidene}methyl)-N,N-bis(4-

bromophenyl)aniline (7) 

 

 

A solution of N-bromosuccinimide (NBS) (0.4g 0.0023mol) in dimethylformamide (DMF) (10 

ml) was added dropwise over 30 min to a stirred solution of HTM1 (1g 0.0011 mol) in DMF (10 ml) 

at 0 oC. The resulting solution continued to be stirred at 0 oC for 6 h. The resulting mixture was 

quenched with distilled water and extracted with ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was purified by 

column chromatography using 2.5:22.5 v/v acetone/n-hexane as an eluent to collect 7 as a red solid.  

Yield 0.57 g (50%) m.p.: 120‒122 °C.  

1H NMR (400 MHz, CDCl3, ppm): 7.51 (s, 1H), 7.71-7.41 (m, 36H), 3.79 (s, 6H),                  

3.63 (s, 6H). 

13C NMR (101 MHz, CDCl3, ppm): 147.04, 146.78, 146.66, 132.17, 130.39, 129.39, 129.22, 

125.26, 124.52, 124.26, 123.94, 123.42, 119.37, 114.63, 55.50, 55.37, 29.70. 
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Anal. calcd. for C60H47Br2N3O4: C, 69.71; H, 4.58; N, 4.06. Found: C, 69.60; H, 4.63; N, 4.22. 

 

1,2-Bis(3,6-dibromo-9H-carbazol-9-methyl)-3,4,5,6-tetrafluorobenzene (8) 

 

A mixture of 3,6-dibromo-9H-carbazole (0.98 g, 0,003 mol) and 3,4,5,6-Tetrafluoro-o-xylylene 

dibromide (0.5 g, 0,0015 mol) was dissolved in 20 ml of dioxane and 0.59 g (0.009 mol) of 85% 

powdered potassium hydroxide was added in small portions during 2-3 minutes. The obtained mixture 

was stirred at room temperature for 30 min. The product was filtered off and washed with water until 

neutral to collect 8 as a white solid. Yield 0.99 g (80%) m.p.: 324‒326 °C. 

1H NMR (400 MHz, CDCl3, , ppm): 8.45 (s, 4H), 7.69-7.24 (m, 9H), 6.02 (s, 3H). 

13C NMR (101 MHz, CDCl3, , ppm): 139.50, 133.91, 129.51, 123.98, 123.77, 112.45, 112.16. 

Anal. calcd. for C32H16Br4F4N2: C, 46.64; H, 1.96; N, 3.40. Found: C, 46.72; H, 1.85; N, 3.43. 

 

3.2. Synthesis of HTMs 

Synthesis of materials HTM2-4 was described in the Bsc thesis [31]. 
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4-[{2,7-bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-ylidene}methyl)-N,N-bis(4,4‘-

dibromodiphenyl)-aniline (HTM1) 

 

The mixture of 1 (1.16 g, 0.002 mol), bis(4-methoxyphenyl)amine (1.38 g, 0,006 mol), 

palladium acetate (0.009 g, 0.00004 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.016 g, 

0.000054 mol), sodium tert-butoxide (0.58 g, 0.006 mol) in 13 ml of anhydrous toluene was refluxed 

for 52 hours under argon atmosphere. Afterwards, water was added and the extraction was done with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 1:24 v/v 

tetrahydrofurane/n-hexane as an eluent to HTM1 as a orange solid. The 20% solution of the solid 

residue in acetone was poured while intensively stirring into a twentyfold excess of ethanol. Yield: 

1.40 g (80%). 

1H NMR (400 MHz, CDCl3, ppm): 7.40-6.71 (m, 37H), 3.79 (s, 6H), 3.61 (s, 6H). 

13C NMR (101 MHz, CDCl3, ppm): 147.65, 147.49, 141.10, 130.44, 129.36, 124.41, 123.90, 

123.01, 119.57, 114.73, , 55.63, 55.52. 

Anal. calcd. for C60H49N3O4: C, 82.26; H, 5.64; N,  4.80. Found: C, 82.27; H, 5.60; N,  4.77. 
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4-[{2,7-bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-ylidene}methyl)-N,N-bis(4-

butylphenyl)aniline (HTM5) 

 

The mixture of 5 (1.38 g, 0.002 mol), bis(4-methoxyphenyl)amine (1.38 g, 0,006 mol), 

palladium acetate (0.009 g, 0.00004 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.016 g, 

0.000054 mol), sodium tert-butoxide (0.58 g, 0.006 mol) in 14 ml of anhydrous toluene was refluxed 

for 52 hours under argon atmosphere. Afterwards, water was added and the extraction was done with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 1:24 v/v 

tetrahydrofurane/n-hexane as an eluent to collect HTM5 as a red solid. The 20% solution of the solid 

residue in acetone was poured while intensively stirring into a twentyfold excess of ethanol. Yield: 

0.99 g (50%). 

1H NMR (400 MHz, CDCl3, ppm): 7.56-6.71 (m, 35H), 3.79 (s, 6H), 3.62 (s, 6H), 2.56 (t, J 

= 15.5 Hz, 4H), 1.59 (quin, J = 15.5 Hz, 4H), 1.38 (sex, J = 15.5 Hz, 4H), 0.94 (t, J = 7.3 Hz, 6H). 

13C NMR (101 MHz, CDCl3, ppm): 147.82, 145.20, 137.55, 130.19, 129.39, 129.10, 124.36, 

122.77, 119.48, 114.53, 55.50, 55.37, 35.07, 33.71, 22.46, 14.00. 

Anal. calcd. for C68H65N3O4: C, 82.64; H, 6.63; N, 4.25. Found: C, 82.42; H, 6.65; N,  4.35.  
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3-[{2,7--bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-ylidene}methyl]-9-ethyl-9H-

carbazole (HTM6) 

 

The mixture of 7 (0.53 g, 0.001 mol), bis(4-methoxyphenyl)amine (0.69 g, 0,003 mol), 

palladium acetate (0.0045 g, 0.00002 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.008 g, 

0.000027 mol), sodium tert-butoxide (0.29 g, 0.003 mol) in 6 ml of anhydrous toluene was refluxed 

for 48 hours under argon atmosphere. Afterwards, water was added and the extraction was done with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 2.5:22.5 v/v acetone/n-

hexane as an eluent to collect HTM6 as a orange solid. The 20% solution of the solid residue in 

acetone was poured while intensively stirring into a twentyfold excess of methanol. Yield: 0.83 g 

(62%). 

1H NMR (400 MHz, CDCl3, ppm):  8.00 (s, 1H), 7.90-6.59 (m, 28H), 4.22 (q, J = 7.2 Hz, 

2H), 3.72 (s, 6H), 3.62 (s, 6H), 1.33 (t, J = 7.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3, ppm): 140.26, 139.59, 127.12, 125.80, 122.91, 122.82, 120.51, 

119.13, 108.60, 107.88, 55.53, 55.40, 37.53, 13.84. 

Anal. calcd. for C56H47N3O4: C, 81.43; H, 5.74; N, 5.09. Found: C, 81.50; H, 5.69; N, 5.21. 
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4-[{2,7-bis(4,4'-dimethoxydiphenylamino)-9H-fluoren-9-ylidene}methyl)-N,N-bis({4,4'-

dimethoxydiphenylamino}phenyl)aniline (HTM7) 

 

The mixture of 6 (0.83 g, 0.0008 mol), bis(4-methoxyphenyl)amine (0.55 g, 0,0024 mol), 

palladium acetate (0.004 g, 0.000016 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.006 g, 

0.0000216 mol), sodium tert-butoxide (0.23 g, 0.0024 mol) in 7 ml of anhydrous toluene was refluxed 

for 24 hours under argon atmosphere. Afterwards, water was added and the extraction was done with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 3:22 v/v acetone/n-

hexane as an eluent to collect HTM7 as a red solid. The 20% solution of the solid residue in 

tetrahydrofurane was poured while intensively stirring into a twentyfold excess of ethanol. Yield: 0.66 

g (61%). 

1H NMR (400 MHz, CDCl3, ppm): 7.44-6.75 (m, 51H), 3.83 (s, 14H), 3.66 (s, 7H). 

13C NMR (101 MHz, CDCl3, ppm): 114.57, 55.52, 55.41. 

Anal. calcd. for C88H75N5O8: C, 79.44; H, 5.68; N, 5.26. Found: C, 79.33; H, 5.82; N,  5.30.  
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2,2',7,7'-Tetrakis[4,4'-bis(trifluoromethoxy)diphenylamino]-9,9'-spirobifluorene (HTM8) 

 

The mixture of 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (0.63 g, 0.001 mol), bis(4-

(trifluoromethoxy)phenyl)amine (1.69 g, 0,005 mol), palladium acetate (0.0045 g, 0.00002 mol), tri-

tert-buthylphosphonium tetrafluoroborate (0.008 g, 0.000027 mol), sodium tert-butoxide (0.48 g, 

0.005 mol) in 12 ml of anhydrous toluene was refluxed for 24 hours under argon atmosphere. 

Afterwards, water was added and the extraction was done with ethyl acetate. The organic layer was 

dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was 

purified by column chromatography using n-hexane as an eluent to collect HTM8 as a white solid.. 

Yield: 1.38 g (83%). 

1H NMR (400 MHz, CDCl3, ppm):  7.57 (d, J = 8.2 Hz, 4H), 7.06-6.93 (m, 36H), 6.59 (s, 

4H). 

13C NMR (101 MHz, CDCl3, ppm): 150.03, 146.42, 145.97, 144.28, 137.23, 125.56, 124.34, 

123.98, 122.14, 121.79, 121.14, 120.32, 119.24, 116.68, 65.50. 

Anal. calcd. for C81H44F24N4O8: C, 74.56; H, 5.12; N, 5.93. Found: C, 74.62; H, 5.09; N, 5.86. 
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1,2-Bis[3,6-{4,4'-bis(trifluoromethoxy)diphenylamino}-9H-carbazol-9-methyl]benzene 

(HTM9) 

 

The mixture of 1,2-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene (0.75 g, 0.001 mol), bis(4-

(trifluoromethoxy)phenyl)amine (1.69 g, 0,005 mol), palladium acetate (0.0045 g, 0.00002 mol), tri-

tert-buthylphosphonium tetrafluoroborate (0.008 g, 0.000027 mol), sodium tert-butoxide (0.48 g, 

0.005 mol) in 12 ml of anhydrous toluene was refluxed for 70 hours under argon atmosphere. 

Afterwards, water was added and the extraction was done with ethyl acetate. The organic layer was 

dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was 

purified by column chromatography using 1:24 v/v acetone/n-hexane as an eluent to collect HTM9 

as a yellow solid. Yield: 1.21 g (69%). 

1H NMR (700 MHz, CDCl3, ppm):  7.81 (s, 4H), 7.24-6.95 (m, 44H), 5.54 (s, 4H). 

13C NMR (176 MHz, CDCl3, ppm): 146.76, 143.76, 139.66, 138.67, 133.57, 128.50, 127.25, 

126.10, 123.90, 123.38, 122.72, 122.11, 121.27, 119.81, 119.19, 118.35, 110.30, 45.08. 

Anal. calcd. for C88H52F24N6O8: C, 59.47; H, 2.95; N, 4.73. Found: C, 59.53; H, 3.01; N, 4.72. 
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2,2',7,7'-Tetrakis[3-fluoro-4-methoxy-N-(4-methoxyphenyl)anilino]-9,9'-spirobifluorene 

(HTM10) 

 

The mixture of 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (0.63 g, 0.001 mol), 3-fluoro-4-

methoxy-N-(4-methoxyphenyl)aniline (1.23 g, 0,005 mol), palladium acetate (0.0045 g, 0.00002 

mol), tri-tert-buthylphosphonium tetrafluoroborate (0.008 g, 0.000027 mol), sodium tert-butoxide 

(0.48 g, 0.005 mol) in 9 ml of anhydrous toluene was refluxed for 36 hours under argon atmosphere. 

Afterwards, water was added and the extraction was done with ethyl acetate. The organic layer was 

dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was 

purified by column chromatography using 3:22 v/v acetone/n-hexane as an eluent to collect HTM10 

as a white solid. The 20% solution of the solid residue in tetrahydrofurane was poured while 

intensively stirring into a twentyfold excess of methanol. Yield: 1.08 g (84%). 

1H NMR (700 MHz, CDCl3, ppm):  7.43 (s, 4H), 6.93-6.55 (m, 36H), 3.87 (s, 12H), 3.81 (s, 

12H). 

13C NMR (176 MHz, CDCl3, ppm): 149.99, 118.25, 114.64, 56.80, 55.49. 

Anal. calcd. for C81H64F4N4O8: C, 74.99; H, 4.97; N, 4.32. Found: C, 75.01; H, 5.09; N, 4.23. 
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2,2',7,7'-Tetrakis[bis(3-fluoro-4-methoxyphenyl)amine]-9,9'-spirobifluorene (HTM11) 

 

The mixture of 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (1.26 g, 0.002 mol), bis(3-fluoro-4-

methoxyphenyl)amine (2.65 g, 0,01 mol), palladium acetate (0.009 g, 0.00004 mol), tri-tert-

buthylphosphonium tetrafluoroborate (0.016 g, 0.000054 mol), sodium tert-butoxide (0.96 g, 0.01 

mol) in 19.5 ml of anhydrous toluene was refluxed for 46 hours under argon atmosphere. Afterwards, 

water was added and the extraction was done with ethyl acetate. The organic layer was dried over 

anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was purified by 

column chromatography using 2:3 v/v tetrahydrofurane/n-hexane as an eluent to collect HTM11 as a 

white solid. The 20% solution of the solid residue in tetrahydrofurane was poured while intensively 

stirring into a twentyfold excess of n-hexane. Yield: 2.05 g (75%). 

1H NMR (700 MHz, DMSO, ppm):  7.56 (d, J = 8.3 Hz, 4H), 7.01 (t, J = 8.3 Hz, 8H) 6.78-

6.65 (m, 20H), 3.78 (s, 24H). 

13C NMR (176 MHz, DMSO, ppm): 152.72, 151.33, 149.74, 146.78, 143.94, 143.88, 140.51, 

140.46, 135.27, 122.27, 121.26, 120.78, 116.62, 115.04, 112.67, 112.56, 65.47, 56.57. 

Anal. calcd. for C81H60F8N4O8: C, 71.05; H, 4.42; N, 4.09. Found: C, 71.00; H, 4.31; N, 4.12. 
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2,2',7,7'-Tetrakis[2-fluoro-4-methoxy-N-(4-methoxyphenyl)anilino]-9,9'-spirobifluorene 

(HTM12) 

 

 

The mixture of 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene (0.63 g, 0.001 mol), 2-fluoro-4-

methoxy-N-(4-methoxyphenyl)aniline (1.23 g, 0,005 mol), palladium acetate (0.0045 g, 0.00002 

mol), tri-tert-buthylphosphonium tetrafluoroborate (0.008 g, 0.000027 mol), sodium tert-butoxide 

(0.48 g, 0.005 mol) in 9 ml of anhydrous toluene was refluxed for 96 hours under argon atmosphere. 

Afterwards, water was added and the extraction was done with ethyl acetate. The organic layer was 

dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product was 

purified by column chromatography using 2:3 v/v tetrahydrofurane/n-hexane as an eluent to collect 

HTM12 as a white solid. The 20% solution of the solid residue in tetrahydrofurane was poured while 

intensively stirring into a twentyfold excess of n-hexane. Yield: 0.66 g (51%). 

1H NMR (400 MHz, CDCl3, ppm):  7.24-6.62 (m, 36H), 3.77 (s, 24H). 

13C NMR (176 MHz, CDCl3, ppm): 149.99, 118.25, 114.64, 56.80, 55.49. 

Anal. calcd. for C81H64F4N4O8: C, 74.99; H, 4.97; N, 4.32. Found: C, 74.87; H, 4.90; N, 4.33. 
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1,2-Bis[3,6-{3-fluoro-4-methoxy-N-(4-methoxyphenyl)anilino}-9H-carbazol-9-

methyl]benzene (HTM13) 

 

The mixture of 1,2-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene (0.75 g, 0.001 mol), 3-

fluoro-4-methoxy-N-(4-methoxyphenyl)anilino (1.23 g, 0,005 mol), palladium acetate (0.0045 g, 

0.00002 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.008 g, 0.000027 mol), sodium tert-

butoxide (0.48 g, 0.005 mol) in 10 ml of anhydrous toluene was refluxed for 72 hours under argon 

atmosphere. Afterwards, water was added and the extraction was done with ethyl acetate. The organic 

layer was dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. The crude product 

was purified by column chromatography using 6:19 v/v acetone/n-hexane as an eluent to collect 

HTM13 as a yellow solid. The 20% solution of the solid residue in tetrahydrofurane was poured while 

intensively stirring into a twentyfold excess of methanol. Yield: 1.16 g (82%). 

1H NMR (700 MHz, CDCl3, ppm):  7.68 (s, 4H), 7.20 (d, J = 9.0 Hz, 2H), 7.13  (dd, J = 8.7, 

2.0 Hz, 4H), 7.04 (d, J = 8.7 Hz, 4H), 7.00 (d, J = 8.9 Hz, 8H), 6.93 (dd, J = 5.3, 3.6 Hz, 2H), 6.79-

6.66 (m, 20H) 5.46 (s, 4H), 3.82 (s, 12H), 3.76 (s, 12H). 

13C NMR (176 MHz, CDCl3, ppm): 155.41, 153.46, 152.07, 143.37, 143.33, 142.06, 142.00, 

141.56, 140.59, 137.86, 133.93, 128.24, 127.24, 125.52, 124.80, 123.70, 117.40, 117.04, 114.70, 

114.49, 110.37, 110.26, 109.76, 56.90, 55.49, 45.01. 

Anal. calcd. for C88H72F4N6O8: C, 74.56; H, 5.12; N, 5.93. Found: C, 74.62; H, 5.08; N, 5.94. 
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1,2-Bis[3,6-(4,4'-dimethyldiphenylamino)-9H-carbazol-9-methyl]-3,4,5,6-

tetrafluorobenzene (HTM14) 

 

The mixture of 8 (0.82 g, 0.001 mol), bis(4-methoxyphenyl)amine (1.15 g, 0,005 mol), 

palladium acetate (0.0045 g, 0.00002 mol), tri-tert-buthylphosphonium tetrafluoroborate (0.008 g, 

0.000027 mol), sodium tert-butoxide (0.48 g, 0.005 mol) in 10 ml of anhydrous toluene was refluxed 

for 24 hours under argon atmosphere. Afterwards, water was added and the extraction was done with 

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and the solvent was 

evaporated. The crude product was purified by column chromatography using 4:21 v/v acetone/n-

hexane as an eluent to collect HTM14 as a yellow solid. The 20% solution of the solid residue in 

tetrahydrofurane was poured while intensively stirring into a twentyfold excess of methanol. Yield: 

0.93 g (66%). 

1H NMR (400 MHz, DMSO, ppm):  7.56 (s, 4H), 7.26-7.15 (m, 4H),  6.97 (d, J = 9.1 Hz, 

4H), 6.77 (q, J = 9.0 Hz, 31H), 5.95 (s, 4H), 3.65 (s, 24H). 

13C NMR (101 MHz, CDCl3, ppm): 154.74, 142.39, 137.53, 124.38, 123.52, 115.08, 55.60. 

Anal. calcd. for C88H72F4N6O8: C, 74.56; H, 5.12; N, 5.93. Found: C, 74.62; H, 5.09; N, 5.86. 
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4. RESULTS AND DISCUSSIONS 

4.1. HTMs based on fluorene with different aliphatic substitutions 

The literature review showed that many new HTMs have been synthesized and investigated, 

however the industry is still lead by the expensive spiro-OMeTAD [32]. The high cost of this material 

is determined by factors such as costly reagents, a multistep synthesis and expensive methods used 

for the purification of the compound [33]. Much work has been put into developing more cost effective 

HTMs whose performances would rival or exceed those of Spiro-OMeTAD [34-37]. One of the 

potential paths to simplify the synthesis procedure of hole transporting materials is replacement of the 

9,9′-spirobifluorene core with easier alternatives. Compounds containing a fluorene, TPA or carbazole 

core with methoxydiphenylamine branches have exhibited their efficiency being the most effective 

HTMs used for PSC construction [38-40]. For this reason, it is fitting to try a combination of two of 

the three given materials as a new type of HTM to be used in perovskite solar cells. Furthermore, it 

has been established that the structure of the hole transporting materials has a large impact on charge 

transport and energy level properties as well as molecular planarity [41]. Therefore, a series of HTMs 

with different methyl or aliphatic substituents were synthesized in order to study the link between the 

structure of the hole transporting materials and their photovoltaic efficiency  

4.1.1. Synthesis 

Synthesis of HTM1-HTM5 involves two steps the first of which is a simple reaction between 

2,7-dibrofluorene with the corresponding formyltriphenylamine [42]. The second reaction is a 

palladium-catalysed C–N cross coupling reaction between intermediates 1-5 and 4,4′-

dimethoxydiphenylamine (Figure 3).  It was noticed that the substituents did not have a significant 

effect on the duration of the reaction, however the molecular structure did impact the yield and the 

purification of the compounds. 
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Figure 3. Synthesis of HTM1-HTM5  

 

A similar hole transporting material was also synthesized by replacing the formyltriphenylamine 

fragment with a carbazole-based one. The synthesis of the HTM involved the condensation of 2,7-

dibromofluorene with 9-ethyl-3-carbazolecarboxyaldehyde. A palladium-catalysed C-N cross 

coupling reaction between 6 and 4,4′-dimethoxydiphenylamine follows it (Figure 2).  

It was theorized that an extended π-electron system would improve the properties of an HTM. 

As a result HTM1 was used in a simple bromination reaction [43] and the received intermediate 

compound 7 was used in a Buchwald-Hartwig cross coupling reaction with 4,4′-

dimethoxydiphenylamine to synthesize HTM7 (Figure 5). 
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Figure 4. Synthesis of HTM6 

 

Figure 5. Synthesis of HTM7 
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4.1.2. Properties 

Thermal properties of hole transporting materials HTM1-HTM7 were determined after 

performing the differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The 

results are summarized in Table 1. The DSC revealed that all the HTMs are molecular glasses as the 

graph did not exhibit any spikes associated with melting or crystallization. Figure 6 demonstrates the 

thermogram of HTM5. It can be seen that during both heatings only glass transition temperatures (Tg) 

are recorded i.e. transformations that are typical for amorphic compounds.  
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Figure 6. Differential scanning calorimetry first and second heating curves of HTM5 
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Figure 7. Thermogravimetric heating curve of HTM2 
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Table 1. Thermal properties of the synthesized HTMs. Tg – glass transition temperature, Tdec – 

temperature of 5% thermal decomposition 

Material Tg, 
oC Tdec, 

oC Material Tg, 
oC Tdec, 

oC 

HTM1 

 

108 416 

HTM5  

 

85 413 

HTM2 

 

104 419 

HTM6 

 

127 422 

HTM3

 

104 418 

HTM7 

 

132 422 

HTM4 

 

89 413 
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TGA of the hole transporting materials exhibits excellent thermal stability as all the compounds 

begin decomposing at temperatures over 410 oC. It is obvious from the data of the DSC analysis that 

alkyl groups tend to lower the Tg of compounds HTM2-HTM5, compared to HTM1, most notably 

in materials HTM4 and HTM5. A symmetrical p- substitution in the triphenylamino fragment of the 

molecule makes the Tg drop by 19 oC and 23 oC in HTM4 and HTM5 respectively. This shows that 

the symmetricity of the alkyl substituted molecule has a negative effect on the glass transition 

temperature. The addition of a single methyl group in the o- or m- positions of the TPA fragment 

lowers the glass transition temperature quite insignificantly (HTM2 and HTM3). Compounds HTM6 

and HTM7 have higher Tg values which can be attributed to a carbazole chromophore HTM6 and to 

a larger overall molecule HTM7.  

All the synthesized materials show two absorbtion maximums at 293-300 nm and 381-385 nm 

(Figure 8). As expected the largest photon absorption at 300 nm can be seen from HTM7 as it has 

the longest conjugated π-π electron system. Materials HTM1-HTM6 display a relatively large 

hypochromic effect and slight bathochromic shifts compared to HTM7. At around 380 nm the 

absorption of all compounds seems to be quite similar. The biggest absorption seems to be exhibited 

by HTM6 at 381 nm, which may be attributed to the carbazole fragment of the molecule, while other 

materials show a minor bathochromic shift and slight hypochromic effect. Overall HTM7 has the 

highest π electron excitation energy primarily because of the largest conjugated π-π electron system 

that it posseses. 
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Figure 8. Absorption spectra of HTM1-HTM7. Recorded from the 10-4M solution in THF. 

Ionization potential (Ip) for materials HTM1-HTM7 was measured by electron photoemission 

in air1 and is presented in Table 2. The values vary between 4.92 eV and 5.05 eV. It is evident that 

the presence of an alkyl group in materials HTM2-HTM5 lowers the Ip compared to HTM1, most 

notably in HTM4. It should be noted that changing the chromophore (HTM6) or lengthening the 

conjugated π-π electron system (HTM7) had the same effect on the Ip as did an addition of a single 

                                                           
1 Ip and µ were measured at the Department of Solid State Electronics, Vilnius University by dr. V. Gaidelis and 

dr. V. Jankauskas. 
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methyl group to the molecule (HTM2, HTM3). The PSC performance depends on whether or not the 

HTM Ip is lower than the valence band of the perovskite (~5.3 eV) [44] thus proving that all of the 

measured hole transporting materials are suitable for use in perovskite solar cells. 

For further investigation of electrical properties of the synthesized materials hole drift mobility 

was measured by time of flight technique1 with compounds HTM1-HTM6. The results of are 

presented in Table 2.  HTM1 displays the best drift mobility while materials HTM2 and HTM4-

HTM6 show slightly lower results. The biggest surprise was the inferior mobility of HTM3. It might 

be that the m- substitution near the fluorene fragment of the molecule causes a spatial obstruction 

which leads to molecular packing that is unfavorable for charge transport. The drift mobility values 

obtained show that compounds HTM1-HTM2 and HTM4-HTM6 can be used in solar cells due to 

the relatively high drift mobility they possess.  

 

Table 2. Ionization potential and drift mobility values of HTM1-HTM7. μ - at an electric field of 

6.4×105V/cm. 

Compound Ip, eV μ0, (cm2/V·s) μ, (cm2/V·s) 

HTM1 5.05 1.4×10-5 6×10-4 

HTM2 5.00 1.3×10-5 4×10-4 

HTM3 5.00 1.2×10-9 3.5×10-7 

HTM4 4.92 2.2×10-5 3.8×10-4 

HTM5 5.03 1.1×10-5 3.7×10-4 

HTM6 5.00 1×10-5 3.8×10-4 

HTM7 5.00 - - 

 

 

Compounds HTM1-HTM5 were used as hole transporting materials in perovskite solar cells2. 

A device using Spiro-OMeTAD was also built as reference.  The photovoltaic characteristics of the 

PSCs are shown in Table 3. 
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Table 3. Short circuit current-density (JSC), open-circuit voltage (VOC), fill factor (FF) and power 

conversion efficiency (PCE) of materials HTM1-HTM5 and spiro-OMeTAD. 

Materials JSC, mA/cm2 VOC, mV FF PCE, % 

HTM1 19.075 1005 75.7 14.52 

HTM2 17.526 1146 74.2 15.09 

HTM3 13.371 915 70.7 9.15 

HTM4 21.269 1052 75.0 16.79 

HTM5 21.136 1029 75.7 16.45 

Spiro-

OMeTAD 

21.607 1092 75.3 17.88 

 

The results show that the position of a methyl group in the compound had an evident effect on 

the performance of the perovskite solar cell. As expected HTM3 which had the lowest charge mobility 

exhibited the worst power conversion efficiency. The changing of the positioning of the methyl group 

from m- to o- had an obvious effect as the PCE of HTM2 was 15.09 %. The best results were shown 

by HTM4 which reached almost 16.8% in power conversion efficiency, while spiro-OMeTAD 

displayed 17.88% under the same conditions. This shows that materials such as HTM4 and HTM5 

can be used in PSCs as more cost effective alternatives to spiro-OMeTAD. 

 

4.1.3. Conclusions  

This section displayed easily synthesized fluorene and triphenylamine or carbazole-based 

HTMs. Optical and thermal properties have been investigated and it was determined that aliphatic 

substitutions impacted these characteristics. PSCs using materials HTM1-HTM5 were constructed 

and it was shown that materials such as HTM4 and HTM5 can be used in PSCs and display similar 

results as well as be more cost effective alternatives to spiro-OMeTAD.  

 

4.2. Fluorinated HTMs 

Efficiency has been the main focus in perovskite solar cells while their stability has not been 

addressed as often. One of the principal problems of PSCs is the hygroscopicity of the the perovskite. 

When exposed to moisture the perovskite degrades into lead iodide (PbI2) [45]. In order to address 
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this problem the knowledge about structure of the PSC was used. Since the HTM layer is on top of 

the perovskite layer it was theorized that a hydrophobic hole transporting material might increase the 

stability of the device. Because of the influence of the fluorine atoms to perovskite solar cells 

mentioned in the literature review it was decided to synthesize a series of molecules based on 

compounds that show great results in perovskite solar cells: spiro-OMeTAD and V886 [40]. The 

targeted materials would have several fluorine atoms in their structure hoping that it improves the 

overall properties compared to the reference compounds. 

  

4.2.1. Synthesis 

The synthesis of HTM8 and HTM9 involved a simple Buchwald-Hartwig cross coupling 

reaction between bis(4-(trifluoromethoxy)phenyl)amine and 2,2′,7,7′-tetrabromo-9,9′-spirobifluorene 

or 1,2-Bis(3,6-dibromo-9H-carbazol-9-methyl)benzene respectively (Figure 9). 
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Figure 9. Synthesis of fluorinated compounds HTM8 and HTM9. 

Similar compounds to HTM8 were also synthesized this time replacing hydrogen atoms by 

fluorine ones in the aromatic fragment of the diphenylamine instead of the methoxy groups. Spiro-

OMeTAD-based materials HTM10-HTM12 were received (Figure 10).  
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Figure 10. Synthesis of HTM10-HTM12. 

The purification of compounds HTM11 and HTM12 proved to be quite troublesome, for that 

reason V886 based materials with diphenylamines 11 and 12 were not synthesized. By analogy 

HTM13 was also received in a palladium catalyzed C-N cross coupling reaction (Figure 11). 

 

Figure 11. Synthesis of HTM13. 
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As HTM8-HTM13 all had fluorine atoms in side branches of their respective molecules it was 

interesting to synthesize a compound with fluorine atoms in the central fragment of the molecule and 

find out what effect it would have on the properties of the material. The synthesis route involved a 

known “click” reaction [40] between 3,6-dibromocarbazole and 3,4,5,6-Tetrafluoro-o-xylylene 

dibromide to receive 8 which was later used in the Buchwald-Hartwig cross coupling reaction to get 

HTM14.  

 

Figure 12. Synthesis of HTM14. 

4.2.2. Properties 

TGA of the spiro-OMeTAD-based materials shows that almost in all instances the addition of 

fluorine to the molecule lowers the thermal decomposition temperature except for HTM12. The 

decrease of the thermal decomposition temperature in compounds HTM8, HTM10 and HTM11 

directly correlates with the amount of fluorine atoms in the molecule. TGA of the V886-based 

materials however reveals a different situation. The addition of fluorine atoms to such molecules 

increases the thermal decomposition temperature in all cases. The DSC analysis of spiro-OMeTAD-
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based compounds reveals that substituting hydrogen with fluorine in methoxy groups drastically 

reduces the glass transition temperature in HTM8. Another thing that can be noticed is that HTM10 

has two melting points, after the first one at 227 oC recrystallization happens and it melts again at 265 

oC. The DSC analysis of V886-based materials shows that the only notable variation in glass transition 

temperature is exhibited by HTM9.  

 

Table 3. Thermal properties of the fluorinated and reference materials. Tm – melting point temperature. 

Compound Tg, 
oC Tm, oC Tdec, 

oC Compound Tg, 
oC Tdec, 

oC 

HTM8 63 238 380 HTM9 116 400 

HTM10 126 227, 265 428 HTM13 138 418 

HTM11 186 278 422 HTM14 137 393 

HTM12 122 264 446 V886 137 389 

Spiro-OMeTAD 105 255 440 
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All the spiro-OMeTAD-based compounds show two absorbtion maximums at 301-307 nm and 

370-383 nm (Figure 13). As seen from the UV/Vis spectra the addition of fluorine atoms to the 

molecule brings out varying hypochromic effects and hypsochromic shifts.   

 

  

 

 

    

Figure 13. Absorption spectra of Spiro-OMeTAD-based materials. Recorded from the 10-4M solution 

in THF 
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The UV/Vis spectra for V886-based compounds shows that all the materials have maximums in 

the range of 292-303 nm. The most visible hypsochromic shift is exhibited by HTM13. Slight 

hypochromic effects can be seen from fluorinated HTMs compared to V886.   

 

 

 

 

            

Figure 14. Absorption spectra of V886-based materials. Recorded from the 10-4M solution in THF 

Ip for materials HTM8-HTM14 was measured and their values are presented in Table 4. 

Ionization potentials range from 5.05 eV to 6.20 eV. It is evident that only 4 out of the 7 synthesized 

materials have suitable Ip values for use in PSCs. The thing that was most unforeseen was the 

enormous boost to the ionization potential that the trifluoromethoxy groups gave compounds HTM8 

and HTM9. In all instances the addition of fluorine atoms to the molecule raised the ionization 

potential of the material.    
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It was attempted to measure hole drift mobility for compounds HTM8, HTM9, HTM10 and 

HTM13 however only HTM10 and HTM13 showed hole mobility. Surprisingly, HTM8 and HTM9 

both displayed electron mobility, which was unexpected, this demonstrates that a different method 

should be used to measure the electron mobility for these materials. The results of HTM10 and 

HTM13 revealed that fluorine atoms in these HTMs substantially lowered the hole drift mobility  

Table 4 Ionization potential and drift mobility values of fluorinated and reference materials. μ - at an 

electric field of 6.4×105V/cm. 

Compound 
Ip, 

eV 

μ0, 

(cm2/V·s) 

μ, 

(cm2/V·s) 
Compound 

Ip, 

eV 

μ0, 

(cm2/V·s) 

μ, 

(cm2/V·s) 

HTM8 6.20 - - HTM9 6.15 - - 

HTM10 5.26 2.6×10-6 3.6×10-4 HTM13 5.25 3×10-7 9.3×10-5 

HTM11 5.41 - - HTM14 5.12 - - 

HTM12 5.05 - - V886 5.04 2×10-5 6×10-4 

Spiro-OMeTAD 5.00 4×10-5 5×10-4 
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The wetting angle of compounds HTM8-HTM14 and reference materials Spiro-OMeTAD and 

V886 was measured by the sessile drop method and the results are presented in Table 5. 

Table 5. Wetting angles of the fluorinated and reference materials. 

Material Drop image 
Wetting 

angle, o 
Material Drop image 

Wetting 

angle, o 

HTM8 

 

94.2 HTM9 

 

89.8 

HTM10 

 

89.1 HTM13 

 

82.3 

HTM11 

 

84.8 HTM14 

 

73.1 

HTM12 

 

77.3 V886 

 

70.1 

Spiro-

OMeTAD 

 

82.5 
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As evidenced by Table 5 fluorine atoms in the molecule almost always increase the 

hydrophobicity of the compound. Out of all the materials only HTM8 is hydrophobic since only it 

shows a wetting angle of more than 90o. The biggest surprise was that HTM12 showed a decreased 

wetting angle compared to spiro-OMeTAD while containing fluorine atoms in its structure, which 

may be attributed to such a molecular packaging that decreases the hydrophobicity of the molecule. 

4.2.3. Conclusions  

This section displayed materials that had several fluorine atoms in their structure. Properties of 

the synthesized materials were investigated and it was proved that the addition of fluorine groups had 

both positive and negative effects on the properties of the compounds mostly depending on the 

quantity of fluorine atoms in the molecule. The addition of a trifluoromethoxy group changed the 

purpose of the material as those compounds became electron transporting materials instead of hole 

transporting ones. Overall it was proved that the addition of fluorine atoms worsened the drift mobility 

of the molecules. The measurement of the wetting angle proved that almost in all instances the fluorine 

addition increased the hydrophobicity of the materials, HTM8 even displayed a wetting angle of >90o 

which shows that it is a hydrophobic compound. 
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CONCLUSIONS 

1. Organic materials containing fluoro and methyl groups were synthesized and their 

properties were investigated. 

2.  The results of the research of the materials containing aliphatic substituents showed that: 

2.1.All the compounds begin decomposing at temperatures over 410 oC showing excellent 

thermal stability. Glass transition teperatures vary depending on the substitution, a 

symmetrical p- substitution in the triphenylamino fragment (HTM4 and HTM5) 

drastically decrases the Tg while an addition of a different chromophore or a larger 

overall molecule increases the glass transition temperature.  

2.2.Compounds HTM1-HTM7 display similar absorption and ionization potential values, 

as expected the material with the longest conjugated π-π electron system HTM7 shows 

the best absorption. The best hole drift mobility is exhibited by HTM1 with a value of 

6×10-4 cm2/V·s at an electric field of 6.4×105V/cm. 

2.3.Perovskite solar cells using materials HTM1-HTM5 were fabricated and the best result 

of 16.79% was shown by HTM4. 

3. The results of the research of the materials containing fluorine atoms showed that:  

3.1.The addition of fluorine decreased the absorbtion of the molecules in all instances. 

3.2.Adding fluorine atoms to the molecules more or less increased the ionization 

potential values of the compounds depending on the location of fluorine atoms in 

the molecule. A substitution of a methoxy group to a trifluoromethoxy one 

drastically changed the Ip of the materials, increasing them by more than 1 eV, while 

also changing the purpose of the compounds HTM8 and HTM9 which were 

electron transporting materials. 

3.3.Almost in all cases except in HTM12 the addition of fluorine proved to be beneficial 

to the hydrophobicity of the material. Compounds HTM8 and HTM9 which had the 

trifluoromethoxy group showed the best wetting angles of 94.2o and 89.8o 

respectively. 
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