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ABSTRACT 

Organic functional materials are indispensable components for the last 

generation of light-energy conversion devices. Photo- and electroactive small organic 

molecules constitute thin active (emitting, transporting, blocking, injecting etc.) layers 

of organic optoelectronics and often play a decisive role for efficiency of an operating 

device. Since desired optoelectronic and morphological properties of organic materials 

can be finely tuned at the molecular level, the relationships between molecular 

structure, physicochemical properties and, ultimately, performance of the 

corresponding bulk material in an operating device are subject of extensive research 

nowadays. Moreover, developing understanding of device operation and physics 

imposes newer stricter and more challenging requirements for organic functional 

materials urging the search for new molecular architectures with advanced properties.  

Thus, the work presented in this thesis is focused on synthesis, profound 

characterization and use of new organic functional materials for light-energy conversion 

devices. I aim eventually to find out the synthetic guidelines for judicious molecular 

design of organic low-molecular-weight materials with advanced properties for use in 

optoelectronic devices.  

In this work, I introduce rigid bulky symmetric 10H,10'H-9,9'-spirobi[acridine] 

(SBA) as a universal molecular platform to construct emitting dopants and HTMs for 

the last generation optoelectronics: thermally-activated delayed fluorescence light-

emitting diodes (TADF OLEDS) and perovskite solar cells (PSCs) respectively. The 

compact SBABz4 TADF emitter exhibited pure blue emission via TADF channel and a 

significant hypsochromic shift as opposed to simpler DMABz4 with commonly used 

“monomeric” donor without the spiro-node. Moreover, stick-like elongated SBABz4 

demonstrated increased light-outcoupling efficiency. 

As the next part of our work, I utilized SBA molecular platform to construct 4 

novel HTMs that mimic simultaneously two benchmark materials: 2,2′,7,7′,-tetrakis-

(N,N-dimethoxyphenyl-amine)-9,9′-spirobifluorine (spiro-MeOTAD) and poly(triaryl 
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amine) (PTAA) monomer fragment. The new HTMs performed on par with spiro-

MeOTAD reference, but the corresponding devices demonstrated no current density-

voltage (J-V) hysteresis and excellent durability, strongly outperforming the etalon 

molecule.  

Finally, driven by our curiosity to new molecular scaffolds, I explored chemistry 

and optoelectronic properties of electron excessive polyaromatic heterocycle – ullazine. 

I performed synthetic optimization and elaborated a straightforward high-yielding 

protocol towards 3,9-disubstituted ullazine scaffold and a reactive monobromoullazine. 

Moreover, I developed synthetic approaches towards all possible ullazine 

monocarbaldehydes and studied the relationships between regioisomerism and photo-

/electronic properties of the corresponding conjugates with malonate acceptor. One of 

the donor-acceptor (D-A) conjugates displayed a suitable energy level and was tested as 

a small-molecule dopant-free HTM for PSCs without conventional arylamine 

substituents.  

 

Keywords 

Photovoltaic, perovskite solar cells, organic light-emitting diode, organic 

electronics, hole transport material, thermally activated delayed fluorescence, emitter, 

cyclisation, polyaromatic heterocycle, organic synthesis. 
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RÉSUMÉ 

Les matériaux organiques fonctionnels sont des composants indispensables pour 

la dernière génération d'appareils de conversion de la lumière en énergie. Les petites 

molécules organiques photo- et électroactives constituent de minces couches actives 

(émission, transport, blocage, injection, etc.) d'appareil optoélectronique organique et 

jouent souvent un rôle décisif pour l'efficacité d'un appareil en fonctionnement. Les 

propriétés optoélectroniques et morphologiques souhaitées des matériaux organiques 

pouvant être affinées au niveau moléculaire, les relations entre la structure moléculaire, 

les propriétés physico-chimiques et, en fin de compte, la performance globale du 

matériau dans un appareil en fonction fait, de nos jours, l'objet de recherches 

approfondies. De plus, le développement de la compréhension du fonctionnement et de 

la physique des appareils impose de nouvelles exigences plus strictes pour les matériaux 

fonctionnels organiques, ce qui incite à rechercher de nouvelles architectures 

moléculaires aux propriétés innovantes.  

Ainsi, les travaux présentés dans cette thèse sont axés sur la synthèse, la 

caractérisation profonde et l'utilisation de nouveaux matériaux organiques fonctionnels 

pour les dispositifs de conversion  de lumière en énergie. Notre objectif à terme est de 

trouver les lignes directrices synthétiques pour la conception moléculaire judicieuse de 

matériaux organiques de faible poids moléculaire ayant des propriétés avancées pour 

l'utilisation dans des appareils optoélectroniques.  

Dans ce travail, nous introduisons la 10H,10'H-9,9'-spirobi[acridine] (SBA) 

comme plate-forme moléculaire universelle pour construire des dopants émetteurs et 

des matériaux de transport de trous (HTM) pour la dernière génération d’appareil  

optoélectronique : les diodes électroluminescentes à fluorescence retardée (TADF 

OLEDS) et les cellules solaires perovskite (PSCs). L'émetteur compact SBABz4 TADF 

présentait une émission bleue pure via le canal TADF et un décalage hypsochromique 

significatif par opposition à un plus simple DMABz4 avec un donneur "monomère" 
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couramment utilisé sans noeud spiro. De plus, le SBABz4 allongé en forme de bâton a 

démontré une efficacité accrue de couplage de la lumière. 

Dans la partie suivante de notre travail, nous avons utilisé la plateforme 

moléculaire SBA pour construire 4 nouveaux HTMs qui imitent simultanément deux 

matériaux de référence : 2,2′,7,7′,-tetrakis-(N,N-diméthoxyphényl-amine)-9,9′-

spirobifluorine (spiro-MeOTAD) et fragment monomère poly(triarylamine) (PTAA). Les 

nouveaux HTM ont fonctionné au même niveau que la référence spiro-MeOTAD, mais 

sansaucune hystérése de tension-densité de courant (J-V) et une excellente durabilité, 

surpassant largement les performances de la molécule d'étalon.  

Enfin, poussés par notre curiosité pour de nouvelles structures moléculaires, nous 

avons exploré la chimie et les propriétés optoélectroniques de l'hétérocycle 

polyaromatique à excès d'électrons - ullazine. Nous avons effectué une optimisation 

synthétique et élaboré un protocole simple à haut rendement vers une structure ullazine 

3,9-disubstitué et une monobromoullazine réactive. De plus, nous avons développé des 

approches synthétiques de tous les monocarbaldéhydes ullazines possibles et étudié les 

relations entre le régio-isomérisme et les propriétés photo-/électroniques des conjugués 

correspondants avec accepteur malonate. L'un des conjugués donneur-accepteur (D-A) 

présentait un niveau d'énergie approprié et a été testé comme HTM sans dopant pour 

les PSC sans substituants classiques arylamine.  

 

Mots clés 

Photovoltaïque, cellules solaires en pérovskites, diode électroluminescente 

organique, électronique organique, matériau de transport de trous, fluorescence 

retardée activée thermiquement, émetteur, cyclisation, hétérocycle polyaromatique, 

synthèse organique.  
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SYMBOLS AND ABBREVIATIONS  

A    acceptor 
abs    absorption 
acac   acetylacetone 
Ac   acetyl 
Ad   adamantyl 
APCI   atmospheric pressure chemical ionization 
Boc   tert-butyloxycarbonyl 
br   broad 
Bu   butyl 
CB   conduction band 
CIE   Commission internationale de l'éclairage 
CT   charge transfer 
CV   cyclic voltammetry 
D   donor 
d   doublet (NMR multiplicity)  
Dba   dibenzylideneacetone 
DCE   1,2-dichloroethane 
DCM   dichloromethane 
DG   directing group 
DMA or DMAC  9,9-dimethyl-9,10-dihydroacridine 
DMAP   4-dimethylaminopyridine 
DMF   dimethylformamide 
DMF   dimethylformamide 
DMPA   dimethoxydiphenyl amine 
DMTHF  2,5-dimethoxytetrahydrofuran 
DPAC   9,9-diphenyl-9,10-dihydroacridine 
DPEPO   bis[2-(diphenylphosphino)phenyl] ether oxide 
DSC   differential scanning calorimetry 
DSSC   dye-sensitized solar cell 
EIL   electron-injection layer 
EL   electroluminescence 
Em   emission 
EML   emissive layer 
EQE   external quantum efficiency 
ESI   electrospray ionization 
Et   ethyl 
ETL   electron-transporting layer 
ETM   electron-transporting material 
FF   fill factor 
FMO   frontier molecular orbital 
FOLED   fluorescent organic light emitting diode 
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FTO   fluorine-doped tin oxide 
Hex   hexyl 
HIL   hole-injection layer 
HOMO   highest occupied molecular orbital 
HPV   hybrid photovoltaic 
HTL   hole-transporting layer 
HTM   hole-transporting material 
IC   internal conversion 
ICT   intramolecular charge transfer 
IEA   International Energy Agency 
IP   ionization potential 
iPr   iso-propyl 
IQE   internal quantum efficiency 
IR   infrared 
ISC   intersystem crossing 
ITO   indium-tin oxide 
LE   locally excited 
LUMO   lowest unoccupied molecular orbital 
m   multiplet 
MA   methylammonium 
MALDI   matrix-assisted laser desorption/ionisation  
mCP   1,3-bis(N-carbazolyl)benzene  
MD   molecular dynamics 
Me   methyl 
Mes   mesityl 
MPPT   maximum power point tracking 
MS   mass spectrometry  
nBu   normal-butyl 
NMR   nuclear magnetic resonance 
NSI   nanospray ionization 
OC   open circuit 
oDCB   ortho-dichlorobenzene 
OLED   organic light-emitting diode 
Ox   oxidation 
PCE   power conversion efficiency 
Ph   phenyl 
PHA   polycyclic heteroaromatic compound 
PhOLED  phosphorescent organic light emitting diode 
PL   photoluminescence 
PLQY   photoluminescence quantum yield 
PMMA   polymethyl methacrilate 
PPA   polyphosphoric acid 
ppy   2-phenylpyridine 
PSC   perovskite solar cell 
PTAA   polytriarylamine 
PV   photovoltaic 
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Py   pyridyl  
Red   reduction 
RESP   restrained electrostatic potential 
RH   relative humidity  
rISC   reversed intersystem crossing 
RT   room temperature 
S   singlet (electronic state) 
s   singlet (NMR multiplicity) 
SBA   10H,10'H-9,9'-spirobi[acridine]  
SC   short circuit 
SCLC   space-charge limited current 
secBu   secondary-butyl 
SEM   scanning electron microscopy 
SHE   standard hydrogen electrode 
SHR   Shockley Read Hall  
SOC   spin-orbit coupling 
spiro-MeOTAD 2,2′,7,7′,-tetrakis-(N,N-dimethoxyphenyl-amine)-9,9′-

spirobifluorine 
ssDSSC   solid-state dye-sensitized solar cell 
T   triplet (electronic state) 
t   triplet (NMR multiplicity) 
TADF   thermally activated delayed fluorescence 
TBP   tert-butylpyridine 
tBu   tert-butyl 
TCO   transparent conductive oxide 
TEEDA   N,N,N′,N′-tetraethylethylenediamine 
Tf   triflate, trifluoromethanesulfonate 
TGA   thermogravimetric analysis 
THF   tetrahydrofurane 
TLC   thin-layer chromatography 
TMS   trimethylsilyl 
TOF   time of flight 
TPA   triphenylamine 
TPCD   transient photocurrent decay 
TPE   tetraphenyl ethylene 
tr   time-resolved 
TSPO1   diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide  
UPS   ultraviolet photoemission spectroscopy 
UV   ultraviolet 
VB   valence band 
VC   vibronic coupling 
Xphos   2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl  
XRD   X-ray diffraction  
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Global energy demand has become a relevant problem in present societies. The 

constantly growing energy consumption and the stricter requirements for its 

environmentally sustainable production urges for the immediate transition to carbon-

neutral sources of abundant energy. The International Energy Agency (IEA) estimated 

the total electricity consumption reaching 21372 TWh with a foreseen growth for the 

upcoming decades1. More than 65% of the total world gross generated electricity still 

originates from chemical energy released and transformed upon fuels combustion and 

it is accounted for almost 30% of the global greenhouse gas emission2,3. 

In such scenario, one of the most environmentally benign sources of ample 

energy is energy of incident solar light, that still remains vastly underexploited. Each 

hour the Earth receives light energy in the amount more than consumed yearly by 

humans4, but only 1.8% of the gross world electricity production stands for the solar 

energy1. Hence, the potential of photovoltaic (PV) technology is still to be better 

developed and deployed to become a practical solution for the increasing demand of 

CO2-neutral electricity. 

On the other hand, responsible consumption of electricity is an additional key 

factor to achieve the global energy security. This implies a gradual transition to the 

technologies that allow an efficient conversion of electricity to useful work. This energy-

saving advantage was clearly demonstrated by the gradual substitution of incandescent 

bulbs by fluorescent lamps, and more recently – by light-emitting diodes5–7. 

These two paramount energy-security approaches are the basic idea for the 

contemporary light-energy conversion technologies that includes organic light-emitting 

diodes (OLED) and hybrid photovoltaics (HPV). These devices have already 

demonstrated a great promise for as inexpensive large-area, flexible, environmentally 

friendly and efficient solutions for light-energy transformation. However, further 

advances in these technologies are inextricably linked to the development of 

constituting organic materials, and a deeper understanding of relationships between 

molecular structure and performance in operating devices is the paramount 

investigation idea placed in the focal point on this thesis. 
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1.1. Light-energy conversion devices. Operation principles 

Nobel Prize in Chemistry in 2000 was jointly awarded to Alan J. Heeger, Alan G. 

MacDiarmid and Hideki Shirakawa "for the discovery and development of conductive 

polymers"8. Nowadays, almost 20 years later, one can surely witness that the field of 

organic electronics has spurred immense interest not only of academics, but also 

entrepreneurs, manufactures and consumers. It has triggered a worldwide highly-

competitive research and immediate production boom, giving a birth to a new 

generation of optoelectronic devices that are already used today. Organic 

optoelectronics have some significant advantages over their inorganic analogues: 

relatively low material and fabrication costs, lightweight, prospective for high off-grid 

autonomy, flexibility, In addition, a facile tuning of materials’ electronic properties can 

be achieved my molecularly engineering thus easily fulfilling the requirements imposed 

by device architecture, physics or potential customers. 

The light-energy conversion devices, I am addressing in this thesis and the 

materials I am developing for, are thermally activated delayed fluorescence (TADF) 

organic light-emitting diodes and hybrid organic-inorganic perovskite solar cells (PSC). 

Both technologies got an immense development impetus during the last decade and 

have already proven the outstanding efficiencies and great promises for the upcoming 

future, in big part, thanks to advances in the organic materials constituting them. 

 

Figure 1. (a) Schematic architecture of a multilayer OLED stack. (b) Schematic energy level diagram of 
OLED. 
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OLEDs are electroluminescent (EL) devices converting electrical energy to light, 

thus enabling applications in display technologies and solid-state large area lighting. 

Typical OLEDs architecture includes multiple ultra-thin layers of organic 

semiconductors stacked between two electrodes: cathode and anode (Figure 1a). The 

operating voltage is applied on the electrodes allowing the injection of charge carriers 

and permitting the current to flow through the semiconductive organic layers (Figure 

1b). Holes and electrons are then get confined and recombine at the central emissive 

layer (EML), generating excitons according to the spin statistics (Figure 2, vide infra). 

Despite the simplest device architectures contain three main components, additional 

layers are generally required to facilitate carrier injection and current flow towards 

recombination zone, thus grading the electronic energy profile of a device. . A typical 

device structure is therefore the combination of an electron injection layer (EIL), an 

electron transporting layer (ETL), EML, a hole transporting layer (HTL) and a hole 

injection layer (HIL), all sandwiched between two conductive electrodes. The layer 

thickness, a type of organic semiconductors are chosen according to the emitter used, 

energy levels and optimized theoretically and experimentally to achieve the best device 

performances. 

 

Figure 2. Schematic representation of electroluminescence mechanisms in OLEDs upon electron-hole 
recombination and structural formulae of the representative emitters. 
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Figure 3. (a) Schematic device structure of a conventional structure PSC. (b) Schematic device structure 
of an inverted structure PSC. (c) Schematic energy level diagram of PSC. 

Organic and hybrid solid-state solar cells, fully opposite to OLEDs by their 

working principle, are devices that convert energy of light to electricity based on the 

photovoltaic effect. The HPV device structure nonetheless is somewhat similar to the 

OLED: multiple thin layers of semiconductors are stacked between two selective 

electrodes (Figure 3a, b). The central layer is an efficient light absorber that harvests 

incident light, generating weakly-bonded excitons that must be converted into free 

charges. The adjacent to the absorber layers (HTL and ETL) grade energy barriers, 

facilitating charge carrier extraction from the photo-absorber and transport to the 

selective electrodes, that eventually extract the charges and result in current (Figure 

3c). PSCs without ETLs and HTLs were reported, however they vastly attain significantly 

lower efficiencies9–12. In this work I focus only on PSCs, employing both ETL and HTL as 

essential component to achieve advanced device performances. 
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1.2. Organic light-emitting diodes ‒ brief overview 

OLEDs technology has stemmed out from the very first studies on 

electroluminescence (EL) of anthracene crystals and tetracene as a minor impurity in 

anthracene matrix reported in 1962 by M. Pope (Figure 4)13. However it took almost 25 

years until, C. V. Tang and S. A. VanSlyke described the fabrication and operation of the 

first conventional fluorescent organic light-emitting diode (FOLED)14. That pioneering 

device, containing tris-(8-hydroxyquinoline)aluminum embedded between two 

electrodes, emitted green light peaking at 550 nm and attained 1% maximum external 

quantum efficiency (EQE or ηext). Since then, many fluorescent materials, including 

small molecules and polymers15, have been developed and applied to OLEDs. Yet none 

of them could overcome the limitations imposed by spin-statistics for electrogenerated 

excitons16,17 and device light outcoupling efficiency18. In general, for conventional 

fluorescent materials, electron-hole recombination generates only 25% of emissive 

singlet excitons and 75% of “dark” triplets that deactivate non-radiatively, therefore a 

maximim internal quantum efficiency (IQE or ηint) of only 25% is theoretically possible 

(Figure 2). In addition, Lambertian emission with the common 20-30% light 

outcoupling efficiency limits the maximum EQE up to about 5%.  

A significant step forward in the development of efficient OLEDs was made by 

Baldo et al. in 1998, reporting the first phosphorescent organic light-emitting diode 

(PhOLED)19. The authors demonstrated the use of 2,3,7,8,12,13,17,18-octaethyl-21H,23H-

porphine platinum(II) complex as the phosphorescent dopant to fabricate a red-

emitting phosphorescent OLED  attaining maximum EQE of 4% in the operating device. 

Even though the device was as efficient as a conventional FOLED, it represented a major 

milestone manifesting the potential advantage of employing direct radiative relaxation 

from the lowest lying triplet state (T1) in microsecond time range. The allowed emission 

and population of T1 from the lowest singlet state (S1) occurs thanks to fast intersystem 

crossing (ISC) facilitated by strong spin-orbit coupling (SOC), induced, in its turn, by 

presence of a heavy metal atom. Three years later, Adachi et al. demonstrated a PhOLED 

containing bis(2-phenylpyridine)iridium(III) acetylacetonate phosphorescent dopant, 

that exhibited IQEs close to unity20. The device emitted green light peaking at 520 nm 
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and attained maximum EQE of 19.0 ± 0.5%, thus clearly exceeding the limitation 

imposed by spin statistics for fluorescent materials (Figure 2, Figure 4). Since 2001 

many organometallic phosphorescent compounds including  Ir, Pt, Ru, Os, Re, Au atoms 

have been reported, demonstrated emission covering the whole visible spectrum21,22. 

Moreover, red and green Ir cyclometalated complexes have already found vast 

application in production of OLED-displays, clearly demonstrating the superiority of the 

new technology in brightness, contrast ratio, wider viewing angles, lightweight, 

response time and power efficiencies over the preceding concepts. However, effective 

and stable deep blue-emitting phosphors remain to be scarce23–25, and the best 

performing OLEDs contain rare noble metals, which are rather disperse and therefore 

expensive. Additionally, the extensive mining, refinery and use of rare metals may bring 

about many environmental and economic risks associated with the mass production26. 

E-type fluorescence, or TADF is an alternative phenomenon that utilizes “dark” 

electrogenerated triplet excitons thanks to a tiny energy splitting between S1 and T1, 

which permits thermally-triggered back-population of S1 from T1 thanks to the efficient 

reversed intersystem crossing (rISC). To the best of my knowledge, TADF has been first 

reported as early as in 1941 by Lewis G.N. et al, who described the temperature-

dependent afterglow of fluorescein in a boric acid matrix27. Few decades later, some 

other small molecules (eosin, aromatic ketones, thioketones) and fullerenes have been 

demonstrated to display delayed fluorescence properties in solutions or solid state, 

however photoluminescence quantum yields (PLQY) were extremely low and not yet 

suitable for any use in emitting devices28–33. Almost at the same time, light d-element 

complexes (mainly Cu-complexes) with bulky phosphine ligands were synthesized 

showing a small S1-T1 energy splitting (~900 cm-1) and a strong delayed temperature-

dependent component in their emission34. In contrast to 5d-element phosphors, lighter 

Cu-analogues did not display the strong SOC that allow spin-forbidden radiative 

transition from T1 to the ground singlet state (S0). On the contrary, Cu-complexes with 

sterically congested phosphine ligands have a very small splitting between the lowest 

singlet and triplet states, allowing thermally triggered rISC, thus resulting in delayed 

emission via a fluorescent channel. However, molecular design for efficient and stable 
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Cu- or Ag-based TADF complexes with short  delayed emission component (3-5 μs) 

remains to be very challenging35. Porphyrin-based Sn4+-fluoride conjugates were also 

reported to exhibit TADF emission and used to fabricate the first doped TADF OLED36. 

The very first OLED with purely organic TADF emitting dopant was reported by Endo 

et al. in 201137. However, the EQE of the pioneering device hardly surpassed the 

conventional maximum EQE values FOLEDs, attaining modest 5.3% and thus remaining 

as proof of a potential concept rather than a practical methodology to build efficient 

TADF devices. The “game-changer” was reported by Uoyama H. et al. in 2012 and 

manifested a surpass of the FOLED maximum EQE limit of ~ 5% using fully organic 

EML, and becoming a starting point for the third generation OLEDs based on organic 

TADF emitters38. The authors proposed a feasible strategy to construct organic TADF 

materials with tunable electronic properties, eventually demonstrating the full palette 

of emission colors over the visible spectrum, from sky-blue TADF OLEDs (max. ηext = 

8.0 ± 1%), to green (max. ηext of 19.3±1.5%) and orange-red (max. ηext = 11.2 ± 1%). 

 

Nowadays, fully organic TADF emitters have broken new records approaching 

maximum EQEs close to 40% for sky-blue (TDBA-DI)39 and green (CzDBA)40, and 30% 

for orange-red (NAI-DPAC)41 OLEDs without any extra light-outcoupling devices. They 

illustrate the importance of a rational molecular design, and the paramount need of 

investigating the relationship between molecular structure and the macroscopic 

properties of the materials. 



 

 

 

Figure 4. Timeline and the selected milestones of OLED and TADF development.
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1.3. Principles of molecular design to modulate TADF properties of 

organic emitters 

In order to overcome the limitation of triplet exciton quenching in fully organic 

molecules, TADF emitters require a minimal energy separation between S1 and T1 states 

(ΔEST) along with long-living triplet excitons to prevent radiationless deactivation and 

high values (104-106 s-1) of rISC rate constant (krISC).The tiny value of the energy splitting 

allows triplets to thermally up-convert to a singlet state efficiently, followed by fast (kr ~ 

109-1011 s-1) radiative relaxation to the ground state, eventually permitting IQE of unity. 

Moreover the tiny energy gap is essential to boost rISC according to Arrhenius equation 

for rISC rate constant (krISC) (1) and the first-order perturbation theory (2)42, suggesting 

the increase of first-order mixing coefficient (λ) with decreasing ΔEST, even with tiny 

finite spin-orbit interaction (HSO) in molecules without any heavy atom:  

 
𝑘𝑟𝐼𝑆𝐶 = 𝐴𝑒−

∆𝐸𝑆𝑇
𝑘𝑇  

𝜆 ∝  
𝐻𝑆𝑂

𝛥𝐸𝑆𝑇

 

(1) 

(2) 

where A is a preexponential factor, k is Boltzmann constant and T is temperature. 

Energies of the lowest-lying singlet and triplet states are defined through orbital energy 

(Eorb) of one-electron system in excited state, Coulomb term (C) and the exchange 

energy term (J), according to the equations 3-5: 

 

𝐸𝑆1
= 𝐸𝑜𝑟𝑏 + 𝐶 + 𝐽 

𝐸𝑇1
= 𝐸𝑜𝑟𝑏 + 𝐶 − 𝐽 

∆𝐸𝑆𝑇 = |𝐸𝑆 − 𝐸𝑇| = 2𝐽 

(3) 

(4) 

(5) 

Hence, the excited state energies differ only due to spin arrangement of the 

singlet (destabilized) and triplet (stabilized) excited states, whilst the entire electron 

arrangement is identical for both excited states and gives equivalent values of each 

energy term for both excited states. Therefore, minimization of the ΔEST splitting implies 

minimization of exchange integral: 
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 𝐽 =  ∬ 𝜑(𝑟1)𝜓(𝑟2) (
𝑒2

4𝜋𝜀0| 𝑟1 −  𝑟2|
) 𝜑(𝑟2)𝜓(𝑟1) 𝑑𝑟1 𝑑𝑟2 (6) 

where ψ and φ stand for the highest occupied (HOMO) and the lowest unoccupied 

(LUMO) molecular orbital wave functions respectively, e is elementary electric charge, 

ε0 is the vacuum permittivity and rn are the positions of the electrons. Thus, 

minimization of J can be achieved by decreasing the overlap between the wave functions, 

in other words by spatial separation of HOMO and LUMO.  

Though minimization of ΔEST through frontier molecular orbitals (FMO) 

segregation is an essential prerequisite to impart rISC to an emitter, many other factors 

may strongly affect efficiency of the back-population as well as emission parameters and 

ultimate performance in OLEDs: prompt (𝜏𝑃) and delayed (𝜏𝐷) emission lifetimes, 

PLQY, full-width at half-maximum (FWHM) etc. The normal conditions provide only 

26meV of thermal energy, being nearly the only suitable for operation of consumer 

electronics. However some efficient TADF emitters were reported to have large splitting 

values ranging from 300 meV up to 600 meV43, thus, in the latter case, being closer to 

the conventional fluorescent materials without substantial FMO segregation44. 

Moreover, different nature of excited states45, vibronic (nonadiabatic) coupling46–48, 

multiple intermediate states49,50 and/or S1-T1 pairs51, SOC and possible metastable 

conformations of the emitters have to be equally considered as efficient ways to facilitate 

rISC. 

In terms of molecular design, the most common and feasible way to impart rISC 

and TADF properties to an emitter is spatial segregation of FMOs. It is usually achieved 

in highly twisted molecules composed of distinct electron excessive (donors, D) and 

electron accepting (A) units that accommodate HOMO and LUMO apart (Figure 5a). 

One of the approaches for physical separation of the frontier orbitals relies on quasi-

perpendicular of other highly twisted rigid arrangements of the D-A that effectively 

minimize π-interaction between them. Introduction of a π-bridge can improve the 

partition of FMOs, however it inevitably expands the overall electronic system, resulting 

in a narrower bandgap and consequently longer emission wavelengths 
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Figure 5. Approaches for FMOs separation through (a) reduced overlap of HOMO and LUMO in highly 
twisted conformations52,53, (b) multiple resonance effect and (c) photoisomerisation. Blue and red colors 
represent localisation of HOMO and LUMO or D and A units. 
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(lower color purity for blue emitters)54. Alternatively, sp3-hybridized electronically inert 

bridges (alkyl chains, spiro-atoms etc.) can significantly break (up to complete isolation) 

any electronic communication between D and A44. This strategy, yet reported, still relied 

on various through-space interactions to ensure practical PLQYs53. The absolute 

interruption of the conjugation significantly decreases luminescence efficiency, as kr is 

proportional to the oscillator strength (f) between S1 and S0: 

 𝑘𝑟 ∝ 𝑓𝜈 (7) 

where ν is emission wavelength. 

Other molecular engineering strategies to minimize ΔEST, while retaining high f 

values, proposed separation of HOMO and LUMO within one molecule even without 

evident D and A units. They relied on so called “multiple resonance effect” (Figure 5b)55–

57 or excited-state intramolecular proton transfer (Figure 5c)58, allowing to alternatingly 

relocate HOMO and LUMO over separate parts of one flat molecule. However, materials 

based on these strategies of FMO separation remain to be rather scarce and difficult to 

design: even small alternations in the structures may be critical for ΔEST and therefore 

TADF emission59,60. 

1.4. D and A units to construct TADF materials 

The vast majority of TADF emitters are still designed using the most synthetically 

feasible approach involving combination of sterically demanding D and A entities. 

Despite the plethora of TADF materials have been developed and reported to date, they 

are usually composed of limited number of donor entities, while the structural synthetic 

development mainly focuses on molecular engineering of the acceptor part61–63. 

The donors are usually represented by N-containing aromatic compounds: 

triarylamines, carbazoles, acridanes, phenoxazines, phenothiazines and azasilines that 

are connected to A either directly through N-atom or via one of C-atoms of the 

molecular periphery of the D framework (Figure 6). The molecular configuration, 

isomerism strongly affect the emission parameters, ΔEST splitting and krISC
64–66. The 

acceptors are usually based on conventional electron withdrawing groups (nitriles, 
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carbonyl compounds, halogens and haloalkyls), electron deficient N-heterocycles 

(triazine, pyrimidine, azoles, heptazine etc.), structures incorporating other 

heteroatoms (B: boranes, borates, borinates, boron-fluorine complexes etc.; P: 

phosphineoxides; S: sulfoxides and sulfones) in various oxidation states,π-systems67,68 

and their infinite combinations (Figure 6). The electron withdrawing properties of an 

acceptor define energy level of LUMO, thus judicious choice of both D and A is 

paramount to obtain a desired bandgap energy, which is emission wavelength.  

 

 

Figure 6. Selected donors, acceptors and bridges widely employed to construct TADF emitters. 
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The substituents furnishing a donor part of a molecule are known to affect 

HOMO energy and tune electronic properties of an entire emitter69. For example, the 

donor strength can be substantially increased upon attaching alkyls, -OR, -SR, carbazole, 

arylamines, alkyls etc. at para- or ortho- positions in relation to the N, on the contrary, 

aromatic fragments, like phenyl, can stabilize HOMO thanks to the extension of the 

conjugation system and its weak electron-withdrawing properties62. However, care 

should be taken when introducing any substituents (even “electronically inert”), as this 

inevitably increases complexity of a system and can lead to appearance of new excited 

states, SOC, new conformations interfering in the emission70–76. 

The bridges between D and A units are optional and are usually used to impart 

certain geometric arrangement and/or molecular shape, to better separate FMOs, thus 

increasing amount of the delayed component in the emission77. They are usually 

represented by phenyl linkers or sp3-hybridized C-atoms (short alkyls or spiro-atoms) 

that break π-conjugation. The choice of a linker is however also important, as it may 

affect ΔEST splitting78 and the bandgap width.  
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1.5. Perovskite solar cells – brief overview 

Perovskites are inorganic compounds with a general formula ABX3 and the crystal 

structure similar to naturally-occurring mineral CaTiO3 that gave the name to the whole 

family of hybrid materials (Figure 7a). Organic-inorganic hybrid absorbers used in PSCs 

are usually represented by lead or tin organo-halide compounds, where A = MA 

(CH3NH3
+), FA (NH2=CHNH2

+), Rb+ or Cs+; B = Pb2+ or Sn2+ and X = I-, Br- or Cl-. These 

light-harvesters combine many appealing optoelectronic properties placing them at the 

very frontline of the PV research: strong panchromatic absorption (Figure 7b)79,80, 

tunable bandgap81–83, efficient generation and ambipolar transport of charge carriers84, 

low (<50 meV) exciton binding energy85,86, long (~175 μm) carrier diffusion lengths87, 

excellent processability and material affordability.  

 

Figure 7. (a) The crystal structure of a typical ABX3 perovskite. (b) Absorption spectrum of 
[(FAPbI3)0.87(MAPbBr3)0.13]0.92(CsPbI3)0.08 thin film.  

Even though the optoelectronic properties of the hybrid perovskites were 

disclosed and studied decades ago, its application for photovoltaics was reported only 

in 2009. Kojima A. et al. the first reported the use of MAPbI3 and MAPbBr3 as sensitizers 

for liquid-electrolyte dye-sensitized solar cells (DSSCs), however power conversion 

efficiencies (PCE) were of only 3.81% and 3.13% respectively88. These solar cells were not 

durable due to fast hydrolysis of methylammonium haloplumbites. The subsequent 

investigation in 2011 described an optimization for the sensitized PSCs fabrication 

resulting in doubled PCE, but the stability issue has not been resolved yet89.  
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The significant step forward, towards the nowadays-used technology was made 

in 2012 by Kim et al. when the architecture of solid state dye-sensitized solar cells 

(ssDSSC) was adopted. Replacement of a liquid electrolyte with solid 2,2′,7,7′,-tetrakis-

(N,N-dimethoxyphenyl-amine)-9,9′-spirobifluorine (spiro-MeOTAD) HTM eventually 

increased PCE up to 9.7% and extended the lifetime of perovskite-based devices to 500h 

stable device operation90,91. Many other improvement regarding n-type92,93 and p-type 

materials94–97, perovskite composition, morphology98,99 and dementionality100, 

deposition methods101, interfacial engineering102, surface passivation techniques103 and 

layer doping were undertaken to skyrocket the PSC efficiencies beyond 25% nowadays104, 

thus already exceeding average metrics of the commercialized Si-congeners over only 10 

years of tsunami-intense research.  

1.6. PSC architectures and materials  

PSCs are usually composed of few (typically – 5) functional layers that facilitate 

exciton dissociation in a perovskite absorber, charge carrier injection and transport 

followed by charge extraction at cathode and anode. The entire solar cell is commonly 

supported by a glass or plastic substrate, covered with transparent conductive oxide 

(TCO) working electrode: indium-tin oxide (ITO) or fluorine-doped tin oxide (FTO). 

The transparent electrode props a three-layer stack composed of two charge-selective 

semiconducting layers embedding a perovskite absorber. The order and the constituting 

materials of these layers depends on PSC architecture (vide infra). A selective metal (Au, 

Ag, C or Al etc.) back contact caps up the layer stack. The electrode material (i.e. its work 

function) is chosen according to materials used and the device architecture. 

Perovskite intrinsic (i) layer can be sandwiched between two semiconducting 

layers (n-type and p-type materials), thus following conventional (n-i-p) or inverted (p-

i-n) structures, and resulting in the architectures where incident light comes through 

ETL or HTL respectively (Figure 8). Depending on the microstructure of n-type 

transporting material, PSCs can be further categorized into mesoscopic and planar  
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Figure 8. Schematic representation of four typical PSC architectures 

structures. Specifically, mesoscopic architectures utilize mesoscopic layer of 

nanostructured metal oxides (TiO2, SnO2, Al2O3, ZrO2, NiO etc.) as a functional scaffold 

to support better formation of a perovskite film or for charge carrier extraction. 

Simplified planar heterojunction structure exclude the mesoscopic interlayer and utilize 

only a compact metal oxide film. Architectures without HTL or ETL have been equally 

reported, however devices inevitably displayed poorer performances due to stronger 

parasitic recombination at the interfaces.  

The paramount requirements for the charge-selective layers are (i) the proper 

band alignment with the perovskite absorber that allow efficient charge carrier 

extraction to the interfaces, while preventing harmful charge recombination; (ii) smooth 

continuous interfaces ensuring tight contact with perovskite and selective electrodes; 

(iii) high charge carrier mobilities and (iv) good processability and affordability to 

maintain the cost advantages of PSC tecnology. 

ETM, or n-type, materials permit extraction of photogenerated electrons from the 

perovskite absorber. The ETL’s conduction band (CB) or LUMO is supposed to be more 

stabilized (~100-300 meV) than that of the intrinsic perovskite layer, while the valence 

band (VB) or HOMO should be significantly deeper to block the holes transfer and 

prevent charge recombination. Moreover, in n-i-p architectures, ETM should be 

transparent in the entire visible light region to ensure no parasitic light absorption. 
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Thereby, metal oxides (TiO2, ZnO, SnO2 etc) are usually used for n-i-p device structures, 

while the organic ETMs (organic small molecules and polymers with strong electron 

acceptors, fullerenes and fullerene derivatives: C60, PC61BM or PC71BM, ICBA etc.) are 

used in inverted p-i-n structures. 

HTM, or p-type material, assists the extraction of photogenerated holes from the 

perovskite absorber. As opposed to ETMs, HTMs should possess VB or HOMO level 100-

300 meV destabilized relative to the perovskite, thus ensuring barrierless hole injection, 

while strongly destabilized CB or LUMO (very low electron affinity) can be beneficial for 

blocking electron transfer. In addition, p-i-n architectures require minimal parasitic 

light absorption from the HTL at the front side of a device. Thus, the materials used in 

the inverted architectures are usually NiOx, Cu-group materials (CuI, CuSCN, 

CuOx etc.), PEDOT:PSS, while the most frequently employed regular structure vastly 

relies on electron-rich small molecules, conductive polymers and inorganic materials.  

 

Since the best efficiencies achieved for ssDSSC and the very first stable results for 

PSC, spiro-MeOTAD became the benchmark molecule for all newly developed hole-

selective materials. Spiro-MeOTAD is composed of a 9,9'-spirobi[fluorene] molecular 

scaffold furnished with 4 DMPA (4,4′-dimethoxydiphenylamine) redox-active entities 

on the molecular periphery. The molecular core is made of two orthogonal fluorene 

units providing bulky globular arrangement of the DMPA substituents, thus giving rise 

to ample solubility, high Tg values, i.e. stability of amorphous state of fabricated thin 
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films, thermal stability and charge carrier mobilities in the range of 10-5-10-4 cm2/(V*s). 

On the other hand, the reversible redox properties, energy level value (IP ~ -5.1 eV), and 

interaction with the perovskite absorber are defined mostly by DMPA entities.  

Spiro-MeOTAD has, however, few critical drawbacks: (i) extremely high cost of 

the material (~350 $/g) due to multistep synthesis and requirements of sublimation-

grade purity; (ii) innate low hole mobility and conductivity, that require heavy doping 

with deliquescent ionic additives (LiTFSI, FK209) and tert-butylpyridine (TBP), believed 

to cause (iii) poor long-term stability. 

Conducting polymers as poly(triaryl amine) (PTAA) or poly(3-hexylthiophene-

2,5-diyl) (P3HT) are often used as alternatives to low molecular weight organic materials. 

Macromolecules are considered to overcome the spiro-MeOTAD disadvantages thanks 

to their ultrafast on-chain charge carrier mobility and excellent film formation 

properties. However, polymers still require doping to induce high conductivity, and 

there is strong batch-to-batch deviation in molecular weights or even in regularity of a 

polymer. Moreover many conducting polyconjugated polymers strongly absorb visible 

light, causing optical losses which, together with tedious polymer purification, make its 

use cost-inefficient. 

Inorganic HTMs are considered to overcome low charge carrier mobilities, high 

material cost and poor long-term stability inherent to organic semiconductors. 

Nonetheless, the choice of materals is limited, and fine tuning of electronic and 

morphological properties is not as feasible as for organic counterparts. In addition, the 

deposition process of inorganic materials may be energy-inefficient (vacuum deposition) 

or may break the integrity of a perovskite film due to the use of non-orthogonal solvents 

for subsequent deposition of the absorber and a desired inorganic p-type semiconductor.  

1.7. Molecular design of low-molecular-weight HTMs 

Small organic HTMs constitutes an extensive research topic aimed to find 

relationships between HTM molecular structure, physico-chemical properties and 

photovoltaic performance in solar cells. Organic chemistry toolbox allow facile molecule 

tailoring to specifically address the weaknesses of the parental reference material: low 

charge carrier mobility, cost inefficiency and poor long-term stability. In general, an 
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efficient new HTM should impart few important features: (i) proper energy levels, (ii) 

good charge carrier mobility and conductivity, (iii) good solubility and processability, 

(iv) chemical and morphological stability, (v) protecting properties 

(hydrophobicity/operation in pristine form) to prevent perovskite degradation and (iv) 

cost-efficiency. 

The most widespread building blocks for the construction of HTMs for 

optoelectronics are still represented by electron-rich triaryalamines thanks to their 

reversible and fast redox processes at N atom, high-lying ionization potential (IP), rather 

good charge-carrier transport properties, film-formation ability and thermal stability105. 

The 3D arrangement of triaryalamine entities strongly affects molecular packing in solid 

state, thus affecting morphological stability of amorphous glassy state of thin films 

desirable for devices106,107. The most usual structural motifs of triarylamine-based low 

molecular weight materials are rod-shaped, star-shaped (or discotic) and spiro-arranged 

frameworks (Figure 9). The linear arrangement has been well known since early 

development of HTLs for OLEDs. These simple structures combine feasible synthesis, 

scalability and therefore – cost-efficiency. However, small rod-shaped molecules usually 

have low Tg and, as a result, they are prone to crystallize un operating devices108. The 

elongation of the molecules partially overcomes the morphology instability, but 

significantly decreases solubility and processability of the materials. Most of “1D” HTMs 

require ionic dopants for good performance in devices.  

The next structural group of HTMs is starburst and/or discotic molecules that 

often originates from innate arrangement of a parental triphenylamine (TPA) and/or 

fused polyaromatic heterocycles as well as polycyclic aromatic hydrocarbons (PAHs) as 

a supporting scaffold. As “1D” congeners, these materials have been extensively 

employed since OLEDs and were often found to exhibit superior morphological stability, 

while displaying preferential face-on organization at surfaces that facilitate 

intermolecular π-interaction and interlayer charge transport109,110. These improved 

interactions allowed to use HTMs in pristine form, but they may result in significant lack 

of solubility. Simple starburst molecules can  
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Figure 9. Selected representative HTMs with (a) linear111–113, (b) starburst114–116 geometry and (c) spiro-
arranged117–119 molecules for highly efficient PSCs. 

be usually afforded through few-step synthetic procedures, however TPA planarization 

and extensive functionalization of the molecular periphery can dramatically increase the 

final costs. 

Spiro-arranged molecules easily overcome morphological instability. They 

innately display high Tg, good solubility and film formation properties as opposed to the 

simpler “monomer” building blocks120. The parental spiro-MeOTAD has been widely 

deployed since OLEDs and ssDSSCs, commercialized and become a flagship HTM for 

PSC121. However, the globular shape of spiro-arranged molecules brings about more 

intermolecular voids because of structural bulkiness and distant packing in solids, 

eventually resulting in inferior charge transport and need in deliquescent ionic dopants. 

Moreover, preparation of a primary spiro-aromatic core requires few steps and costly 

starting materials, while further furnishing of a periphery leads to cost-inefficiency.  
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Besides triarylamines, other electron excessive molecular motifs became a subject 

of extensive research: 5-member hetaromatic rings (pyrrole, azoles, furan, thio- and 

selenophene), related conjugated, fused and spiro-systems. Introduction of heteroatoms 

and polycyclic heteroaromatic compounds (PHAs), as well as electron-deficient motifs 

to the HTM scaffold were demonstrated to result in new interesting and advanced 

properties94,122. 

In conclusion, design and synthetic guidelines for judicious molecular tailoring 

of functional materials with advanced properties are still in high demand and are subject 

of ongoing research. New molecularly engineered scaffolds are to be further designed 

and better studied to address the urgent need in innovative functional materials for 

light-energy conversion devices. 
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1.8. Motivation and outline of the thesis 

The field of light-energy conversion electronics is booming and ready to face up 

the energy-security challenges of the upcoming future. The advances in the domain of 

organic optoelectronics are inextricably linked to the development of new organic 

materials and better understanding (i) how the structural architecture and physico-

chemical properties at molecular level translate into the performance of the 

corresponding bulk “macroscopic” material in an operating device; (ii) how one can 

judiciously engineer new molecules to specifically address the requirements for 

advanced performance and (iii) what the synthetic guidelines to prepare the materials 

in the most efficient and high-yielding manner are.  

With these ideas in mind I have performed a thorough literature search and 

further data analysis to investigate potential advantages of introduction of a spiro-

(hetero)atom to an acridane scaffold for preparation of functional materials for light-

energy conversion devices. First, I describe synthetic approaches towards spiro-acradine 

materials, including special cases of acridanes with a spiro-heteroatom; second, I analyze 

spiro(heteroatom)-acridane materials developed for TADF OLEDs deriving and 

grouping the cases where a spiro-node brings a certain property or a function; third, I 

survey and report published data on spiro-acridane HTMs for PSCs, highlighting a great 

potential to further explore the capacity and use the spiro-acridane molecular motif for 

light-energy conversion devices. The findings are presented in chapter 2. 

In the next parts of our work I introduce SBA molecular platform and ullazine 

PHA for molecular engineering of functional materials for optoelectronics. In chapter 3, 

after optimization of a synthetic approach towards SBA-scaffold, I prepared a compact 

deep-blue TADF emitter SBABz4 composed of so far poorly studied twinned SBA 

acridane donor and conventional 4-benzonitrile acceptor. TADF properties were studied 

in solutions and solid films, demonstrating superior color purity in relation to the 

“monomer” analogue DMABz4. OLEDs employing SBABz4 emitter attained maximum 

EQE of 6.8% close to the theoretically possible 7.1% – based on the assumption of 30% 

light outcoupling efficiency. 

In chapter 4, I further explored the capacity of SBA-molecular platform, preparing 

and studying materials for PSCs. Endowed with various alkyl chains at the in-plane N-
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atoms and DMPA-substituents at the molecular periphery, 4 new HTMs were employed 

in PSCs in doped form. The new materials were as efficient as the benchmark spiro-

MeOTAD, but displayed significantly reduced J-V hysteresis and excellent stability after 

1000 h light stability test. Me-substituted HTM, displayed the highest PCE of 18.05% for 

the champion device and demonstrated the best stability, retaining 88% of the initial 

PCE, thus being among the most stable doped HTMs reported to date. 

In chapter 5, I explored chemistry of electron excessive polyhetaromatic 

compounds – ullazines. In order to prepare ullazine functional materials, I have 

optimized synthetic procedures to get a feasible and high-yielding access to the 

unsubstituted ullazine core and reactive 6-bromoullazine. Furthermore, selective 

approaches towards all possible monocarboxaldehydes were examined and used to 

prepare D-A conjugates with dihexylamalonate acceptors to probe and study the effect 

of regioisomerism on the photophysical and electrochemical properties of the new dyes. 

One of the D-A conjugates displayed suitable HOMO level and was used as an HTM for 

PSC without any dopant, attaining PCE of 13.07%. 

Chapter 6 presents a general conclusion of this thesis. The supplementary 

information for chapters 3-5 is reported in chapter 7. Chapters 3-5 are based on 

published articles with minor modifications. 
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CHAPTER 2 

SPIROACRIDANS AS LIGHT EMITTERS AND HOLE 
TRANSPORTERS 
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In this chapter I summarize and analyze the reported information on preparation 

and use of acridane spirocyclic compounds as functional materials for light-energy 

conversion devices. The main scope of this literature minireview is spiroacridane 

emitters for OLEDs and HTMs for PSCs. Spirobiphenazasilines and spirocoordinated 

boron complexes are also included to discuss an effect of spiroheteroatom inclusion. 

Where possible, performance of spirocyclic compounds is compared with their 

“monomeric” aridine congeners with Me- or Ph- substituents at 9 position to find out 

(dis)advantages of a use of the bulky orthogonal spiro-arrangement. 

2.1. Synthesis of spiro-fused arylamine compounds* 

To the best of my knowledge the first synthesis of 9,9-spiroacridane scaffolds 

dates back to 1978, when E. Sturm et al. reported preparation and electrochemical 

investigation of N,N’-bismethylated SBA from ortho-magnesiated N-

methyldiphenylamine and N-methylacridone followed by intramolecular condensation 

of the intermediate carbinol123. In 1984, W. Tritschler et al. reported condensation of 

diphenylamines with ketones affording 9,9-disubstituted acridanes, including 

spirocyclic compounds when cyclic ketones were used. However, the reactions were 

performed in extreme conditions and generally resulted in very low yields124.  

Scheme 1. Acid-catalyzed condensation of diphenylamines with ketones 

 

Basically, as for the other aromatic carbon-spirocyclic compounds, the principal 

and the most high-yielding preparation method for spiroacridanes requires a cyclic 

carbonyl (ketone) component and a strong nucleophile, as it was first reported by E. 

Sturm et al. The nucleophile is a carbanion generated either from 2-

                                                 

*The numeration of structures is independent in each chapter.  
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bromodiphenylamine entity or using a directed metalation. The opposite approach – 

nucleophilic addition to a protected acridone derivative – has been only used for 

preparation of spirobisacridane core. The nucleophilic addition results in an 

intermediate triarylcarbinol that is used further in intramolecular electrophilic 

cyclisation in acidic media, finally providing with the desired spiroaromatic molecular 

platform (Scheme 2). The latter step performed for the synthesis of the SBA core 

unsubstituted at in-plane N-atoms usually suffers from the aromatization of 9-

dihydroacridinole to 9-substituted acridine. This reaction requires milder conditions: 

diluted acids, lower temperatures and rational use of the different protecting groups, 

enabling stepwise deprotection in acidic media125.  

Scheme 2.General synthetic approach towards spiroacridane compounds. 

 

 

An alternative method for preparation of spiroacridane compounds has been 

recently reported by W.Wang et al126. The authors describe a tandem [2+2] 

cycloaddition-ring-opening cascade using in situ generated benzynes and easily 

accessible fluoerene-N-arylimines, thus demonstrating a facile synthetic approach 

towards a number of substituted 10H-spiro[acridine-9,9'-fluorenes] in moderate to good 

yields (Scheme 3).  
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Scheme 3. Tandem [2+2] cycloaddition-ring-opening reaction yielding spiroacridanes. 

 

Y.Wei et al. reported a condensation of 1-naphtylamine and 1-naphthylamine 

hydrochloride with unsubstituted fluorenone and bromofluorenones at high 

temperature in acidic media (Scheme 4)127. The desired spirocyclic acridane compounds 

were obtained in low yield and the procedure was not discussed in detail. The reported 

results strongly contrasted to the oxygen substituted congeners prepared similarly in 

high yields128,129.  

Scheme 4. Synthesis of 14H-spiro[dibenzo[c,h]acridine-7,9'-fluorene] from 1-naphtylammonium and 
fluorenone. 

 

To the best of my knowledge, the first preparation of a number of spirocyclic 

acridane compounds with spiro-heteroatom connections has been reported in early 

1960s by the group of J. D. Gabers. Synthesis of symmetric Si-spiro-fused arylamines 

requires treatment of 2 equivalents of bis- metalated arylamines with 1.0 equivalent of 

SiCl4 to achieve better yields (Scheme 5)130–132, the inversed addition of the reagents133 or 

use of TEEDA·H2SiCl2 complex134 resulted in poorer formation of the desired 

spirobiphenazasiline. The addition of 1.0 equivalent of SiCl4 to bismetallated 

diphenylamine followed by 1.0 equivalent of bis-lithiated biphenyl was demonstrated to 
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be an efficient synthetic route for centrally-asymmetric spiro-silafluorene-phenazasiline 

(Scheme 5)135. Centrally-symmetric spiroacridanes with Ge (spirobiphenazagermines) 

or Sn (spirobiphenazastannines) spiro-node can be prepared analogously to 

spirodibenzoazasilines from bismetalated arylamins and the corresponding tetrahalides 

(Scheme 5)136,137. 

Scheme 5. General synthetic routes towards spiro-heteroatom acridanes. 

 

Though I could not find any information, that spirobiphenazastannines had been 

utilized to prepare functional materials yet, their “monomeric” analogues 

phenazastannins were employed as reactants to synthesize boron-based spiro 

compounds (spiro-coordinated B complexes), using boro-destannylation followed by 

double arylation tandem reaction (Scheme 6)138,139. Similar results can be achieved using 

a simplified protocol with bislithiated phenylamines. Both methods were reported to 

deliver the desired spiro-N-coordinated borane complex in modest yields of 30-50% 

(Scheme 6). 

Scheme 6. Synthetic approaches yielding spiro-N-coordinated borane complexes. 

 

Synthesis of spiro-N-coordinated borinate complexes was effectuated via 

cycloborinic acid intermediates followed by a condensation with a desired N-chelating 

phenolic reagent (Scheme 7)140. The reaction occurred readily, delivering the spiro-
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boron compounds in good to excellent yield, however the final products were reported 

to be sensitive to moisture. 

Scheme 7. Synthetic route towards spiro-N-coordinated borinate complexes from cycloborinic acids. 

 

In this section I summarized methodologies for preparation of aromatic 

spyrocyclic-acridane compounds that have been utilized as functional materials. Many 

other heterocyclic spiroacridanes reported to possess bioactivity as well as some d-block 

metal complexes, that can be formally considered as acridane spirocyclic compounds, 

are out of the scope of our research. 
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2.2. TADF materials based on spiro-acridane compounds 

A number of exhaustive reviews on TADF materials and spirobifluorenes120 for 

organic optoelectronics have been published. As opposed to these reports ranging the 

emitters according to the nature of acceptors or emission color63,141–143, summarizing 

recent progress61, in this section I aim to discuss organic functional materials employing 

spiroacridane molecular motif. In addition, where possible, I describe how introduction 

of a spiro-conection affects the properties of the materials in relation to the widely 

employed congeners without the spiro-bridge: 9,9-dimethyl-9,10-dihydroacridine (DMA 

or DMAC) and 9,9-diphenyl-9,10-dihydroacridine (DPAC). 

2.2.1. Separation of FMOs via spiro-atom 

 

A spiro-connection of an acridane with another cyclic aromatic core with 

pronounced electron accepting properties allows efficient segregation of FMOs: in this 

case acridane accommodates HOMO, while the LUMO is located on the counterpart. 

Thus, the sp3-hybridized “insulating” σ-linkage efficiently breaks an orbital overlap and 

minimizes splitting between S1 and T1 according to the Equation 5.  

To the best of my knowledge, the very first TADF material ACRFLCN employing 

spiro-connection was reported by G. Méhes et al in 2012144. The authors described the 

molecule composed of a donor N-phenyl acridane connected to a dicyanofluorene 

acceptor via spiro-carbon atom (D-σ-A structure). The electronically inert spiro-bridge 

lead to a spatial segregation of FMOs, leading to minimization of ΔEST. As a result, 

greenish-yellow fluorescence with strong delayed component and PLQY of 67.3% was 
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observed for a TPSi-F film doped with ACRFLCN. The OLED device employing 

ACRFLCN emitting dopant attained maximum ηext of 10.1%. Moreover authors proposed 

oxygen sensing, demonstrating reversible quenching of the emission upon exposure to 

atmosphere with O2.  

 

K. Nasu et al. have further reported the approach of FMOs segregation via sp3-

hybridized C-spiroatom, describing a TADF emitter ACRSA, composed of the similar N-

phenyl acridane donor and anthracenone acceptor145. The new material demonstrated 

increased PLQY of 81%, blueish-green electroluminescence with the pronounced 

delayed component attributed to TADF. Maximum ηext of 16.5% was attained in OLED 

device, clearly indicating an efficient utilization of “dark” electrogenerated triplet 

excitons. I. Lyskov et al. rationalized the enhancement of rISC and improvement of 

TADF properties by presence of low-lying intermediate nπ* triplet states as well as 

strong vibronic and spin-orbit forces that promote faster back up-conversion49.  

Y.-K. Wang et al. have further developed the strategy with the separation of FMOs 

via spiro-σ-linkage146. The authors described benefits of rigidification of the donor, 

introducing a bridging O-atom, and exploited an alternative B(Mes)2 acceptor on the 

periphery of the fluorene unit. The tilted planes of D and A allowed better through-

space-interactions of FMOs, facilitating RISC, but still retaining low ΔEST. High 

maximum EQE of 20.4% for OSTFCN was achieved in the OLED device. The boron-

substituted congener OSTFB demonstrated maximum EQE of 18.8% and more red-

shifted spectrum. The OSTFCN-based device demonstrated long LT50 of 18000 h at 

practical luminance of 100 cd/m2. 
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Substitution of the fluorene unit with 4,5-diazafluorene acceptor and combining 

it with N-phenyl acridane donor in A-AF resulted a fluorescent molecule with a sole fast 

ns component in trPL147. The authors ascribe absence of the delayed component to a 

significant overlap of the frontier orbitals due to spiroconjugation, thus bringing about 

large ΔEST of 0.594 eV. Better localization/dispersion of HOMO over the electron 

donating pendant phenylamine groups lead to minimization of ΔEST splitting up to 

0.021 eV for DPAA-AF. The substituted emitter displayed blue-greenish emission with a 

distinct TADF component. However, DPAA-AF employed in an OLED device attained 

maximum EQE of 9.6%.  

 

Finally, another group of emitters is represented by four-coordinate B-complexes 

7-14, where boron atom not only connects aromatic entities in perpendicular 

arrangement but also serves as a node, not participating in either FMOs but allowing to 

tune them independently. Spiro-B-atom was claimed to provide structural rigidity to the 
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molecules and to increase acceptor strength, stabilizing and localizing LUMO over the 

N-heterocyclic aromatic plane. Series of these charge-transfer complexes exhibiting 

TADF have been reported by B.M. Bell et al.140 and M. Stanoppi et al.138 The former 

authors reported the spiro-oxazaborolo-compounds 7-11 (spiro-N-coordinated borinate 

complexes) to have tunable TADF emission across a wide range of colors and good PLQY 

in pristine films. However, only few selected materials have been utilized to fabricate 

TADF OLEDs. Spiro emitter 8 exhibited yellow emission and have attained maximum 

EQE of 8.3% with low luminance loss. The compound 9 showed very low luminance 

efficiency in the employed device stack to be measured and fully characterized.  

M. Stanoppi et al. reported preparation and photophysical properties of the spiro-

azaborolo-compounds 12-14 (spiro-N-coordinated borane complexes)138. The TADF 

B-complexes were investigated in solid PMMA films: green to yellow TADF emission was 

detected with low PLQY in the range 25-33%. Degassed solutions exhibited emission 

with sole fast PL component. The authors rationalize TADF loss to conformational 

flexibility of the molecules causing strong radiationless relaxation of the excited 

molecules in solution (in contrast to the structural rigidity or spiro-oxazaborolo-

compounds proposed by Bell et al.140). 

 

Y. Wang et all reported 4 star-shaped fluorescent molecules composed of a 

central triazine acceptor and spiroacridane periphery148. Though HOMO and LUMO 

were calculated to be well segregated over the spiroacridane and triazine respectively, 

TADF properties of the materials have not been reported. The D-A starburst cores were 

further endowed with TPA-substituent to study aggregation-induced emission (AIE) 

properties and to fabricate conventional non-doped FOLEDs emitting bluish-green light 

with maximum EQE of 1.8%, when m-TPA-TPE was employed as the emitter.  
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2.2.2. Use of a spiro-pendant for construction of donor units 

 

In this section I discuss spiroacridane-based emitters comprising an acceptor 

linked to the donor’s in-plane N-atom directly or via π-bridge, while the spiro-pendant 

is utilized as a quasi-inert part of an acridane donor. I tackle to elucidate the impact of 

the introduction of the spiro-linkage to the donor motif comparing the reported 

properties of the spiroacridane emitters (D4-D7) to the simpler congeners (D1-D3) with 

acyclic methyl- or phenyl- substituents.  

 

I try to group the characteristics that were induced thanks to the rigid spiro-cyclic 

entities and to figure out principles allowing to judiciously design an emitter with 

predetermined advanced properties. Also I sum up the properties of the rest of reported 

TADF emitters utilizing spiroacridane donors where a comparison with the “simpler” 

emitters is not possible due to a lack of the data reported. 
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2.2.3. Fine tuning of the electronic and emission properties: HOMO level 

tuning and introduction of new excited states 

The substituents at 9-position of 9,10-dihydroacridine mainly do not participate 

in the π-system of the heterocycle. The sp3-hybridised carbon atom effectively breaks 

the conjugation spanning over the whole acridane system. However, depending on the 

substituents attached to the saturated node, it can affect the energy levels of acridane 

via inductive effect, hyper-/spiro-conjugation or accommodating additional energy 

levels that may affect emissive properties, allowing to finely tune electronic properties 

of a donor or of the entire emitter149.  

 

To the best of my knowledge the very first spiroacridane donors D4 and D7 for 

TADF materials have been introduced by M. Numata et al150. The authors report a family 

of high efficiency pure blue emitters with a bulky 10H-phenoxaborin acceptor. The 

compounds demonstrated strong emission in toluene solutions with high PLQY up to 

unity. Introduction of the spiro-substituent to the emitters 20 and 21 was shown to 

blueshift the emission peak by ca. 20 nm as opposed to 19; in the same time Stokes shift 

was substantially reduced. The authors point out that absorption and electrochemical 

properties of the TADF emitters were similar, associating the hypsochromic shift to the 

restriction of the Frank-Condon factor. However, differences in IP for the D1, D4 and 

D7-based compounds are noticeable and might be also associated to the blue shift 

observed for the emission of the spiro-based emitters 20 and 21. The emitters 19-21 

exhibited very high maximum ηext in the range of 20%, being far beyond the efficiencies 

typical for conventional FOLEDs. The record of 21.7% efficiency was attained for D1-

based compound, however spiro-compounds 20 and 21 showed significantly purer blue 

color, closer to CIE requirements. 
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To the best of my knowledge, T.-A. Lin et al. the first discussed the noticeable 

inductive effect of the Me, Ph and spiro-fluorene pendants at 9 position of the acridane 

donor, reporting TADF molecules made of D1, D2, D4 and triazine acceptor: DMAC-

TRZ, DPAC-TRZ and SpiroAc-TRZ respectively. Expectedly, the substituents display an 

inductive effect altering the position of HOMO level of emitters and affecting the 

emission wavelength151, fully consistent with difference in oxidation potentials for 

unsubstituted acridanes D1 and D2 and related compounds, as reported by E. Sturm et 

al123. The emitters with D1 donor tend to display energy levels about 100 meV higher 

when assessed from the first oxidation potential in CV or UPS experiments, compared 

to the diphenyl-substituted acridane D2 or spyrocyclic D4 or D7. Thus, even a small 

difference in energy levels affects the emission wavelength. Ceteris paribus, emission 

from materials comprising D1 are ca. 10-20 nm batochromicaly shifted as opposed to the 

aryl-substituted D2 and spyrocyclic acridanes D4 and D7, whereas the differences in 

emission properties between the latter two are usually negligible, rendering these 

donors to be more suitable for the design of deep-blue TADF emitters. 

 

A stronger stabilization effect for the HOMO was proposed by L. Gan et al. for 

the TADF emitters TRZ-p-ACRSA and TRZ-m-ACRSA employing acridane donor with 

electron-accepting spiro-antracenone substituent at 9 position152. The authors point out 

that introduction of the spiro-anthracenone does not participate in the π-conjugation 

spanning over acridane, as sp3-hybridized C-atom breaks the orbital overlap efficiently. 



SPIROACRIDANS AS LIGHT EMITTERS AND HOLE TRANSPORTERS 

54 

 

Moreover, the LUMO is fully located on the triazine acceptors and does not reside on 

ACRSA-donor. However, the electron-deficient spiro-pendant brings about multiple 3LE 

and 3CT states, fully consistent with a previous report49. Different nature of these triplet 

states allows efficient SOC76 and non-adiabatic VC47,48, eventually increasing krISC up to 

10-6 s-1. TRZ-p-ACRSA utilized as an emitter in a TADF OLED demonstrated very high 

maximum EQE of 28% with reduced efficiency roll-off. 

 

W. Li et al. claimed an acceleration of rISC process (krISC ~ 10-5 s-1) and 

simultaneous decrease of τTADF lifetime for the tri-spiral emitters TspiroS-TRZ 

terminating with spiro[anthracene-9,9’-thioxanthene] elongated pendant153. The 

authors assumed that fast rISC might be caused with the presence of S-atom in the 

substituent that induced internal “heavy-atom effect” resulting in improved SOC and 

rISC acceleration. However the similar krISC were reported for TspiroF-TRZ, SpiroAC-

TRZ and DMAC-TRZ that do not contain S-atoms. On the other hand, 

spiro[anthracene-9,9’-fluorene] substituent of the TspiroF-TRZ emitter was reported to 

accommodate a 3LE state that is nearly degenerate to 3CT of the acridane-triazine 

luminophore, eventually acting as an intrinsic non-radiative trap. The authors also 

emphasize that 3LE levels of spiro[anthracene-9,9’-thioxanthene] unit lie about 200 meV 

higher than 3CT of the luminophore and do not interfere with the emission.  

 

S.-J. Woo et al. reported the TADF emitter SAzTRZ made from spiro-silafluorene-

phenazasiline donor D6 and triazine acceptor. Introduction of spiro-Si atom lead to the 
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widening of the bandgap and significantly blueshifted emission, as compared to carbon-

spirocyclic analogues135,151. The bandgap for the deep-blue TADF emitter DTPDDA with 

diphenyl-substituted donor D3 was almost similar to the spirocyclic SAzTRZ with D6154. 

The authors also emphasized the importance of the judicious molecular design of aza-

siline based emitters for fine tuning of excited states as they strongly affect rISC 

mechanism and emission efficiency. While DTPDDA displays broad structureless CT-

like radiative transition regardless the medium and temperature, the low-temperature 

phosphorescence and fluorescence emission spectra of SAzTrz in cyclohexane solution 

were structured, indicating the radiative transitions from the lowest lying 3LE state of 

the spiro-Si donor. The authors assume, that this order of excited states may imply 

energy losses associated with multiple transitions required for the up-conversion from 

the lowest lying 3LE to 3CT followed by rISC-assisted back-population of 1CT. The single 

thermally-assisted transition in DTPDDA resulted in superior PLQY of 74 ± 2% (vs. 65% 

for SAzTRZ) in doped mCP:TSPO1 solid films154. Maximum EQE reported for the Si-

containing emitters in operating OLEDs differ significantly (22.3% for DTPDDA vs. 

20.6% for SAzTRZ), however the direct comparison is hardly possible due to different 

architectures utilized to fabricate the devices. 

2.2.4. Rigidification and stabilization of a donor conformation 

To the best of my knowledge, T.-A. Lin et al. the first reported the possible 

beneficial rigidification effect of spiro-jointed donor D4 that may stabilize particular 

conformation of an emitter and thus improve its photophysical properties as opposed to 

more flexible D1 and D2 without spirocyclic entity151. The authors pointed out the 

correlation between bending angles of the acridane planes determined in single crystal 

XRD experiments (SpiroAC-TRZ < DMAC-TRZ < DPAC-TRZ) and PLQYs, suggesting 

that restriction of torsional and vibrational motions of a donor results in suppression of 

radiationless relaxation channels. Spiro-acridane D4 coupled with triazine acceptor had 

the least folded acridane plane and demonstrated the highest PLQY of 100% in a host 

mCPCN matrix, while Me-endowed D1 showed lower bending angle and higher PLQY 

(90%) compared to the emitter D2 bearing bulky Ph (82%).  
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A family of B-endowed D-A conjugates with a direct N-B linkage and no common 

π-bridge, as a phenyl entity, was described by Lien Y.-J. et al to possess TADF 

properties155. The authors demonstrate, that in order to achieve sufficient HOMO-

LUMO separation, a molecule has to adopt a highly twisted conformation with quasi-

equatorial arrangement of acridane donor and B(Mes)2 acceptor. The substituents at 

9,9-position of acridane appeared to have a paramount effect on the molecular 

geometry, thus favoring or disfavoring the emission via TADF channel. The spiro-

endowed donor D4 (SACBM) preferably adopted the desired “quasi-equatorial” 

conformation with flattened acridane plane featuring strong TADF, whereas methyls 

(ACBM) and phenyls (PACBM) at the distal position were reported to force the 

molecule to adopt a conformation with quasi-axial arrangement of B(Mes)2 unit. This 

arrangement lead to a shortening of B-N bond length due to enhancement of N → B 

dative interaction at the ground state, and, as a result, poor HOMO and LUMO 

separation with reduced charge transfer (CT). In addition, in certain conditions, SACBM 

was possible to crystallize in two forms providing crystals with “quasi-equatorial” 

conformation and decreased delayed component in the emission (single crystal PLQY = 

48.1% vs. 99.7%). The OLEDs fabricated using the SACBM demonstrated green emission 

and the highest, among other conjugates, maximum EQE of 19.1% (11.2% for ACBM and 

and 4.1% for PACBM). 

 

Soon after, K. Wang et al. reported thianthrene 5,5,10,10-tetraoxide-based 

emitters (DMAC-TTR and SADF-TTR), investigating energy losses associated with the 
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use of emitters comprising flexible 9,9-dimethyl-9,10-dihydroacridine D1 donor moiety, 

widely employed to construct TADF materials74. The authors emphasized that 

conformational lability of D1 can lead to multiple semi-stable conformations with 

strikingly different photophysical properties die to widening of ΔEST gap. As a result, 

structural flexibility can lead to conformations with extended conjugation and poor 

FMOs segregation. This result in suppression of TADF radiation channel, severe energy 

losses and low performance of conformationally-flexible emitters in operating TADF 

devices. One of the strategies, proposed by the group, was the rigidification of the donor 

by employing spiro-junction. The use of D4 instead of D1 brought about the sole stable 

conformation with single TADF emission band and substantially improved maximum 

ηext of 20.2% for SADF-TTR (vs. 13.9% for DMAC-TTR) in yellow-green part of the 

spectrum.  

2.2.5. Avoiding the concentration quenching 

 

Importance of donor bulkiness was demonstrated by J. Lee et al. investigating 

TADF concentration quenching mechanisms and the ways to suppress it156. The authors 

pointed out, that non-radiative deactivation of TADF molecules prevailed via electron-

exchange interaction for triplet excitons according to Dexter energy-transfer model. 

Thus, molecular structure of a donor can have a paramount effect to prevent 

concentration quenching, due to the short-range nature of Dexter energy transfer. The 

authors demonstrated, that the emitters comprising xanthone acceptors coupled with 

acridanes bearing bulky phenyls (PAc-XT), spiro-xanthene (XAc-XT) or spiro-fluorene 

(FAc-XT) pendants at 9,9-position, delivered high PLQYs in PPF films studied in wide 

range of concentrations. Minimal concentration quenching for the bulky emitters 

allowed to fabricate non-doped OLEDs attaining maximum ηext of 11.2%, 14.1% and 12.6% 

for PAc-XT, XAc-XT, FAc-XT respectively. 
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Y. Wada et al. reported TADF emitters MA-TA, PA-TA and FA-TA composed of 

adamantyl-substituted triazine acceptors attached to D1, D2 and D4 respectively 

designed for solution-processable OLEDs157. The emission properties of the TADF 

conjugates were studied in a big variety of hosts with different doping ratio. The authors 

also reported improved solubility (for the D2-based molecule), significantly alleviated 

concentration quenching for the developed materials and emission blue-shift detected 

for the pristine thin films compared to the diluted toluene solutions. However, authors 

ascribe all these properties to the bulky electron donating adamantyl substituents that 

suppress interaction and Dexter energy transfer among emitter molecules in solid films. 

Interestingly, the similar emitter composed of D4 and Ph-substituted triazines 

(SpiroAC-TRZ) were even less sensitive to the concentration PLQY quenching that 

suggests an importance of balanced acceptor design151. The solution processed TADF 

OLEDs exhibited maximum ηext of 22.1%, 11.2% and 6.7% for MA-TA, FA-TA and PA-TA. 

The low efficiency for phenyl- and spiro-furnished emitter is strongly contrasting with 

the TADF emitters discussed above, however the authors point out, that OLEDs were 

optimized only for MA-TA. 

Further elongation of the spiro-pendant as an “inert” substituent attached to the 

acridane donor also resulted in significantly suppressed aggregation-caused emission 

quenching, as described by W. Li et al153. The authors report fabrication of non-doped 

devices employing the tri-spiral emitters TspiroF-TRZ, TspiroS-TRZ and DMAC-TRZ, 

SpiroAC-TRZ as references with simpler structures. The TADF materials with elongated 

spiro-pendants demonstrated excellent and, to date, the best performance for non-

doped TADF OLEDs, achieving maximum ηext of 16.5% and 20.0% respectively. Tested 

in similar conditions, the “shorter” and more compact emitters SpiroAC-TRZ and 

DMAC-TRZ demonstrated lower maximum EQE of 15.4% and 14.7%. Importantly, the 

similar trends for ηext for the non-doped OLEDs were preserved for luminance of 



SPIROACRIDANS AS LIGHT EMITTERS AND HOLE TRANSPORTERS 

59 

 

100 cd/m2, while SpiroAC-TRZ displayed inferior to DMAC-TRZ (EQE = 8.2% vs. 9.8% 

respectively) performance at very high luminance of 1000 cd/m2
.  

The reported phenomenon, consisting on suppression of the concentration 

quenching using a spiro-endowed donors, was demonstrated in few other publications 

studying thin film PLQYs and/or optimal emitter doping concentration for OLEDs 

fabrication and demonstrated the advantage for emitters with D4 over D1 in all 

cases150,158. However, geometry and bulkiness of an acceptor should be taken into 

account too, as the employment of different acceptors may induce significantly different 

PLQY drop in a function of emitter doping concentrations even upon use of structurally 

similar donors151,157,159,160. 

2.2.6. Tuning the proportion of horizontally oriented emitting dipoles 

 

Isotropic emission from EML in OLEDs without preferential orientation of 

emitting dipoles and without light-outcoupling enhancement results in maximum EQEs 

(ηext) limited by about 25% according to the Equation 8: 

 𝜂𝑒𝑥𝑡 =  𝜂𝑖𝑛𝑡𝜂𝑜𝑢𝑡 (8) 

where ηout is light outcoupling efficiency and ηint is internal quantum efficiency. 

Nevertheless, outcoupling efficiency can be enhanced by managing the 

distribution of the emitting dipoles orientation in the device EML. Anisotropic 

distribution of the emissive dipoles with the preferential perpendicular alignment in 
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relation to the outcoupling vector can boost the EQE of the OLEDs up to 30% and 

beyond39–41,151. The judicious molecular design was proven to be an efficient method to 

design molecules that are prone to have a high proportion of horizontally oriented 

emitting dipoles. 

Very high maximum EQE of 37% has been reported by T.-A. Lin et al. for 

SpiroAC-TRZ151. The unusually value was associated to the strong tendency of the 

emitting dipoles of the spiro-endowed emitter to adopt horizontal orientation up to 

Θ|| = 83%, as opposed to the analogues DMAC-TRZ (72%) and DPAC-TRZ (78%) 

without spirocyclic substituent. The authors render this property to be intrinsic for the 

emitters, as it is hardly affected by host or/and the doping concentration. Moreover, Lin 

T.-A. et al. proposed that SpiroAC-TRZ is exhibiting the strongest anisotropy thanks to 

symmetrically balanced structure of the emitter with nearly coplanar phenyl-substituted 

triazine acceptor and structurally similar pendant fluorene that favors anchoring to a 

surface with the preferred orientation. The similar trends with very high ratio of 

horizontally-oriented dipoles (up to 86-91%) was reported for a family of structurally 

similar TADF emitters (41-45) composed of D4 and pyrimidine acceptors161. 

Interestingly, FA-TA with bulkier adamantyl substituent was estimated to achieve 

maximum EQE only up to 20%, while a non-optimized OLED employing FA-TA attained 

maximum ηext of 11.2%, thus suggesting that “balanced” structure might be beneficial for 

the preferred horizontal arrangement and increased light-outcoupling157. In addition, 

SpiroAC-TRZ analogues TTSA and TXCA with Me-substituted π-bridge were shown to 

be isotopically distributed (Θ|| = 65% for both emitters) when co-deposited with 

mCP/TSPO1 matrix that might indicate that even a subtle structural change in a TADF 

emitter could strongly affect the emitting dipole orientation162. Importantly, in the same 

work significantly lower values of Θ|| = 71% were reported for SpiroAC-TRZ, in contrast 

to the data reported by Lin T-A. et al151. 

An extension of the spiro-pendant for acridane donor was also proven to be 

advantageous to increase the ratio of horizontally oriented dipoles153. The rod-shaped 

bulky tri-spiral TADF emitters TSpiroS-TRZ and TspiroF-TRZ displayed exceptionally 

high horizontal orientation dipole ratio up to 90% and 88% respectively, allowing to 

achieve maximum EQE of 33.3% and 28.1% respectively for the doped OLEDs. 
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Finally, introduction of the Si-spiro-connection (SAzTrz) was also proven to favor 

the horizontal orientation of the emitting dipoles as well as for cabon-jointed analogues. 

Acyclic analogue DTPDDA was isotopically distributed (Θ|| = 66%) in a matrix154,162, 

while its spiro-cyclic congener exhibited higher Θ|| of 70% when co0deposited with 

mCPT:SPO1 and 79% in DPEPO, thus demonstrating a clear dependence of Θ|| from 

medium used135, in contrast to the report by T.-A. Lin et al151.  

2.2.7. TADF materials based on spiro-bisacridane core 

 

In this section, I discuss so far the least presented and employed structure of a 

twinned spiro-bisacridane donor. The spiro-node holds the acridane planes in a quasi-

perpendicular arrangement and blocks their electronic communication via π-

conjugation, thus allowing to consider them as two electronically independent donors. 

In the same time, SBA molecular platform is very versatile for a facile chemical 

modification at in-plane N atom as well as at the molecular periphery. Moreover, the 

complex 3D-platform allows to devise a final molecule with a predetermined stick-like 

or a globular shape. 

M. Liu et al. the first reported employment of SBA-donor for a construction of a 

number (48-51) of symmetric stick-like TADF emitters159. The authors demonstrated a 

family of highly efficient materials that can simultaneously benefit from a significant 

blue-shift, reduced aggregation quenching, and maintain reasonably high PLQYs in 

doped and neat films as opposed to the TADF materials employing Me-substituted D1, 

such as DMAC-TRZ151, T2163 and Ac-OSO164. On the other hand, the symmetric SBA-
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based emitters displayed slightly red-shifted PL emission compared the emitters with 

D2 or D4 donors, while the PLQYs reported for thin pristine and doped films are not 

consistent and scarce, thus not allowing to detect any correlation so far151,161. However, 

the SBA-based TADF emitters adopted preferential horizontal alignment when vacuum 

co-deposited with DPEPO matrix (Θ|| = 86-93%), thus going beyond the previously 

reported records. As a result, the OLEDs employing the SBA-emitters attained excellent 

ηext ranging from 21% for blue emission to 35% for green. 

 

Recently, Zeng et al. reported a comparative study of two TADF emitters based 

on SBA twinned donor and the monomeric congener D1165. The authors also reported a 

significant blue-shift for the spiro-twinned emitter SBA-2DPS and very high Θ|| of 87%, 

indicating strong tendency of the SBA-based emitting dipoles to orient horizontally, 

while the D1-based congener DMAC-1DPS was distributed isotropically even with slight 

vertical orientation in the DPEPO host matrix (Θ|| = 59%). As a result, OLEDs with SBA-

2DPS were fabricated and demonstrated high maximum EQE of 25.5% and light 

outcoupling efficiency ηout of 38.2% (maximum ηext = 17.4%, ηout = 24.7% for D1-

analogue).  
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2.3. Hole transporting materials for PSCs 

Charge transporting layers are indispensable components for state-of-the-art 

PSCs. Spiro-based HTMs remain to be one of the most used organic charge selective 

layers for perovskite photovoltaics thanks to their excellent solubility and processability 

properties allowing to spin-cast smooth and morphologically stable amorphous thin 

layer. Many reviews have been published summarizing recent progress and scrutinizing 

structure-performance relationship for state-of-the-art HTMs, including spiro-core 

based materials. Surprisingly, despite the ease to construct spiro-acridane structure or 

to incorporate it into the final HTM, only few examples were found in literature, 

nonetheless reporting very promising properties of spiro-acridane based HTMs. 

 

To the best of my knowledge, Li M.-H. et al. the first reported spiro-acridane 

based hole-transporting materials for PSCs166. The HTMs CW3, CW4 and CW5 were 

constructed from two different fragments: TPAs and DMPA-substituted biphenyl held 

together orthogonally via spiro sp3-hybridized carbon atom. Thus the structure was 

mimicking spiro-MeOTAD from only one side, while the orthogonal counter-unit was 

different and appeared to increase Tg. On the contrary, the HOMO levels were almost 

unaffected and reported to be ~ -4.9 eV. The spiro-acridane HTMs were used to fabricate 

n-i-p mesoscopic PSCs. The materials were doped only with tBP and LiTFSI and no Co-

oxidant: the cells containing CW4 outperformed other spiro-acridane HTMs as well as 

the benchmark spiro-MeOTAD (Table 1). 
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Wang Y.-K. et al. reported the further use of spiro-fluorene-acradine platform to 

construct advanced HTM SAF-OMe that can operate in PSCs without dopants, 

comparing it with the etalon spiro-MeOTAD167. In contrast to CW-HTMs, SAF-OMe 

bears two extra DMPA substituents attached to the acridane fragment, thus combining 

spiro-MeOTAD and PTAA monomer units in one molecule. The authors also report 

slight destabilization of HOMO (-5.07 eV) in relation to the reference spiro-MeOTAD 

(-5.22 eV), that can be associated to the presence of DMPA donors attached to the 

electron-rich acridane fragment. Moreover, doped SAF-OMe exhibited three times 

higher hole mobility, thus opening an avenue to the superior performance in PSCs. 

Importantly, the spiro-acridane HTM was proven to operate even without dopants, 

attaining high PCE of 12.39%, while the spiro-bifluorene-based reference could 

demonstrate only modest PCE of 5.91%. In addition, dopant-free SAF-OMe HTLs 

demonstrated improved hydrophobic properties and eventually better storage stability 

at RH ≈ 30%. 

Zhu X.-D. et al. have reported analogous HTMs SAF-5 and SCZF-5 bearing five 

DMPA units168. Additional DMPA donors attached to the Ph-substituent have further 

increased electron density on the acridane core and further destabilized HOMO of 

SAF-5 (-5.02 eV) in relation to SAF-OMe. The ligation of the Ph-pendant to the acridane 

unit, on the contrary, expanded the π-conjugation and lead to a deeper HOMO level for 

SCZF-5 (-5.22 eV), better aligned to the valence band of MAPbI3 perovskite (-5.34 eV). 

Hole mobility of the doped SCZF-5 was almost twice higher compared to SAF-5, and 

might be associated with more rigid structure and better charge delocalization over the 

carbazole-comprising HTM. As a result, PSCs fabricated with SCZF-5 HTL attained the 

highest PCE of 20.10%. Similarly to SAF-OMe, SAF-5 and SCZF-5 demonstrated bigger 

water contact angles than spiro-MeOTAD, resulting in better storage stability without 

any encapsulation at RH ≈ 30%. 
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Wang Y. et al. reported a family of spiro-phenylpyrazole-based HTMs169. The 

hole-selective material PPyro-ACD comprising spiroacridane unit displayed the highest 

HOMO level (-4.96 eV) compared to spiro-xanthene (-5.24 eV) and spiro-thioxanthene 

(-5.24 eV) congeners. Poor alignment of the acridane HTM and MAPbI3 energy levels in 

a planar PSC lead to the worst performance among the new materials studied and spiro-

MeOTAD reference, thus emphasizing the importance of careful molecular design for 

electron excessive spiro-acridane materials. 

Table 1. Photovoltaic performance of PSCs employing spiro-acridane HTMs. 

HTM Perovskite VOC, V 
JSC, 
mA/cm2 

FF PCE, % PCEref, % Ref.  

CW3 

MAPbI3 

0.989 16.49 0.67 10.94 

14.32 166 CW4 1.05 21.75 0.72 16.56 

CW5 1.01 15.39 0.7 10.76 

SAF-OMe 
(undoped) 

MAPbI3-xClx 
1.05 
(0.97) 

21.07 
(20.59) 

0.76 
(0.62) 

16,73 
(12.39) 

14.84 
(5.91) 

167 

SAF-5 
MAPbI3 

1.07 20.41 0.63 13.93 
18.11 168 

SCZ-F 1.11 24.40 0.74 19.16 

PPyra-ACD 
(undoped) 

MAPbI3 
0.77 
(0.46) 

11.28 
(3.25) 

0.58 
(0.32) 

5.01 
(0.48) 

16.15 
(8.51) 

169 
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CHAPTER 3 

PHOTOPHYSICAL PROPERTIES OF SPIROBISACRIDANE-
BENZONITRILE TADF EMITTERS 

We designed and synthesized a new organic light-emitting diode emitter, SBABz4, 
containing spiro-biacridane donor (D) in the core surrounded by two benzonitrile 
acceptors (A). The dual A−DxD−A structure is shown to provide pure-blue emission in 
relation to its single A−D counterpart. Time-resolved photoluminescence (TRPL) 
recorded in the broad dynamic range from solutions and solid films revealed three 
emission components: prompt fluorescence, phosphorescence, and efficient thermally 
activated delayed fluorescence (TADF). The last is independently proven by 
temperature- dependent TRPL and oxygen-quenching PL experiment. From the PL 
lifetimes and quantum yield, we estimated maximum external quantum efficiency of 
7.1% in SBABz4-based OLEDs and demonstrated 6.8% in a working device.. 

This chapter is based on the published work: J. Phys. Chem. C 2018, 122, 22796−22801. 
DOI:10.1021/acs.jpcc.8b08716 
(Equal contribution with Liudmila G. Kudriashova) 

Authors: Nikita A. Drigo, Liudmila G. Kudriashova, Sebastian Weissenseel, Andreas Sperlich, Aron Joel 
Huckaba, Mohammad Khaja Nazeeruddin and Vladimir Dyakonov 

In this work I conceptualized, synthesized and characterized all organic materials, performed data 
analysis and partly wrote the manuscript.  
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3.1. Introduction 

Thermally activated delayed fluorescence (TADF) changed the field of organic 

optoelectronics since the first reports by Adachi and co-authors in 201137,38. Internal 

electroluminescence quantum efficiencies close to 100% and outstanding external 

quantum efficiencies (EQE) above 30% were achieved in the number of organic light-

emitting diodes (OLEDs) employing metal-free TADF emitters151,159,170–173. This 

tremendous research progress was caused by high application potential of the new 

OLED generation, as well as by fascinating TADF photophysics. 

Electrical injection of carriers produces singlet and triplet excitons with 1:3 

branching ratio, reducing the emission probability to 25% of the entire excited 

population in organic semiconductors. Therefore, maximum internal 

electroluminescence efficiency of conventional OLED emitters does not exceed 25%, 

imposing a theoretical limit of 5–7.5% on EQE of the devices with 20–30% light 

outcoupling. Along with the triplet-triplet annihilation174,175 and heavy-metal-complex 

phosphorescence19,20,176,177, TADF was shown to take advantage of dark triplet states, 

subsequently improving internal electroluminescence efficiency. TADF opened the way 

to fully overcome the efficiency-limiting spin statistics by thermally activated triplet-to-

singlet up-conversion. 

The efficiency of the triplet up-conversion, which occurs via reverse intersystem 

crossing (rISC), increases with decreasing singlet-triplet energy splitting, 𝛥𝐸𝑆𝑇.178 𝛥𝐸𝑆𝑇 

is commonly rendered low by a large dihedral angle between donor (D) and acceptor 

(A) moieties and consequently small HOMO–LUMO spatial overlap. This 

conformational requirement significantly limits the variety of possible donor-acceptor 

pairs for intramolecular TADF. On the other hand, energies of the HOMO and LUMO, 

together with the spatial overlap of the orbitals, define the optical properties essential 

for applications, emission color in particular. Molecular design of pure blue emitters is 

especially challenging since they should combine wide optical gap, narrow luminescence 

spectrum, and sufficient radiative efficiency. Therefore, despite the vast demand of 

organic optoelectronics, deep blue TADF emitters remain scarce69,150,159,172,179 
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The majority of intramolecular TADF emitters currently presented in literature 

have a D-A-D structure with one or several donor moieties attached to a single acceptor 

in the core. Alternatively, molecules with dual emissive cores were shown to be superior 

in performance to their single-core analogs180,181. Moreover, several spiro-linked donors 

were developed to provide rigid stick-like structure and partial self-orientation of the 

molecules151,182. This approach enhanced light outcoupling, resulting in an efficiency 

breakthrough in the blue TADF-based OLEDs. However, photophysics of TADF emitters 

with a double donor in the core, as well as the role of spiro-linkage is yet to be revealed. 

Herein we present a novel compact deep-blue TADF emitter with a spiro-

bisacridane double donor core surrounded by two benzonitrile acceptors. We determine 

the correlation between structure and luminescence properties of this dual A-DxD-A 

compound in relation to its single A-D counterpart. The spiro-bi-donor shifts the 

emission to the deep blue region. The blue emitter combines phosphorescence at low 

temperature with TADF at room temperature. We show that the emitter is applicable 

for OLEDs and demonstrates EQEmax= 6.8% in a test device. We also compared 

photophysical properties of the neat emitters with those dispersed in (bis[2-

(diphenylphosphino)-phenyl]ether oxide) (DPEPO) matrix183
 in order to study the 

luminescence quenching effects and the influence of molecular environment. 

3.2. Results and discussion 

Figure 10a shows the molecular structures of 4,4'-(10H,10'H-9,9'-

spirobi[acridine]-10,10'-diyl)dibenzonitrile (SBABz4) and its monomer counterpart, 4-

(9,9-dimethylacridin-10(9H)-yl)benzonitrile (DMABz4). The deep HOMO of SBA or 

DMA donor was combined with shallow LUMO of benzonitrile acceptor to provide a 

wide optical gap sufficient for emission in the blue-green region52,159,184. Mutual 

arrangement of H-atoms at the peri-position of the acridane and at o-position of the 

acceptor’s phenyl ring impedes D-A rotation, resulting in a semi-frozen conformation 

with a large dihedral angle between the acridane and benzonitrile planes52. This nearly 

orthogonal D-A orientation is expected to break the HOMO-LUMO spatial overlap, thus 

decreasing the 𝛥𝐸𝑆𝑇 and giving rise to TADF.  
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Figure 10. (a) Structural formulas of SBABz4 and DMABz4 emitters. (b) Normalized PL spectra of 
SBABz4 (blue) and DMABz4 (green). Solid, dashed, and dotted colored lines represent neat film, doped 
5wt% SBABz4:DPEPO matrix, and dilute solutions in dichloromethane (DCM), respectively. Grey solid 
line shows electroluminescence from SBABz4-based OLED. 

We prepared the SBA core using a modified procedure by Ooishi et al125. We used 

secBuLi for ortho-directed lithiation and milder (diluted HCl) conditions for the 

intramolecular cyclization. The optimized synthesis was carried out on a milligram-to-

gram-scale with shortened reaction times and improved total yield. DMA core was 

synthesized according to the published protocol185. Buchwald-Hartwig amination with 

4-bromobenzonitrile concluded the preparation of the desired emitters (Scheme 8).  

Scheme 8. Synthetic scheme for preparation of SBA-platform, SBA- and DMA-based TADF emitter. 
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Table 2.Thermal, electrochemical and photophysical properties of DMABz4 and SBABz4. 

 

Figure 10b displays normalized photoluminescence (PL) and 

electroluminescence (EL) spectra of SBABz4, recorded in a neat film, a doped 5wt% 

SBABz4:DPEPO matrix, dilute dichloromethane (DCM) solution, and SBABz4-based 

OLED. SBABz4 has pure blue emission peaking at 435 nm for the neat film. EL from the 

SBABz4-based device is in excellent agreement with the PL from the corresponding 

doped matrix. The structureless luminescence spectra with significant positive 

solvatochromism (Figure 11a,b; Table 2) indicate the emission from CT state186.  

Figure 10b compares PL spectra of DMABz4 and SBABz4 dilute solutions in 

DCM. Whereas SBABz4 shows blue emission (𝜆𝑚𝑎𝑥 =  470 𝑛𝑚), emission from the 

DMABz4 is blue-green (𝜆𝑚𝑎𝑥 =  500 𝑛𝑚). Photoluminescence quantum yields (PLQYs) 

of the deoxygenated SBABz4 and DMABz4 solutions are 55.7% and 83.8% respectively 

(Table 2). Altogether, spiro-linkage in the SBABz4 core provides blue shift of the 

emission, while preserving reasonably high PLQY. 

Parameter DMABz4 SBABz4 

Td,°C 270 440 

HOMO, eV[a] -5.75 eV -5.79 eV 

LUMO, eV[a] -2.50 eV -2.49 eV 

λabs, nm 280, 363 280, 302, 363 

λem, nm[b] 411, 468, 517, 532 407, 453, 493, 509 

PLQY, w/o O2 (83.8 ± 2.0)% (55.7 ± 1.3)% 

PLQY, with O2 (3.3 ± 0.5)% (8.2 ± 0.2)% 

[a] Converted to the NHE by adding +0.69V and converted to vacuum scale by adding +4.44 eV. 

[b] Emission peak values for the dilute solutions in cyclohexane, tetrahydrofuran (THF), acetonitrile, and 
methanol respectively. 
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Figure 11. Ultraviolet-visible absorption and PL spectra of (a) SBABz4 and (b) DMABz4 in different 
solvents. Voltammograms of (c) SBABz4 and (d) DMABz4 in a 0.1 M solution of Bu4NPF6 in dry 
deoxygenated DMF at room temperature under N2 atmosphere, measured with glassy carbon working 
electrode, Pt wire reference and counter electrodes, ferrocene/ferrocenium (Fc/Fc+) as internal standard. 

Currently prevailing TADF design with core-acceptor allows PLQY improvement 

via an increase in the number of donor units or the donor conjugation length38,69,184,187. 

The resulting bulky donor inevitably causes a red shift of luminescence, because of less 

localized and/or less stabilized HOMO. Alternatively, the rigid spiro-linkage maintains 

a large dihedral angle between the acridane subunits in the SBABz4 core, thus breaking 

the overlap between donor parts and introducing the desired blue shift into the 

emission. At the same time, the doubled number of emissive units still allows to 

maintain high luminescence efficiency. Therefore, SBABz4 was chosen for further study 

and fabrication of pure blue OLEDs. 

Figure 12 demonstrates transient PL and normalized PL spectra at different 

stages of decay for a solid 5wt% SBABz4:DPEPO film at room (298 K) and low (77 K) 

temperatures. Transient PL at both temperatures contains fast and slow components. 
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Figure 12. PL decay curves and the corresponding normalized PL spectra at different stages of decay in 
5wt% SBABz4:DPEPO film at 298 K (upper plots) and 77 K (lower plots). Prompt components were 
integrated within 0-50 ns, delayed within 200-250 ns. Right: proposed energy diagram of the respective 
processes. 

The fast component, peaking at 435 nm, dominates within the first 100 ns of decay 

regardless of the temperature. We ascribe this component to the prompt fluorescence 

from the 1CT level. PL spectrum of the slow component at 77 K has noticeable red shift 

relative to the prompt one. Therefore, we assume that the slow component at low 

temperature is phosphorescence from lower-lying triplet. In contrast, the spectrum of 

the slow PL component at room temperature practically coincides with the prompt 

fluorescence. Thus, the delayed emission at room temperature originates from the same 

1CT level as the prompt fluorescence. Therefore, we assign it to TADF, mediated by slow 

reverse intersystem crossing. The corresponding energy diagram is depicted in the 

Figure 12. Neat SBABz4 film qualitatively showed the same behavior (Figure 29). 

Figure 13 shows steady-state and time-resolved emission from a dilute solution 

of SBABz4 in DCM before and after oxygen exposure. Whereas the shape and position 

of PL spectrum remained unchanged under oxygen exposure, PLQY decreased sevenfold 

(from 55.7 to 8.2%, Figure 13a and Table 2). The transient PL contains prompt and  
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Figure 13. Steady-state and transient PL of dilute (10-5 mol L-1) oxygenated (grey) and deoxygenated (blue) 
solutions of SBABz4 in DCM at room temperature. (a) PL spectra normalized at the peak value. (b) 
Transient PL detected at 475 nm. The inset: normalized PL spectra recorded within 0-25 ns (solid) and 
150-1500 ns (dashed) of the decay. (c) Transient PL of the deoxygenated solution on a semi-logarithmic 
scale. Inset: the prompt component. (d) Energy diagram depicting quantum efficiencies of the involved 
processes. 

delayed components (Figure 13b) with identical spectra (Figure 13b, inset). The fast 

component remains unaltered in the presence of oxygen. Therefore, we ascribe it to 

prompt fluorescence from 1CT. In contrast, the slow component is substantially 

quenched by oxygen. Therefore, we assign it to TADF from 1CT level populated via rISC. 

Figure 13c shows the same PL decay curve from the deoxygenated solution on a semi-

logarithmic scale, where the straight lines indicate the purely monoexponential 

character of both decay processes. Characteristic time constants (16.5 ns for the prompt 

fluorescence and 19.6 μs for TADF), were extracted from the double-exponential fit, fully 
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consistent with luminescence from simple three-level system with triplet up-conversion 

(Figure 13c). 

Contribution of the prompt and delayed components in the total PLQY can be 

calculated numerically as the area under the decay curve or, in the simple case of 

monoexponential fit, expressed through the magnitudes and lifetimes of the 

components: 

 

𝜑𝑝𝑟 =
𝐴𝑝𝑟𝜏𝑝𝑟

𝐴𝑝𝑟𝜏𝑝𝑟 + 𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹
∙ 𝑃𝐿𝑄𝑌 

𝜑𝑇𝐴𝐷𝐹 =
𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹

𝐴𝑝𝑟𝜏𝑝𝑟 + 𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹
∙ 𝑃𝐿𝑄𝑌 

(9) 

 

(10) 

Here 𝜑𝑝𝑟 and 𝜑𝑇𝐴𝐷𝐹 are quantum efficiencies of the prompt fluorescence and 

TADF; 𝐴𝑝𝑟 and 𝐴𝑇𝐴𝐷𝐹 are magnitudes of the decaying exponents; 𝜏𝑝𝑟 and 𝜏𝑇𝐴𝐷𝐹 are 

respective lifetimes; 𝑃𝐿𝑄𝑌 is the measured total photoluminescence quantum yield. 

According to the Equations (9-10) and fitting parameters, quantum efficiency of TADF 

in the SBABz4 (𝜑𝑇𝐴𝐷𝐹 = 0.420) significantly exceeds that of prompt fluorescence (𝜑𝑝𝑟 =

0.137). Now, under the assumption that phosphorescence is not present at room 

temperature, quantum efficiencies of ISC, rISC, and non-radiative triplet decay can be 

expressed via 𝜑𝑝𝑟 and 𝜑𝑇𝐴𝐷𝐹: 𝜑𝐼𝑆𝐶 = 1 − 𝜑𝑝𝑟, 𝜑𝑅𝐼𝑆𝐶 = 𝜑𝑇𝐴𝐷𝐹, and 𝜑𝑛.𝑟. = 𝜑𝐼𝑆𝐶 − 𝜑𝑇𝐴𝐷𝐹 

(Figure 13d). With that, maximum internal electroluminescence efficiency of the 

emitter in OLED can be expressed as: 

 𝛷𝐸𝐿,𝑖𝑛𝑡 = 𝜂𝑆𝜑𝑝𝑟 + 𝜂𝑆𝜑𝐼𝑆𝐶𝜑𝑅𝐼𝑆𝐶 + 𝜂𝑇𝜑𝑅𝐼𝑆𝐶 (11) 

Here 𝜂𝑆 and 𝜂𝑇  are portions of singlets and triplets produced via electrical 

injection (0.25 and 0.75, respectively). We obtained 𝛷𝐸𝐿,𝑖𝑛𝑡 = 44% for SBABz4, which 

results in the estimation of 𝐸𝑄𝐸𝑚𝑎𝑥 = 8.8% in the devices with assumed 20% light 

outcoupling. The estimation exceeds the 5% limit for first generation OLEDs. A 

fabricated SBABz4-based device with non-optimized layer thicknesses and doping 

concentration showed 𝐸𝑄𝐸𝑚𝑎𝑥 =  6.8% close to the estimation (Figure 14b).  
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Figure 14. (a) OLED layout. Emitting 10wt% SBABz4:DPEPO layer was co-evaporated. (b) EQE of the 
SBABz4-based OLED operating at 5 V. 

Figure 15 demonstrates PL decay curves of the neat SBABz4 film and 5wt% 

SBABz4:DPEPO film. Transient PL in both films clearly shows two distinctive 

components: prompt fluorescence and TADF. Both components deviate from the purely 

exponential decay behavior observed previously in the dilute solution (Figure 13c). We 

found out that a stretched exponent provided an excellent fit for both prompt and 

delayed components. Hence, the decay curves were fitted with a sum of two stretched 

exponents, and characteristic lifetimes were extracted as their average decay times 

(Table 6). These lifetimes are not directly comparable to the lifetime of single-

exponential PL decay in the solution; therefore, we denoted them as 〈𝜏𝑝𝑟〉 and 〈𝜏𝑇𝐴𝐷𝐹〉. 

Notably, delayed fluorescence in the neat film decays two orders of magnitude 

faster than in the host matrix (0.13 µs and 9.8 µs, respectively). We assign the increased 

decay rate in the neat SBABz4 film to molecular aggregation with subsequent increase 

of non-radiative decay rate. For the same reason, PLQY of the doped matrix is higher 

than this of the neat film (40% and 27%, respectively; Figure 15 and Table 2). 

The ratio between quantum efficiencies of the prompt and delayed components 

𝜑𝑝𝑟 𝜑𝑇𝐴𝐷𝐹⁄  in the films was calculated as the ratio of the areas under the corresponding 

curves (Table 6). Remarkably, prompt fluorescence in the neat film outperforms TADF 

(𝜑𝑝𝑟 𝜑𝑇𝐴𝐷𝐹⁄ ≈ 5.83), whereas both components equally contribute to the emission of  
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Figure 15. PL decay curves of the neat SBABz4 (a) and 5wt% SBABz4:DPEPO (b) films detected at 435 
nm at room temperature. Fit (dashed) is the sum of two stretched decaying exponents. 

the doped matrix (𝜑𝑝𝑟 𝜑𝑇𝐴𝐷𝐹⁄ ≈ 1.04). Now, using the measured values for PLQY, one 

can extract absolute quantum efficiencies of the involved processes for thin films 

(Figure 30). Indeed, TADF efficiency drops dramatically in the neat film (𝜑𝑇𝐴𝐷𝐹 ≈

0.040) in comparison to the doped matrix (𝜑𝑇𝐴𝐷𝐹 ≈ 0.196). All in all, isolating and 

immobilizing the emitter molecules in the host matrix significantly improve TADF 

lifetime and efficiency, which is essential for OLED performance. 

We applied Equation (11) in order to obtain performance estimates for SBABz4-

based OLEDs from photophysical constants of thin films (Table 7). Resulting maximum 

internal EL efficiency of 5wt% SBABz4:DPEPO film exceeds that of the neat film more 

than twice (0.237 and 0.095, respectively). Interestingly, the estimated EQE for the 

OLED based on the doped matrix (𝐸𝑄𝐸𝑚𝑎𝑥 = 7.1%) is in excellent agreement with the 

corresponding experimental value (𝐸𝑄𝐸𝑚𝑎𝑥 = 6.8%), as long as the light outcoupling of 

30% is assumed (Table 7). Therefore, we propose that the light outcoupling of SBABz4-

based OLEDs exceeds conventional 20%, as it was shown earlier for other stick-like 

emitters151,182,188.  

Temperature-dependent trPL in combination with absolute PLQY measurements 

allows calculation of the energy splitting 𝛥𝐸𝑆𝑇 for the singlet and triplet levels involved 

in TADF process (Figure 30)189. We obtained 𝛥𝐸𝑆𝑇 ≈ 70 meV for 5wt% SBABz4:DPEPO 

film. This energy difference is sufficiently low (𝛥𝐸𝑆𝑇~𝑘𝐵𝑇) to provide efficient TADF. 
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𝛥𝐸𝑆𝑇 can be further decreased via judicious variation of acceptor units. On the other 

hand, stronger acceptors were shown to cause red shift of emission in similar systems182, 

whereas the emission from SBABz4 is deep blue. 

3.3. Conclusion 

In conclusion, we designed and synthesized a novel compact deep-blue OLED 

emitter, SBABz4, containing SBA and benzonitrile units, and its monomer counterpart 

DMABz4. We showed that the spiro-linkage in the double-donor core of SBABz4 

renders its luminescence pure-blue relative to the single-donor DMABz4, while 

preserving efficient TADF. Therefore, core-donor provides desirable for applications 

color tuning in the deep blue region, as opposed to the commonly used TADF molecular 

design with core-acceptor. The SBABz4 emitter combines prompt fluorescence, 

phosphorescence at low temperature, and TADF at room temperature. The latter was 

independently proven by temperature-dependent transient PL measurements and 

oxygen-quenching of the delayed PL component. We estimated 𝐸𝑄𝐸𝑚𝑎𝑥 = 7.1% in 

SBABz4-based OLEDs from the PL lifetimes and efficiencies, and obtained 𝐸𝑄𝐸𝑚𝑎𝑥 =

6.8% in an operating test device. The stretched exponent is shown to fit the transient PL 

in the films very well, whereas PL decay in dilute solution is found to be purely 

exponential. Immobilization and isolation of the emitter molecules in the DPEPO host 

matrix maintain the efficient TADF. Finally, we show that SBABz4 emitter doped in the 

host matrix demonstrates superior photophysical properties over the neat film. 
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CHAPTER 4 

SPIROBISACRIDANE HOLE TRANSPORTING MATERIALS 
FOR PEROVSKITE SOLAR CELLS 

Four spirobisacridane hole-transporting materials were synthesized and employed in 
perovskite solar cells. The molecules bear electronically inert alkyl chains of different 
length and bulkiness, attached to in-plane N-atoms of nearly orthogonal spiro-
connected acridanes. Di-p-methoxyphenylamine substituents tailored to the central 
SBA-platform define electronic properties of the materials mimicking the structure of 
the benchmark spiro-MeOTAD, while the alkyl pending groups affect molecular 
packing in thin film and affect long-term performance of PSCs. Devices with 
SBA-based hole transporting layers attain efficiencies on par with spiro-MeOTAD. 
More importantly, solar cells with the new HTMs are hysteresis-free and demonstrate 
good operational stability, despite being doped as spiro-MeOTAD. The best 
performing MeSBA-DMPA retained 88% of the initial efficiency after 1000 h ageing test 
under a constant illumination. The results clearly demonstrate: SBA-based compounds 
are potent candidates for a design of new HTMs for PSCs with improved longevity. 

This chapter is based on the published work: J. Am. Chem. Soc. 2019. (Just accepted manuscript) 
DOI: 10.1021/jacs.9b07166 

Authors: Nikita Drigo, Cristina Roldan-Carmona, Marius Franckevičius, Kun-Han Lin, Rokas Gegevičius, 
Hobeom Kim, Pascal A. Schouwink, Albertus A. Sutanto, Selina Olthof, Muhammad Sohail, Klaus 
Meerholz, Vidmantas Gulbinas, Clémence Corminboeuf, Sanghyun Paek and Mohammad Khaja 
Nazeeruddin 

In this work I synthesized and characterized all materials, performed data analysis and wrote the 
manuscript.   
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4.1. Introduction 

Lead organic-inorganic hybrid perovskite solar cells have attracted significant 

attention over the past years thanks to their low cost processing and high power 

conversion efficiencies (PCEs). Despite their extraordinary improvement in device 

performance, from the first reported 3.8%88 to a certified 25.2% efficiency nowadays104, 

their long-term stability, i.e. product lifetime, remains one of the most challenging 

obstacles to fully come out from academia to the market190–192.  

High efficiency PSCs consist typically of a multilayer structure in which the 

perovskite absorber is sandwiched between charge transporting layers, selective either 

for electrons (ETL) or holes (HTL). Many efforts have been aimed to diminish the 

inherent vulnerability of these constituent materials. For example, the perovskite 

absorber is intrinsically assailable to moisture, oxidative atmosphere, heat and 

ultraviolet radiation193–195. However, recent investigations have partially addressed this 

weakness through rational compositional engineering, as a result allowing a stabilized 

3D structure with improved long-term stability and reproducible efficiencies.196–199 On 

the other side, charge injection/extraction layers are considered equally important to 

ensure device durability200–202. Yet, induced metal203,204 and ion205–207 migrations from 

the adjacent layers can cause fast chemical modification of the perovskite , causing 

current-voltage hysteresis loop and shrinking initial PCE within the first hours of 

operation.  

Despite stable and affordable ETLs (e.g. TiO2 or SnO2) have successfully been 

reported in high performance devices, similar alternatives for HTL are still challenging. 

Spiro-MeOTAD and poly-(triarylamine) (PTAA) remain to be the benchmark hole-

selective materials for state-of-the-art PSCs. However, they require the addition of 

hydrophilic dopants like lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), tris(2-

(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[hexafluorophosphate] (FK209) and 

4-tert-butylpyridine (TBP). Unfortunately, their presence aggravates long-term solar cell 

metrics and can cause chemical modification of HTM, e.g. pyridination,208, 

dimerization209 or, possibly, iodination210.  
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Though many attempts have been made to find universal guidelines for efficient 

hole-selective materials211, a unified theory for HTM molecular design has not yet been 

elaborated. Numerous systematic studies focused on structure-performance 

relationships, providing with some practical and theoretical insights. For instance, 

judicious selection of isomers212–214, introduction of multiple spiro-conjunctions215–217 and 

alkyl pending groups218,219, planarization of molecules218–221 or its subparts119,222, as well as 

incorporation of heteroatoms into molecular scaffolds223–225 are reliable approaches to 

get withstanding efficient HTMs with elevated glass transition temperature, improved 

conductivity and high carrier mobility. However, vital data on operational stability of 

novel HTMs remain non-uniform and quite scarce. Better understanding of structure-

long term performance relationship as well as clearer synthetic guidelines for molecular 

design of efficient and stable HTMs are still in high demand, thus urging deeper 

investigations of new molecular architectures. 

Inspired with the elegant molecular architecture and excellent performance of 

the spiro-MeOTAD, in this study we demonstrate that a “fusion” of the champion HTM 

concepts (spiro-MeOTAD and PTAA) provides with a new SBA family of molecules 

which not only perform on par with spiro-MeOTAD, but also prevent severe degradation 

of PSCs under constant AM 1.5G one sun illumination, operating with negligible 

hysteresis. 

4.2. Results and discussion 

In relation to the conventional spiro-MeOTAD, the SBA platform provides 

additional easily modifiable sites at in-plane N atoms for molecular design. We devised 

and synthesized 4 novel HTMs that structurally mimic spiro-MeOTAD. These molecules 

contain saturated inert alkyl chains of varying length and bulkiness attached to the 

acridanes’ N-atoms, thus allowing to study their possible impact on device performance 

and stability. Alkyl chains were considered to be the simplest structural “variable” for 

disclosing structure-performance relationships. Though electronically inert, they have 

been reported to affect perovskite crystallizability 226 and HTL hydrophobicity, thus 

improving device longevity222,227.  
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Scheme 9. Synthetic procedure for the SBA-based HTMs. 

 

Scheme 9 depicts the synthetic approach for obtaining the SBA-based family of 

HTMs. The synthesis of the SBA-core was carried out according to the optimized 

procedure228. The spiro-bisamine 1 was treated with ICl in methanol to provide with 

tetraiodide 2 in excellent yield. The SBA core was further endowed with alkyl chains of 

different length and bulkiness. Buchwald-Hartwig amination with DMPA concluded the 

preparation of the target HTMs. All final compounds were well-soluble in common 

organic solvents, including chlorobenzene and toluene, typically used for HTM 

processing on perovskite absorbers.  

 

Figure 16. (a) ORTEP representation of MeSBA-DMPA crystal structure and perspective view along one 
of the acradine units showing distorted from orthogonality arrangement of the acridane planes (hydrogen 
atoms omitted for clarity). (b) Perspective views along a crystallographic axis for an expanded unit cell of 
MeSBA-DMPA. Few unit cells are displayed to show packing motif of MeSBA-DMPA and short contacts. 
Colors are used to distinguish orthogonal acridane planes of the SBA core (red and orange), DMPA 
pending groups (green) and short contacts (blue dotted lines). 
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The molecular structure of MeSBA-DMPA was independently confirmed using 

single-crystal X-ray diffraction analysis (Figure 16a). The distorted tetrahedral sp3-

hybridised spiro-carbon atom connects two acridane planes of the SBA-core in quasi-

orthogonal arrangement. The dihedral angle between mean planes traced through 

acridane parts of the SBA core is 88.39°, smaller compared to almost orthogonal fluorene 

planes in spiro-MeOTAD (89.94°)229. Note that the acridane units of SBA core are not 

equivalent: one adopts a nearly planar conformation, with a small deviation of 5.22° for 

one of the phenyl rings from fully planar acridane entity. The second acridane is more 

folded along C1-N2 axis, due to the boat-like conformation of the central heteroatom 

ring. The corresponding deviation from the planarity is 14.72°. The methyl substituents 

are slightly displaced of the acridane planes. Notably, N1-C1-N2 atoms do not lie on the 

same line, but form a bent structure with N1-C1-N2 angle of 159°. These distortions might 

be associated with the intermolecular π-π, CH/π and NCH3/π contacts between the 

acridane units of the neighboring SBA cores. The more folded acridanes realize 

intermolecular contacts between each phenyl ring with mean distances of 3.3Å, while 

the quasi-coplanar acridanes form NCH3/π interactions of 2.89Å. Consequently, despite 

the bulkiness of the molecule and orthogonality of acridane planes in SBA-platform, 

such intermolecular interactions build a continuous orthogonal network of liaised SBA-

units, forming channels of densely stacked self-embedded spiro-cores (Figure 16b).  

Table 3. Optoelectronic and thermal properties of SBA-based HTMs. 

HTM 
λabs,  
nm 

λem, 
nm 

Eg, 
eV 

ES+/S, 
eV 

IP, 
eV 

Tdec, 
°C 

Tg, 
°C 

μ*, 
cm2/(V s) 

MeSBA-DMPA 312, 348 422 3.1 -4.94 -4.95 423 ‒ 
4.98 × 10-5 
(2.3 × 10-3) 

BuSBA-DMPA 310, 362 428 3.1 -4.95 -4.98 414 93 
1.53 × 10-5 

(2.6 × 10-3) 

FBuSBA-DMPA 311, 359 425 3.1 -4.92 -5.02 396 89 
2.02 × 10-6 

(2.8 × 10-3) 

EtHexSBA-DMPA 312, 366 422 3.1 -4.94 -5.04 389 55 
6.27 × 10-6 

(1.6 × 10-3) 

*Values in parentheses referred to the HTMs doped with LiTFSI, FK209 and TBP  
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Figure 17. (a) Ultraviolet-visible absorption and PL spectra of SBA-based HTMs THF solution. (b) 
Voltammograms of SBA-HTMs in a 0.1 M solution of Bu4NPF6 in dry deoxygenated DMF at room 
temperature under N2 atmosphere, measured with glassy carbon working electrode, Pt wire reference and 
counter electrodes, ferrocene/ferrocenium (Fc/Fc+) as internal standard.  

These acridane “wells” are surrounded with redox-active DMPA-entities, which 

form highly branched 3D network of CH/π, π-π and CH··O contacts with SBA cores and 

DMPA groups of the nearby molecules. In contrast with spiro-MeOTAD and other 

unsubstituted SBA-based compounds125,229, MeSBA-DMPA expels all solvent molecules 

and forms non-solvated crystals with no significant voids and multiple continuous 

networks of short contacts among parts of the neighboring molecules. 

Figure 17a displays the normalized absorption and photoluminescence (PL) 

spectra of MeSBA-DMPA, BuSBA-DMPA, FBuSBA-DMPA and EtHexSBA-DMPA 

solutions in THF. The absorption and PL profiles of the HTMs demonstrate qualitatively 

similar behavior. Photoabsorption curves show two intense bands peak in the region 

between 300 nm and 425 nm. While the high-energy band remains insensitive to the 

alkyl substituent attached to the in-plane N-atom, the low-energy peak is a little 

affected. In particular, the short and rigid methyl substituent shifts the low-energy 

absorption band maximum to the blue region, while longer substituents shift it to the 

red. The PL spectra display alike patterns with a maximum at about 425 nm, mostly 

insensitive to the alkyl substituents. Such observations suggest that the geometrical 

conformations in ground and excited states, as well as their photophysical properties, 

are vastly determined by the SBA-core with diphenylamine groups, rather than alkyl 
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substituents. The optical band gaps (Eg) of ca. 3.1 eV were estimated from the 

corresponding intersections of absorption and emission onsets (Table 3).  

The experimental energy levels of the SBA-based HTMs were estimated using 

cyclic voltammetry (CV) and ultraviolet photoemission spectroscopy (UPS) 

experiments. In agreement with the photophysical data, the HTMs demonstrate 

consonant electrochemical properties ascribed to reversible redox processes on the 

phenylamine substituents without regard to the various alkyl “tails” at acridanes’ N-

atoms (Figure 17b). Several reversible oxidation waves indicate an excellent 

electrochemical stability and good capacity of the compounds to carry multiple charges. 

In addition, no cathodic waves were detected, indicating, along with wide Eg, a potential 

capacity to block electrons. The experimental energies for HOMO levels were assessed 

to be ca. -4.95 eV vs vacuum, which were further confirmed with the solid state 

ionization potential (IP) measurements (Table 3, Figure 32). This finding also agrees 

well with ionization potential computed using density-functional theory at B3LYP/6-

31G(d,p) level (Table 3, Table 11). 

 

Figure 18. (a) Hole mobility measurements in hole only devices using pristine SBA-based HTMs. The 
space charge limited current (SCLC) regions used for mobility estimation are traced with black solid lines. 
(b) Hole mobility measurements in hole only devices using pristine doped SBA-based HTMs and spiro-
MeOTAD. 

The charge transporting properties of the SBA-based HTMs were also 

investigated in hole-only devices. We fabricated cells with a structure based on indium-

tin oxide (ITO) / poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
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(PEDOT:PSS) / SBA-based HTL / Au and extracted the hole mobilities of HTMs from 

the space-charge limited current (SCLC) regime of J-V curves based on the Mott-Gurney 

law, J = (9/8)ε0εrμV2/d3 where J is the current density, ε0 is the vacuum permittivity, εr is 

the relative dielectric constant of the organic semiconductor (here, we used 3), μ is the 

hole mobility, V is the applied voltage and d is the thickness of the HTM which was 

estimated to be around 190 nm. As observed in the Table 3 and Figure 18a, pristine 

MeSBA-DMPA demonstrated the highest hole mobility of 4.98 × 10-5 cm2/Vs among the 

SBA-based compounds. The gradual drop of the mobility might be rationalized with 

lower packing density in the solid state, which impedes charge transfer process. 

However, BuSBA-DMPA and FBuSBA-DMPA, with similar lengths of the alkyl 

substituents, exhibited significant differences in their charge transporting properties. 

Further investigation through multi-scale simulations230 suggests that the larger 

energetic disorder present in FBuSBA-DMPA film may be the main factor for its lower 

hole mobility (Figure 38). Upon doping with LiTFSI, FK209 and TBP, SBA-based HTLs 

demonstrated enhancement of hole mobility (Table 3, Figure 18b). 

The thermal properties of the SBA-based HTMs were investigated using 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA 

results revealed high thermal stability in all molecules with 5% weight loss temperature 

(Tdec) decrease upon elongation of the pending alkyl substituents (Figure 19). Except for 

MeSBA-DMPA, the similar trend was observed for glass transition temperature (Tg) 

obtained from DSC experiments with no melting or recrystallization detected (Figure 

20). The DSC curve for the methyl-substituted HTM exhibit only a broad shallow 

exotherm that might be associated to relaxation processes in the solid. No glass 

transition was detected at the investigated temperature range. All optical, 

electrochemical and thermal parameters of the investigated compounds are 

summarized in Table 3.  
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Figure 19. Thermogravimetric analysis data the SBA-based HTMs. The data were obtained for the 
compounds heated under N2 atmosphere at the heating rate 10°C/min. 

 

Figure 20. Differential scanning calorimetry thermograms for the SBA-based HTMs. The data were 
obtained for the compounds heated under N2 atmosphere at the heating rate 10°C/min. 
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Figure 21. Cross-sectional (left) and surface (right) microphotographs of PSCs employing SBA-based 
HTMs. SEM images were recorded by in-lens detector of FEI Teneo scanning electron microscope at high 
tension of 3 and 5 kV. 
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Figure 22. (a-e) J-V curves of PCSs employing different SBA-based HTMs and spiro-MeOTAD reference. 
The corresponding molecular structures and device metrics are shown as intersections. (f) EQE spectra 
and integrated current for the devices with SBA-based HTMs 

We fabricated solar cells based on a triple-cation perovskite absorber to 

demonstrate the capability of SBA-based compounds to perform as HTMs in 

photovoltaic devices. Figure 21 show the cross-sectional scanning electron microscopy 
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(SEM) images of a typical n-i-p device consisting of fluorine-doped tin oxide (FTO) / 

compact-TiO2 (c-TiO2, ~50 nm) / mesoporous-TiO2(mp-TiO2, ~100 nm) covered with 

SnO2 (~40 nm) / perovskite absorber (~500 nm) / HTM (~200 nm) / Au (~70 nm). SBA-

based HTMs formed smooth and homogeneous thin films with good coverage of the 

perovskite layer (Figure 21). The current density-voltage (J-V) curves collected from the 

champion devices under simulated solar illumination (AM 1.5 G, 100 mW/cm2) are 

presented in Figure 22a-e. Spiro-MeOTAD is also included for comparison.  

Interestingly, the alkyl fragments tailored to the SBA core have a strong influence 

on the HTM performance though SBA derivatives display almost identical photophysical 

and electrochemical properties. The average PCEs obtained for these devices ranged 

from 16.4% to 18.05%, with MeSBA-DMPA demonstrating the highest short-circuit 

currents (JSC) and PCEs. This provides additional support to the calculated mobilities, 

further indicating that the shortest methyl substituent could contribute to the densest 

packing of the molecules, leading to improved charge extracting and transporting 

properties. Gradual increase of length and bulkiness of the alkyl substituents results in 

consonant deterioration in performance, as observed for BuSBA-DMPA and FBuSBA-

DMPA (bearing “arms” of 4 carbon atoms show similar PCEs that are ca. 0.27% below 

that of MeSBA-DMPA). In addition, fluorine-substituted FBuSBA-DMPA 

demonstrated subtle decrease in open circuit voltages (VOC) and higher JSC compared to 

twin BuSBA-DMPA with aliphatic substituents. The simultaneous increase of length 

and bulkiness of the pendant group from 4 to 8 carbon atoms in EtHexSBA-DMPA 

proved to be detrimental for PSC metrics: PCEs and FFs appeared to be lower by about 

1.65% and 0.08 correspondingly. Device metrics and J-V curves of the champion devices 

are represented in Table 4. In addition, since J-V curves often display hysteretic behavior 

and render real PCE ambiguous to estimate, we collected data scanning the applied 

voltage at 0.05 V/s from forward bias (FB) to short circuit (SC) and then inversely.  
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Table 4. Performance of the champion PSCs with SBA-based HTMs and spiro-MeOTAD reference. 

HTM 
Scan 

direction 
JSC, 

mA/cm2 
VOC, V FF PCE, % 

Average PCE, 
% 

MeSBA-DMPA 
Forward 22.75 1.063 0.753 18.21 

18.05 
Reverse 22.77 1.074 0.731 17.88 

BuSBA-DMPA 
Forward 22.59 1.068 0.744 17.96 

17.78 
Reverse 22.59 1.079 0.722 17.6 

FBuSBA-DMPA 
Forward 22.73 1.056 0.745 17.89 

17.77 
Reverse 22.74 1.075 0.722 17.65 

EtHexSBA-DMPA 
Forward 22.31 1.084 0.676 16.34 

16.40 
Reverse 22.33 1.100 0.670 16.46 

Spiro-MeOTAD 

Forward 22.51 1.071 0.758 18.22 

18.50 

Reverse 22.52 1.091 0.763 18.73 

 

All devices using the SBA-based HTMs demonstrated J-V loops without 

noticeable hysteresis (Figure 22, Figure 33), indicating that the SBA-DMPA structure 

can form continuous intimate contact with the absorber, thus extracting holes efficiently 

and preventing parasitic ion accumulation at the interface200. Figure 22e shows external 

quantum efficiency (EQE) for PSCs with the SBA-based HTMs, including 

spiro-MeOTAD as reference. All devices with the SBA HTMs, except EtHexSBA-DMPA, 

demonstrate EQEs on par with spiro-MeOTAD. A negligible deviation in the high-

energy part of the spectra hardly affects integrated JSC. The calculated JSC values are lower 

but consistent with the ones assessed from J-V curves. Note that the significantly lower 

IPCE in EtHexSBA-DMPA could be attributed to the hampered charge extraction at the 

perovskite/HTM interface (vide infra). As previously asserted, the electronically inert 

bulky and chiral ethylhexyl substituents can be responsible for more distant and less 

ordered packing of the molecules in the solid film, hindering the carrier transport and 

therefore decreasing the overall performance. Stabilized photocurrent measurements, 

power output and device statistics are reported in Figure 34 and Figure 35.  
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Figure 23. Normalized MPPT for PCEs with SBA-based HTMs and spiro-MeOTAD as reference, recorded 
at 25°C under a constant simulated AM 1.5G sun light illumination and Ar atmosphere. 

We additionally performed maximum power point tracking (MPPT) 

measurements using devices with doped SBA-based HTMs and spiro-MeOTAD as a 

reference. The unsealed cells were exposed to a constant simulated AM 1.5G sun light 

illumination of 100 mW/cm2 in argon atmosphere at 25 °C for more than 1000 h. The 

devices were kept at MPP during stability measurements and J-V curves were 

automatically recorded every 1 h. Results, summarized in Figure 23, revealed significant 

differences one from another and from spiro-MeOTAD, though structural differences of 

the new HTMs were only the variation of electronically inert substituents at acridanes’ 

N-atoms. As appreciated in the Figure 23, after the first 60 h of operation, the device 

performance for spiro-MeOTAD decreased significantly to 80% of the initial PCE, 

retaining the lowest efficiency after 1000 h of ageing. On the contrary, the performance 

decay in SBA-based HTMs was substantially delayed in all cases. Solar cells fabricated 

with the new materials demonstrated increase of PCE during the first 12-24 h of 

operation followed by slow performance dwindle: BuSBA-DMPA and FBuSBA-DMPA 

displayed qualitatively similar trends to spiro-MeOTAD. Notably, the aliphatic BuSBA-

DMPA and fluorinated FBuSBA-DMPA showed overall better stabilities, retaining 

respectively 82% and 70% of the initial efficiency at the end of the test. Moreover, 

BuSBA-DMPA demonstrated a substantial reduction in the burn-in drop of the 

efficiency during the first ~100 h of operation. EtHexSBA-DMPA did not display any 
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abrupt efficiency drop during the initial period of the measurements, but gradually 

decayed down to 71% after 1000 h of ageing. The best durability amongst the SBA-based 

HTMs was exhibited by MeSBA-DMPA, retaining 88% of the initial efficiency after more 

than 1000h of the ageing test, thus rendering MeSBA-DMPA to be one among the most 

stable HTMs so far reported119,220,227. Interestingly, after a short burn-in period with a 

local efficiency minimum of 96%, MeSBA-DMPA regained nearly its maximum 

efficiency followed by a slow decay. The origin of the observed fluctuation remains 

unclear, but might be associated to slow relaxation processes in the thin organic film.  

 

Figure 24. (a) Photoluminescence decay kinetics of the perovskite films comprising spiro-MeOTAD and 
four different SBA-based HTMs and reference perovskite film. (b) Photoluminescence decay kinetics of 
the perovskite films comprising spiro-MeOTAD, four different SBA-based HTMs and a reference 
perovskite film under excitation and PL detection from the glass side. (c) Electric field-dependent average 
photoluminescence lifetimes. (d) Photocurrent transients in fresh perovskite solar cells covered with 
different HTMs. 
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Thus, according to our results, all SBA-based HTMs demonstrated enhanced 

stability and significantly mitigated burn-in during the first hundred hours of operation 

indicating that the molecular structure of the HTM, its packing at the interface or bulk 

could be paramount to prevent severe degradation of the HTL in PSC devices.  

To get more insight into the interface charge extraction properties of the 

materials, we combined time-resolved photoluminescence (trPL), voltage-dependent 

trPL and transient photocurrent decay (TPCD) experiments on the freshly-prepared and 

aged perovskite films and solar cells.  

Figure 24a shows the photoluminescence decay kinetics of the as-prepared 

perovskite film on glass and identical films covered with spiro-MeOTAD and the SBA-

based HTMs. Sample excitation and PL detection were performed from the HTM layer 

side, and the obtained decay kinetics were fit with biexponential functions. The obtained 

fitting parameters are provided in Table 8. Perovskite film without HTM exhibits a fast 

27 ns decay component, typically attributed to the initial electron trapping process 

occurring immediately after charge carrier generation231, whereas a 609 ns component 

should be associated with the Shockley Read Hall (SHR) recombination232. The obtained 

long-lived PL decay of pure perovskite film implies a high material quality with a low 

defect concentration and long charge carrier diffusion lengths. When the perovskite 

films are covered with the HTMs, the photoluminescence is quenched, and its decay 

becomes faster with clear fast component lasting for several ns. This fast component is 

almost absent under excitation and PL detection from the glass side (Figure 24b). 

Therefore we attribute it to a decrease of hole population generated close to the 

perovskite/HTM interface. While the slower decay component should be associated 

with the holes created in the bulk of the perovskite. The relative amplitude of the fast 

component correlates with the slow decay rate. Apparently, both of them are 

determined by the hole extraction rate indicating that HTMs do not act as ideal hole 

acceptors and hole transfer to HTM competes with its diffusion out of the interface. The 

extraction of holes generated in bulk is determined by their diffusion towards interface 

and efficiency of transfer to HTM. In the case of HTMs causing fast PL decay (MeSBA-

DMPA and FBuSBA-DMPA) the majority of holes generated close to the interface are 
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likely transferred to HTMs, and lifetime of holes created in bulk is mainly determined 

by their diffusion rate towards the interface. As hole transfer to EtHexSBA-DMPA and 

BuSBA-DMPA is apparently slower, a certain portion of holes diffuse out of the 

interface, and a total hole extraction rate from the perovskite layer becomes limited by 

transfer rate through the interface rather than by diffusion. These results imply that the 

electron extraction to mp-TiO2 is also slower, which is in agreement with the higher hole 

mobility233. It should be noted, that the two best SBA-based hole acceptors ensure faster 

hole transfer than the classical spiro-OMeTAD hole transporter.  

We performed electric-field-dependent time-resolved photoluminescence 

experiments to gain additional insight about the hole extraction properties, in complete 

PSCs. As the TiO2/perovskite contact is identical in all cells, the dependence of the PL 

relaxation on the electric field will be mainly determined by the quality of the 

perovskite/HTMs interface. Figure 24c shows the average photoluminescence lifetimes 

of the perovskite solar cells covered with different HTM materials under the applied 

external voltages ranging from 0 to 3.0 V. Only a weak voltage induced PL quenching 

was observed for the best hole acceptors, namely MeSBA-DMPA and spiro-MeOeTAD, 

suggesting that: a) electric field is effectively screened in perovskite layer so that the hole 

transport towards interface with HTM is mainly determined by diffusion rather than 

their drift, b) hole transfer rate to HTM is fast enough to be sensitive to beneficial field 

induced energy level shifts at perovskite/HTM interface. In the case of EtHexSBA-

DMPA and BuSBA-DMPA, the field-induced hole transfer acceleration causes their 

faster extraction. Noteworthy, these dependences are also in good correlation with the 

device efficiencies, where the highest performance was achieved for spiro-MeOTAD, 

MeSBA-DMPA and FBuSBA-DMPA.  

To investigate the influence of different HTMs on the total charge carrier 

extraction dynamics in the solar cells, we have performed transient photocurrent 

measurements upon photoexcitation of the device with short ns laser pulses. Figure 24c 

shows transient photocurrent kinetics on the microsecond time scale for working 

perovskite solar cells with HTMs measured under pulsed laser illumination under 

applied 0.6 V forward voltage, i.e. close to maximal power point. The photocurrent 
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kinetics reveals two major processes: photocurrent rise and its decay. The relatively slow 

photocurrent rise, which also depends on the HTM, is obviously determined by the time 

required to transfer hole to HTM. This is because the electric field in perovskite layer is 

screened, and charge carrier motion is diffusional without preferential direction, 

creating no current in solar cell. Current appears when the charge carriers are 

transferred to transport layers. The photocurrent peak delay perfectly correlates with 

the hole extraction times from devices with different HTMs. Meanwhile, the current 

decay is almost independent of the HTMs type, thus it apparently corresponds to the 

electron transfer to mp-TiO2, which is slower as concluded from PL investigations. 

We note that significant differences in the hole transfer rates at interfaces can 

hardly be explained by differences in HOMO levels of HTMs, which according to Table 

3 are very similar. More likely those differences are determined by different packing of 

HTM molecules at interface with perovskite causing different effective hole transfer 

distances. In particular, we observe the fastest hole transfer for MeSBA-DMPA 

containing small methyl groups, while the slowest transfer rate is for EtHexSBA-DMPA 

with large ethylhexyl groups.  

Despite the obtained hole extraction rates correlate with the solar cell 

efficiencies, the differences in performance are surprisingly small, suggesting that the 

hole extraction rate alone plays only a marginal role. This apparently occurs because the 

hole extraction rates are still significantly faster than the carrier recombination rate at 

operating cell illumination intensity. On the other hand, the extraction time determines 

the hole density in the perovskite layer during device operation, which may influence 

the cell stability. Indeed the highest stability was obtained using the best hole acceptor 

MeSBA-DMPA, while the lowest corresponds to the worst hole acceptor EtHexSBA-

DMPA. However, the hole extraction rate is not the decisive parameter determining 

stability, as deduced from the cell performance evolution containing spiro-MeOTAD. 

We have additionally measured the PL decay kinetics in perovskite films covered 

with different HTMs after aging in N2 atmosphere for 900 hours (Figure 37, Table 9). 

While the hole extraction rates become slower and almost identical for all SBA-based 

HTMs, spiro-MeOTAD experienced the most significant changes: the hole extraction 
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time increased more than twice, which agrees with the most significant efficiency decay 

of the solar cell with spiro-MeOTAD.  

Previous works have demonstrated that metal/ion migration through HTM can 

lead to degradation of PSCs203–207. To address this aspect, we computed the free-volume 

present in amorphous HTMs performing molecular dynamics (MD) simulations219.The 

free-volume of amorphous HTMs increases with the substituted chain length, which 

may imply a higher permeability to metal/ion for long-chain analogues (Table 10). Apart 

from spiro-MeOTAD, the computed free-volume correlates well with the experimental 

observed long-term PCE decay, assuming that a smaller free-volume leads to a slower 

efficiency decay.  

4.3. Conclusions 

In conclusion, we have synthesized four new SBA-based HTMs with different 

alkyl substituents attached to the in-plane N-atoms of the spiro-connected acridanes. 

The SBA cores were endowed with DMPA entities to structurally mimic spiro-MeOTAD 

and to investigate how introduction of the heteroatom and alkyl chains into the 

molecular scaffold of HTM affect the device performance and long-term stability. 

 The SBA HTMs employed in PSCs, attained efficiencies on par with the 

benchmark spiro-MeOTAD and negligible J-V hysteresis. Importantly, the results 

suggest that even minor differences in chemical structure can significantly change the 

rates of hole extraction from perovskite, which, however, only weakly influence the 

device efficiency, but strongly affect long term stability and evolution of devices in the 

course of time. In particular, the best results were achieved using MeSBA-DMPA with 

the shortest C1-substituent, while elongation of the side arms lead to the gradual 

deterioration of device metrics and poorer stability. We associate the excellent stability 

of the devices employing MeSBA-DMPA with its dense packing of the molecules and 

uniform interfaces that may not only prevent mass transfer at the interface, but also 

facilitate charge extraction from the active perovskite layer. 
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CHAPTER 5 

APPROACHES FOR SELECTIVE SYNTHESIS OF ULLAZINE 
DONOR–ACCEPTOR SYSTEMS 

Methods for effective synthesis for the four possible isomeric 3,9-diphenylullazine 
carboxaldehydes and reactive halogen intermediates are described. Ullazine donor–
acceptor (D–A) dyes were studied using UV/Vis, photoluminescence (PL) spectroscopy 
and cyclic voltammetry. X-ray single crystal diffraction analysis independently 
confirmed the structures of two key intermediates. A D–A dye based on ullazine with 
dihexylmalonate acceptor was tested as a dopant-free hole-transporting material 
(HTM) in a perovskite solar cell, exhibiting promising power conversion efficiency 
(PCE) reaching 13.07 %. 

This chapter is based on the published work: Chem. Eur.J. 2017, 23,17209 –17212  
DOI:10.1002/chem.201704694 

Authors: Nikita A. Drigo, Sanghyun Paek, Aron J. Huckaba, Pascal A. Schouwink, Nouar Tabet and 
MohammadK.Nazeeruddin 

In this work I synthesized and characterized all materials, performed data analysis and wrote the 
manuscript.   
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5.1. Introduction 

Due to their intriguing properties, research into polycyclic heteroaromatic 

compounds (PHAs) have gained tremendous momentum, especially towards organic 

electronics applications. PHAs are numerous and vary in shapes and sizes from simple 

structures to complex 3d-motifs with B, N, O, S, P or other heteroatoms that can 

modulate key properties.234–236 Ullazine, a PHA exhibiting a fused aza-polycyclic core, is 

isoelectronic to pyrene but combines the extended π-system of the latter with the 

electron-rich nature of indolizine-like heterocycles. Ullazine’s in-plane N-atom is able 

to donate electron density to the periphery to form a 14-π annulene perimeter with 

central positive iminium moiety and electron rich periphery, thus promoting 

intramolecular charge transfer (ICT) (Figure 25).237  

 

Figure 25. Numbering and resonance structures of Ullazine. 

Ullazines, have been known since 1983 with the first reports on preparation by 

Balli238 and ion stability studies by Gerson appeared.237 However, tedious synthesis and 

lack of application disfavored further investigation of the polycycle’s capabilities. Almost 

30 years later, seminal reports on the first feasible synthesis of the ullazine scaffold and 

applying ullazine sensitizers for dye-sensitized solar cells spurred significant interest in 

the heteropolyaromatic system.239–246 Even so, methods for selective and effective 

modification of ullazine periphery remain scarce, though publications claiming facile 

construction of ullazine scaffolds still appear regularly.247–258 Herein, we report 

approaches for effective regioselective functionalization of 3,9-disubstituted ullazines, 

which were used as π-extended and electron-rich modular units for functional materials. 
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5.2. Results and discussion 

Since published procedures describe the effective and high-yielding preparation 

of ullazine-5-carboxaldehydes as the major product in Vilsmeier–Haack carbonylation 

and 6-chloroullazines as the only accessible reactant for cross-coupling reactions240, we 

focused on exploring routes towards the other possible core-substituted ullazine isomers 

containing carbonyl or reactive halogen functionalities. The synthesis devised in this 

work enables simple derivatization of the ullazine core or key intermediates to enable 

further selective functional group installation and further transformation. Owing to the 

strong electron-donating character of the ullazine periphery, we synthesized donor-

acceptor (D-A) systems to gain deeper insight into photophysical and electrochemical 

properties of each regioisomer. We chose phenyl moieties as substituents at the 3 and 9 

positions to impart stability237 to the polycyclic scaffold and to simplify synthesis and 

characterization. Dihexylmalonate served as the solubilizing acceptor moiety.  

Our study began with the preparation of 6-bromo-substituted ullazine (Scheme 

10a). Electrophilic iodination of 4-bromoaniline with 2.0 eq of. ICl yielded diiodide 1a259. 

Scheme 10. Synthetic routes for (a) 6-bromo-3,9-diphenylullazine 5a and (b) 3,9-diphenylullazine 5b. 
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Scheme 11. Synthesis of ullazine dye 8a and model cross-coupling reaction towards 6. 

 

Following the published route for 3,9-disubstituted ullazines240 we firstly 

prepared the pyrrole 2a, but found the subsequent Sonogashira coupling was ineffective 

despite the well-known reactivity of aryl iodides: 2a reacted sluggishly and non-

selectively (Table 12, appendix). Swapping the order of reaction resulted in an increased 

yield: direct preparation of the bisalkyne 3a from 4-bromo-2,6-diiodoaniline 1a utilizing 

milder reaction conditions and cheaper catalytic system, followed by Clauson-Kaas ring 

rearrangement provided pyrrole 4a. Finally, InCl3-catalyzed cyclization completed the 

synthesis of 6-bromosubstituted ullazine 5a (Scheme 11). Particularly noteworthy in the 

optimized procedure are the high-yielding conditions tolerant to the halogen atom 

placed in the ullazine’s 6-position throughout all stages of the synthesis. Overall yield of 

the desired 6-bromoullazine 5a starting from 4-bromoaniline was 77% over four steps. 

One-pot combination of Bouveault aldehyde synthesis and Knoevenagel 

condensation afforded desired dye 8a from 5a in 66% yield (Scheme 11). Unfortunately, 

we could not isolate the corresponding ullazine-6-carboxaldehyde, as it appeared to be 

sensitive to air and oxidized readily being exposed to it, which was due to the lack of 

electron donation in the 6 position.240 However, 5a proved to be an effective cross-

coupling partner with 2-(tributylstannyl)pyridine delivering the product 6 in 70% yield. 

(Scheme 11). 

Next, we sought the ullazine functionalized with the acceptor at 5 position. After 

optimization of Sonogashira coupling we employed the same procedure as above to 

obtain the unsubstituted ullazine with an increased overall yield of 84% (Scheme 10b). 

Interestingly, Vilsmeier–Haack formylation of 5b also provided 5c in decent yield (32%) 

along with the reported minor product 7d (6%). The structure of 5c was confirmed with  
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Scheme 12. (a) Vilsmeier–Haack formylation of 5b. (b) Direct preparation of ullazine-4-carbaldexyde 7d. 
(c) Direct preparation of ullazine-1-carbaldexyde 5c. 

 

single crystal x-ray diffraction (Figure 26a,b). To the best of our knowledge, 

formation of the pyrrole carboxaldehyde regioisomer moiety has not been reported in 

literature so far.  

Unfortunately, other attempts to synthesize 5-substituted ullazines directly were 

unsuccessful: treatment of 5b with halogen or boron electrophiles in various conditions 

did not yield the desired products. Thus, modification of the 5 position in ullazine core 

still remains a challenging issue due to strong electron donation at this position.240,260 

The reaction of the bisalkyne 4b with molecular iodine at 0°C delivered 

monoiodoindolizine 9, a useful precursor for 4-derivatized ullazines (Scheme 12b), and 

the structure was confirmed by single crystal X-ray diffraction (Figure 26c,d).261 We 

utilized 9 to obtain corresponding dye 8d stepwise but in selective manner and with 

improved total yield. Interestingly, InCl3-catalyzed cyclization of the iodoindolizine 9 

selectively yielded 5b albeit in low yield (~30%). Installation of a deactivating carbonyl 

group did not hinder the cyclisation, providing 7d in excellent yield. 

 



APPROACHES FOR SELECTIVE SYNTHESIS OF ULLAZINE DONOR–ACCEPTOR SYSTEMS 

104 

 

Scheme 13. Synthesis of the ullazine dyes 8a-8d in TiCl4-catalysed Knoevenagel condensation. 

 

Lastly, the final InCl3-catalysed cyclisation of the alkyne 10 did not require 

elevated temperatures as it was the case for 4c. To reach the final isomer 5c, 

commercially available 2,5-dimethoxy-3-oxotetrahydrofurane smoothly formed 4c, a 

precursor for the dye 8c. The installed carbonyl group was observed to deactivate the 

pyrrole ring towards electrophiles. Thus cyclization required higher temperatures 

(Scheme 12c). 

Finally, the ullazine monocarbaldehydes 5c, 7b and 7d were condensed with 

dihexylmalonate in the presence of TiCl4, providing with the desired dyes 8b-c in 

excellent yields (Scheme 13).  

 

Figure 26. ORTEP representation and packing motif in crystals of (a, b) 5c and (c, d) 9 crystal structures.  
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Figure 27. (a)-(e) UV-vis (solid) and PL (dashed) spectra normalized at peak value recorded for 
unsubstituted ullazine 5b and dyes 8a-d in cyclohexane (orange), THF (green) and acetonitrile (blue); 
(f) voltammograms of 5b and dyes 8a-d in a 0.1M Bu4NPF6 solution in dry deoxygenated DMF. 

UV-Visible and PL spectroscopy was performed in solvents of differing polarities: 

cyclohexane, tetrahydrofuran and acetonitrile. Photophysical properties of the 

unsubstituted ullazine 5b and the dyes 8a-8d (Figure 27a-e, Table 5) were studied. 
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Table 5. Photophysical and electrochemical properties of 5b and dyes 8a-d. 

Compound 
λabs, 

nm[a] 
λem, 

nm[a] 
Ered, 

V 
Eox, 
V 

ΔE, 
eV 

E0-0, 
eV[b] 

HOMO, 
eV[c] 

LUMO, 
eV[c] 

5b 
374, 

391[b] 
478, 513, 

553 
-2.22 0,75 2.97 

2.71, 
(2.61) 

-5.43 -2.46 

8a 395 519 -1.68 0,77 2.45 
2.61, 

(2.48) 
-5.45 -3.00 

8b 446, 466 530, 560 -1.43 0,84 2.27 
2.30, 
(2.23) 

-5.52 -3.25 

8c 416, 439 474, 502 -1.70 0,99 2.69 
2.63, 

(2.59) 
-5.67 -2.98 

8d 386, 401 
492, 529, 

570 
-1.36 0,91 2.27 

2.64, 
(2.08) 

-5.59 -3.32 

[a] Measured in cyclohexane. Bold corresponds to the highest intensity in a band; [b] estimated from the 
intersection of the normalized absorbance and emission spectra in acetonitrile or low-energy onset of 
absorption spectra in acetonitrile (values in parentheses); [c] converted to the NHE by adding +0.69V and 
converted to vacuum scale by adding +4.44 eV. 

 

Except for 8a and 8b, each dye exhibited vibronically-structured absorption 

bands in cyclohexane. Upon increasing solvent polarity to THF and acetonitrile, 

structural features were lost, apart from the spectra of 8d, which remained unchanged 

regardless the solvent polarity. Nonetheless, all high-energy absorption bands were 

largely insensitive to changes in solvent polarities. Ullazine 5b displays strong 

absorption bands in the high energy region (250-330) nm that were ascribed to π→π* 

transitions. Weaker absorbance was observed between 350-450 nm and assigned to ICT. 

Ullazine dyes 8a and 8d exhibit similarly structured absorption bands with slight 

bathochromic shift in ICT onset, while 8b and 8c display weaker π→π* transition and a 

stronger ICT band, both of which are broadened and red-shifted by 30 and 80 nm 

correspondingly. The ICT band energy thus follows the expected trend for electron 

donation strength at different ullazine periphery sites (5>2>4>7).240 

Similarly, vibronic structure was observed in the PL spectra recorded in 

cyclohexane for ullazine 5b and dyes 8a, 8c, 8d, while 8b is broadened. Upon increasing 

solvent polarities from cyclohexane to acetonitrile, emission of 5b and 8d experienced 

nearly no change bathochromic shifts by 5-10 nm were observed with nearly no vibronic 
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structure difference. However, 8a-c exhibited: solvatochromism, displaying red-shifts 

ranging from 20 to 70 nm. Interestingly, PL maximum of 8c is blue shifted by 10nm in 

cyclohexane compared to the emission of 5b that presumably indicates destabilization 

of an excited state of 8c in nonpolar medium (Table 14).  

The electrochemical properties of 5b and 8a-d were then investigated by cyclic 

voltammetry. The ground-state oxidation potential Es+/Es for the parental unsubstituted 

ullazine 5b was observed to be -5.43 eV against vacuum level. Attachment of the acceptor 

stabilized the HOMO level of the dyes 8a-d by 20-200 mV, which agreed well with 

photophysical data (Table 5). 

 

Figure 28. J-V curve of a champion PCSs employing the ullazine dye 8b. 

Dye 8b was deemed a possible candidate for use as a dopant free hole-

transporting material (HTM) for perovskite solar cells because of strongest ICT 

characteristics and suitable HOMO level. Under 1 Sun illumination, the champion 

devices containing 8b as an HTM attained a modest PCE of 13.08%, with Jsc = 18. 47 

mAcm-2, Voc = 1.054 V, and FF = 0.671 (Figure 28). 
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5.3. Conclusion 

In conclusion, we have developed procedures for the regioselective synthesis of 

all possible 3,9-diphenylullazine-monocarboxalhexydes, as well as reactive halogen-

containing precursors for straightforward modification of the ullazine periphery. 

Ullazine D-A dyes were found to have strong CT bands and were applied as dopant-free 

HTMs in Perovskite solar cells. With an easily modifiable substitution pattern that 

enables fine tuning of energy levels, ullazine-based materials are believed to be 

promising candidates for application in organic electronics.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE PERSPECTIVE  
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The focal point of this thesis is positioned on the development of novel organic 

materials for optoelectronic applications. I have chosen two conceptually different 

molecular motifs to investigate their structures and physico-chemical properties in 

relation to their “macroscopic performance” as bulk materials in operating thin-film 

light-energy conversion devices. The materials I have been investigating during the 

period of my PhD studies are ullaizines, electron-excessive flat PHAs with the 

pronounced intramolecular CT, and SBA-based bulky globular spiro-conjugates either 

with sole benzonitrile acceptors at their in-plane N-atom, or electronically inert alkyl 

chains while the periphery was furnished with electron-donating DMPA substituents. 

The SBA-based compounds have been employed as emitting dopants in TADF OLEDs, 

and as HTMs in PSC. Preliminaly data concerning the use of ullazine derivatives as HTM 

in PSC have been also obtained.  

Firstly, in the Chapter 2 I surveyed, summarized and analyzed the reported data 

on the organic materials for optoelectronics that comprise spiro-acridane motif in their 

structure, mainly considering emitting TADF dopants for OLEDs and HTMs used as 

HTLs for PSCs. I analyzed and structured the physico-chemical parameters and 

performance in the devices associated with the introduction of the spiro-node in the 

acridane-based materials, making a comparative study with non-spyrocyclic congeners. 

In the context of TADF emitters for OLEDs, I categorized the molecules into three 

groups: i) D-σ-A emitters where a spiro-node segregates FMOs, ii) Ar-σ-D-A structures 

where a spiro-cycle is a bulky donor and iii) the least represented and exploited so far 

A-D-σ-D-A emitter architecture with a twinned non-conjugated SBA donor (σ stands for 

spiro-atom). D-σ-A TADF emitters display significant drawback relevant to this 

molecular structures: strong segregation of FMOs often results in low PLQYs and bad 

performances in OLEDs due to low f. Moreover, structural versatility of these conjugates 

might be more limited due to complexity of synthetic routes towards D-σ-A motifs. On 

the other hand, the introduction of quasi-inert spiro-cyclic pendants (Ar-σ-D-A 

structures) at the 9 position of acridane can bring about multiple properties compared 

to widely used DMA-based emitters: 1) spiro-aromatic junction stabilizes HOMO 

(similarly to DPAC-based materials) widening the bandgap and blueshifting the 
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emission; 2) spiro-aromatic junctions usually improves solubility (in relation to DPAC-

based materials that often lack this property); 3) a spiro-aromatic pendant can 

accommodate multiple fine energy states that facilitate rISC, enhanced by stronger SOC 

eventually boosting TADF efficiency; 4) spiro-endowed donors are more rigid and prone 

to adopt the only highly twisted conformation favorable for TADF and suppressing the 

parasitic dual emission; 5) bulkiness of the spiro-acridane donors mitigates significantly 

strong concentration quenching in films made of pristine TADF emitters, thus paving 

the way to non-doped and/or solution processable OLEDs; 6) spiro-comprising acridane 

donors are usually stick-like molecules with high anisotropy: molecules are prone to 

adopt horizontal orientation (high Θ|| values up to 90%) during vacuum deposition, 

eventually increasing light-outcoupling and maximum ηext. Moreover, introduction of 

the spirocyclic pendant usually does not complicate the synthetic procedures.  

As a result, this minireview clearly pointed out the benefits of use of spirocyclic 

acridane materials as opposed to simpler DMA and DPAC comprising TADF emitters. 

Furthermore, among the limited data reported regarding the use of spiroacridane-based 

HTMs for PSCs, I discovered the signs of good material stability in operating PSCs. 

Moreover, the spiro-acridane materials demonstrated promising performance when 

employed even in non-doped forms. The great potential of spirocyclic donors 

demonstrated of TADF emitters and the evident lack of the data on twinned non-

conjugated SBA-based materials spurred our interest to investigate and exploit the 

capacity of this structure to create advanced materials for light-energy conversion 

devices. 

In chapter 3 I introduced a compact TADF emitter SBABz4 composed of SBA dual 

non-conjugated donor and 4-benzonitrile acceptor. The use of the twinned donor with 

the spiro-junction brought about strong blue shift in the emission in relation to its 

“monomer” counterpart DMABz4, as expected. The photophysical properties of the new 

emitters were studied in solutions and thin films. The TADF character of the emission 

was confirmed in temperature-dependent trPL measurements and oxygen quenching 

experiments. The OLEDs employing SBABz4 as an emitting dopant demonstrated 

maximum EQE of 6.8% close to the estimated value of 7.1%, calculated with the 
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assumption of 30% light out coupling efficiency. These experimental results support the 

hypothesis that SBA twinned donor can be used for preparation of stick-like TADF 

emitters with pronounced hypsochromic shift and increased horizontal orientation.  

In chapter 4 I further exploit the capacity of SBA molecular platform to create 4 

new HTMs for highly efficient and stable PSCs. The in-plane N-atoms of the main SBA 

core were substituted with electronically inert alkyl chains of different light and 

bulkiness, while the periphery of the SBA-core was endowed with DMPA entities to 

properly adjust the energy levels of the new materials to VB of perovskite absorber. The 

final globular molecules simultaneously mimicked the structure of two benchmark 

HTMs: spiro-MeOTAD and a monomeric fragment of PTAA. The new materials 

demonstrated efficiencies on par with the etalon spiro-MeOTAD, while the J-V 

hysteresis was significantly reduced. Among other SBA-based HTMs, Me-substituted 

MeSBA-DMPA exhibited the highest PCE of 18.05% and superior stability retaining 88% 

of the initial PCE after more than 1000 h of ageing under the constant 1 sun illumination, 

even though all HTMs were doped as spiro-MeOTAD. Worth noting, that all SBA-based 

HTMs were more stable in contrast to spiro-MeOTAD, while the champion MeSBA-

DMPA is among the most stable doped HTMs so far reported. This work demonstrated 

a significant advance in molecular design of operationally-stable HTMs for durable 

PSCs. 

In chapter 5 I introduce a new electron excessive structural motif – ullazine, as a 

candidate to be used for the design of HTMs for PSCs. This electron-rich PHA combines 

energy level of commonly employed DMPA, while having an extended π-conjugation 

with the flat pyrene-like structure and the pronounced intramolecular CT. This work is 

focused on synthesis optimization aiming to feasibly prepare ullazine derivatives 

functionalized at different ring positions. In particular, a 6-bromoullazine derivative was 

obtained in high yields, and its further functionalization at the 6-position was 

demonstrated. The access to the four possible 3,9-diphenylullazinecarboxaldehyde 

regioisomers, so far unavailable or available only as side products, was also made 

possible. The elaborated procedures allowed do synthesize 4 D-A conjugates starting 

from the corresponding ullazine-carboxaldehydes and condensing with 
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dihexylmalononitrile. The materials were subjects to study the relationship between 

regioisomerism and their photophysical/ electrochemical properties. Only one of the 

ullazine D-A conjugates displayed the energy level suitable to get tested as an HTL for 

PSCs, attaining PCE of 13.07% without any doping. The results of this work demonstrate 

the potential of the ullazine fragment to get used as a donor motif for materials featuring 

intramolecular CT, however further investigation is required to optimize the energy 

levels and redox reversibility. 

Summarizing, I have demonstrated the potential and versatility of SBA-and 

ullazine molecular platforms for preparation of organic materials for applications in 

light-energy conversion devices. The judicious choice of substituents, including 

electronically inert ones, molecular shape, regioisomerism are paramount when devising 

materials with advanced and/or predetermined properties. I hope that this work will 

contribute not only to a better understanding of the relationships between molecular 

structure and performance of organic materials in operating devices, but also to the 

further motivation and development of new materials with superior properties, 

approaching the ultimate goal of commercialization of the last generation thin-film 

organic and hybrid electronics. 
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CHAPTER 7 

APPENDIX  
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6.1. Synthesis and Characterization of Organic Products ‒ General 

Information 

All commercially obtained chemicals were used without further purification, 

unless otherwise noted. Unless otherwise noted, all reactions were performed under the 

dry N2 atmosphere, all reaction requiring air-free technique were performed in oven-

dried glassware or in glassware that was heated with a heat gun under vacuum for 5-10 

minutes. Thin-layer chromatography (TLC) was conducted with pre-coated TLC-sheets 

ALUGRAM® SIL G/UV254 and visualized with UV. Flash column chromatography was 

performed using Sili-cycle P60, 40-63 μm (230-400 mesh). 1H and 13C NMR spectra were 

recorded on a Bruker AVIII-HD (400 MHz) and are reported in ppm using solvents as 

an internal standards (CDCl3 at 7.26 ppm and 77.16 ppm, acetone-d6 at 2.05 ppm and 

29.84 ppm, CD2Cl2 at 5.32 ppm and 53.84 ppm, C6D6 at 7.16 ppm and 128.06 ppm for 1H 

and 13C NMR spectra respectively).262 Data reported as: s = singlet, d = doublet, t = triplet, 

m = multiplet, br = broad, coupling constant(s) in Hz; integration. UV-Vis spectra were 

measured with a PerkinElmer Lambda 900 UV/VIS/NIR. PL experiments were 

performed using a FluoroSENS Gilden Photonics spectrophotometer. Cyclic 

voltammetry was measured with a Biologic S-200 cyclic voltammeter. Electrochemical 

measurements were performed in a 0.1M solution of Bu4NPF6 in dry DMF263 using Fc/Fc+ 

as an internal reference, Pt wire as a reference and counter electrodes and a glassy carbon 

disk as the working electrode. Mass spectra were recorded with a Bruker AutoFlex mass 

spectrometer using electrospray ionization (ESI), nanospray ionization (NSI), 

atmospheric pressure chemical ionization (APCI) or matrix-assisted laser 

desorption/ionization (MALDI) techniques.   

Triethylamine used for Sonogashira reactions was dried in prior to use,264 2,6-

diiodo-4-bromoaniline was prepared according to the procedure published in 

literature259. TMEDA used for the synthesis of 10H,10'H-9,9'-spirobi[acridine] was dried 

prior to use.264 10-((2-methoxyethoxy)methyl)acridin-9(10H)-one, methyl 2-

(phenylamino)benzoate  and 9,9-dimethyl-9,10-dihydroacridine were synthesized 

according to the published procedures.185,265,266 10H,10'H-9,9'-spirobi[acridine] (3) was 

prepared with the modified procedure by M. Ooishi et al.125  
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6.2. Appendix to chapter 3 

6.2.1. Synthetic details 

10-((2-methoxyethoxy)methyl)acridin-9(10H)-one, 1 

10-((2-methoxyethoxy)methyl)acridin-9(10H)-one is a known compound. 

It was synthesized and purified according to the procedure by Y. Aoyama 

with comparable yield.185 1H NMR spectrum was in a good agreement to 

those already published. To the best of our knowledge, 13C NMR has not been reported 

yet. 1H NMR (400 MHz, Chloroform-d) δ 8.53 (dd, J = 8.2, 1.8 Hz, 2H), 7.79 – 7.67 (m, 

4H), 7.33 (ddd, J = 8.0, 6.0, 1.9 Hz, 2H), 5.82 (s, 2H), 3.93 – 3.77 (m, 2H), 3.70 – 3.60 (m, 

2H), 3.44 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 178.60, 142.60, 134.13, 127.76, 122.60, 

122.24, 115.42, 77.24, 72.37, 67.45, 59.34. 

 tert-butyl diphenylcarbamate, 2 

A 250 mL round-bottomed flask was charged with diphenylamine (5.08 g, 

30.0 mmol), DMAP (0.37 g, 3.0 mmol), Et3N (5.0 mL, 36.0 mmol) and 

1,4-dioxane (60 mL). The mixture was heated up to 95°C and Boc2O (14.1 mL, 

66.0 mmol) was added dropwise to the preheated solution. The mixture was kept stirring 

at 95°C until gas evolution ceased. The formation of the protected amine was monitored 

by TLC, if necessary, a small portion of Boc2O was added to complete the reaction. 

Afterwards, all volatiles were removed under reduced pressure. DCM was added and the 

organic phase was washed with plenty of water, dried over MgSO4 and concentrated. 

The residue was purified by passing through a short silica gel column using a mixture 

hexane/DCM (1:2) as the eluent (Rf ≈ 0.35) to give 2 as a white solid (7.08 g, 88% yield). 

1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.27 (m, 4H), 7.24 – 7.14 (m, 6H), 1.45 (s, 

9H).13C NMR (101 MHz, Chloroform-d) δ 153.95, 143.17, 128.81, 127.10, 125.73, 81.23, 28.35. 

(ESI-MS): calcd. for [M+H]+ C17H20NO2: 270.1494; found 270.1491. 
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10H,10'H-9,9'-spirobi[acridine], 3 

A heat-gun-dried N2-filled 250 mL round-bottomed Schlenk-flask was 

charged with the carbamate 2 (4.7 g, 17.5 mmol), TMEDA (3.15 mL, 21.0 

mmol), dry THF (35 mL) and cooled down to -78°C. sec-BuLi (13.8 mL, 19.3 

mmol, 1.4M solution in cyclohexane) was added to the solution dropwise resulting a 

yellow-orange mixture that was stirred at -78°C for 2 hours. Afterwards a solution of the 

acridone 1 (4.1 g, 14.6 mmol) in THF (45 mL) was added dropwise to the solution of the 

organolithium reagent and kept stirring at -78°C for 1h, then allowed to reach RT 

gradually. Excess of 0.5M aqueous HCl was added to the reaction mixture carefully and 

stirred for 10 min. Afterwards DCM was added and the resulting organic phase was 

washed with plenty of water and an aqueous solution of Na2CO3 until gas evolution 

ceased, dried over MgSO4
 and concentrated. The residue was purified by silica gel 

column chromatography using a mixture hexane/DCM (1:1) as the eluent (Rf ≈ 0.4) to 

give 3 as an off-white solid (3.5 g, 69% yield). 1H NMR (400 MHz, Acetone-d6) δ 8.26 (brs, 

2H), 6.97 (ddd, J = 7.8, 7.1, 1.6 Hz, 4H), 6.92 – 6.82 (m, 8H), 6.66 – 6.57 (m, 4H). 13C NMR 

(101 MHz, Acetone-d6) δ 137.43, 132.99, 131.61, 127.58, 120.74, 114.16, 47.94. (FTMS-APCI): 

calcd. for [M]+ C25H18N2: 346.1470; found 346.1473. 

4,4'-(10H,10'H-9,9'-spirobi[acridine]-10,10'-diyl)dibenzonitrile, 4 (SBABz4) 

A heat-gun-dried N2-filled 25 mL Schlenk-tube was charged 

with 3 (0.173 g, 0.5 mmol), 4-bromobenzonitrile (0.346 g, 

2.0 mmol), NaOtBu (0.240 g, 2.5 mmol), Pd2dba3 (0.017 g, 0.019 

mmol), XPhos (0.022 g, 0.045 mmol) and dry toluene (5 mL). The mixture was stirred at 

110°C overnight, cooled down to ambient temperature, diluted with EtOAc and washed 

with aqueous NH4Cl and water. The organic phase was dried over MgSO4, concentrated 

under reduced pressure and purified by silica gel column chromatography using a 

mixture hexane/DCM (2:3) as the eluent (Rf ≈ 0.3). The product was precipitated from 

DCM-MeOH and then from DCM-hexane to give pure 4 as a white solid (0.220 g, 

80%).1H NMR (400 MHz, Chloroform-d) δ 8.09 – 7.97 (m, 4H), 7.68 – 7.60 (m, 4H), 7.12 

(dd, J = 7.8, 1.6 Hz, 4H), 6.91 (ddd, J = 8.5, 7.2, 1.6 Hz, 4H), 6.78 (ddd, J = 7.8, 7.2, 1.2 Hz, 
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4H), 6.19 (dd, J = 8.3, 1.2 Hz, 4H). 13C NMR (101 MHz, Chloroform-d) δ 145.72, 137.73, 

135.16, 132.90, 132.87, 131.73, 126.92, 121.59, 118.16, 113.73, 112.66, 46.92. (FTMS-APCI): calcd. 

for [M]+ C39H24N4: 548.2001; found 548.2015. 

4-(9,9-dimethylacridin-10(9H)-yl)benzonitrile, 7 (DMABz4) 

A heat-gun-dried N2-filled 50 mL Schlenk-tube was charged with DMA 

(0.314 g, 1.5 mmol), 4-bromobenzonitrile (0.409 g, 2.25 mmol), NaOtBu 

(0.360 g, 3.75 mmol), Pd2dba3 (0.034 g, 0.038 mmol), XPhos (0.054 g, 

0.113 mmol) and dry toluene (10 mL). The mixture was stirred at 110°C overnight, cooled 

down to ambient temperature, diluted with EtOAc and washed with aqueous NH4Cl and 

water. The organic phase was dried over MgSO4, concentrated under reduced pressure 

and purified by silica gel column chromatography using a mixture hexane/DCM (1:1) as 

the eluent (Rf ≈ 0.25). The product was precipitated from DCM-MeOH and then from 

DCM-hexane to give pure 4 as a white solid (0.302 g, 65%).1H NMR (400 MHz, 

Chloroform-d) δ 7.94 – 7.86 (m, 2H), 7.52 – 7.45 (m, 4H), 7.05 – 6.95 (m, 4H), 6.33 – 6.24 

(m, 2H), 1.67 (s, 6H). 13C NMR (101 MHz, Chloroform-d) δ 146.23, 140.29, 134.88, 131.65, 

131.17, 126.60, 125.56, 121.81, 118.51, 114.93, 111.49, 36.31, 30.96. (FTMS-NSI): calcd. for [M]+ 

C22H18N2: 310.1470; found 310.1543.  
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6.2.2. 1H- and 13C- NMR spectra of the final compounds 
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6.2.3. Materials Preparation and Measurements Results 

 

Solution preparation 

Deoxygenated solutions of SBABz4 and DMABz4 in dichloromethane (DCM) 

with concentration 10-5 mol L-1 were prepared in a glove box under nitrogen atmosphere. 

Deoxygenated solutions of SBABz4 for UV-vis absorption and luminescence 

measurements in different solvents were obtained by bubbling nitrogen and sealing with 

a JYoung valve. Spectroscopic grade solvents were used without further purification. 

Film preparation 

Films for optical measurements were prepared in a glove box with nitrogen 

atmosphere. Neat SBABz4 and SBABz4:DPEPO films were processed on a 0.5x0.5 sq.-

inches glass substrates without modification. The substrates were sequentially cleaned 

with deionized water, acetone, and isopropanol for 10 min each in an ultrasonic bath 

and plasma-edged for 30 s before use. Solutions of SBABz4 (or SBABz4:DPEPO with the 

desired weight ratio) in DCM with concentration 5 mg mL-1 were spin-coated at 3000 

rpm during 1 min. After spin-coating, the substrates were annealed on a hot plate at 

100°C for 10 minutes. 

 

PL measurements 

PL spectra and transients of solutions and films were recorded with calibrated 

Fluorescence Spectrometer FLS980 (Edinburgh Instruments), equipped with three 

excitation sources: continuous broad-spectrum xenon lamp Xe1, pulsed violet diode 

laser EPL-375 (wavelength 375.0 nm, pulse width 80 ps), and microsecond xenon flash 

lamp µF920. Laser repetition rate was tunable with discrete steps in the range from 2.5 

kHz to 20 MHz. Spectral resolution of the system was 0.1 nm. Temporal resolution for 

time-resolved measurements varied from 2 to 50 ns, depending on the recorded time 

range.  

All measurements for solid films at room and low temperatures were carried out 

in active vacuum (10-5 mbar) in Janis ST-100 cryostat. Measurements at room 

temperature were performed beforehand for every sample. Emission recorded at 
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different time scales was merged to improve temporal resolution for the prompt 

component. 

PLQYs were measured with the calibrated integrating sphere F-M01 in FLS980 

spectrometer. All measurements for solutions were conducted in a standard (10x10 mm) 

quartz cuvette with a tight screw cap. Solid films for PLQY measurements were sealed 

in a quartz cuvette under nitrogen atmosphere. 

 

Figure 29. PL decay curves and the corresponding normalized PL spectra at different stages of decay of a 
neat SBABz4 film at 298 K (upper plots) and 77 K (lower plots). Prompt components were integrated 
within 0-50 ns, delayed within 200-250 ns (integration regions are shown at the PL decays with 
corresponding colours). Right: energy diagram of the corresponding processes. 

6.2.4. Quantum efficiencies of components in PL decay 

Double-exponential fit for normalized PL decay curve: 

𝑃𝐿𝑛𝑜𝑟𝑚(𝑡) = 𝐴𝑝𝑟 exp (−
𝑡

𝜏𝑝𝑟

) + 𝐴𝑇𝐴𝐷𝐹 exp (−
𝑡

𝜏𝑇𝐴𝐷𝐹

) ; 

 

Contribution of the prompt fluorescence to the total PLQY: 

𝜑𝑝𝑟 =
∫ 𝐴𝑝𝑟 exp(− 𝑡 𝜏𝑝𝑟⁄ )

∞

0
𝑑𝑡

∫ 𝐴𝑝𝑟 exp(− 𝑡 𝜏𝑝𝑟⁄ )
∞

0
𝑑𝑡 + ∫ 𝐴𝑇𝐴𝐷𝐹 exp(− 𝑡 𝜏𝑇𝐴𝐷𝐹⁄ )

∞

0
𝑑𝑡

∙ 𝑃𝐿𝑄𝑌 ==
𝐴𝑝𝑟𝜏𝑝𝑟

𝐴𝑝𝑟𝜏𝑝𝑟 + 𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹

∙ 𝑃𝐿𝑄𝑌; 
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Contribution of the delayed fluorescence to the total PLQY: 

𝜑𝑇𝐴𝐷𝐹 =
∫ 𝐴𝑇𝐴𝐷𝐹 exp(− 𝑡 𝜏𝑇𝐴𝐷𝐹⁄ )

∞

0
𝑑𝑡

∫ 𝐴𝑝𝑟 exp(− 𝑡 𝜏𝑝𝑟⁄ )
∞

0
𝑑𝑡 + ∫ 𝐴𝑇𝐴𝐷𝐹 exp(− 𝑡 𝜏𝑇𝐴𝐷𝐹⁄ )

∞

0
𝑑𝑡

∙ 𝑃𝐿𝑄𝑌 ==
𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹

𝐴𝑝𝑟𝜏𝑝𝑟 + 𝐴𝑇𝐴𝐷𝐹𝜏𝑇𝐴𝐷𝐹

∙ 𝑃𝐿𝑄𝑌; 

6.2.5. Stretched exponential fit for transient PL 

Fit with two decaying stretched exponents for normalized PL decay curve: 

𝑃𝐿𝑛𝑜𝑟𝑚(𝑡) = 𝐴𝑝𝑟 exp (− (
𝑡

𝜏𝑝𝑟

)

𝛽1

) + 𝐴𝑇𝐴𝐷𝐹 exp (− (
𝑡

𝜏𝑇𝐴𝐷𝐹

)
𝛽2

) ; 

 

Then average decay time is expressed as: 

〈𝜏𝑝𝑟〉 = ∫ 𝑡 ∙ 𝑃𝐿𝑛𝑜𝑟𝑚(𝑡)𝑑𝑡

∞

0

= 𝜏𝑝𝑟 ∙
1

𝛽1

Γ (
1

𝛽1

), 

〈𝜏𝑇𝐴𝐷𝐹〉 = 𝜏𝑇𝐴𝐷𝐹 ∙
1

𝛽2

Γ (
1

𝛽2

) ; 

Here Γ(𝑥) is gamma-function. 

Ratio 𝜑𝑝𝑟 𝜑𝑇𝐴𝐷𝐹⁄  between quantum efficiencies of the prompt and delayed 

components was calculated as a quotient of the areas under the corresponding stretched 

exponents, 𝑆𝑝𝑟 𝑆𝑇𝐴𝐷𝐹⁄ . 

Table 6. Fit parameters for the normalized PL decay curves of SBABz4 thin films. 

Parameter 

neat SBABz4 film 5wt% SBABz4:DPEPO film 

prompt TADF prompt TADF 

𝑨, a.u. 1.01 0.0085 1.02 0.00046 

𝝉, ns 5.8 46 3.45 2750 

𝜷 0.85 0.42 0.67 0.39 

〈𝝉〉, ns 6.3 134.4 4.6 9815 

𝑺, a.u. 6.47 1.11 4.71 4.51 

𝝋𝒑𝒓 𝝋𝑻𝑨𝑫𝑭⁄  5.83 1.04 
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6.2.6. Performance estimates for SBABz4-based OLEDs 

 

Figure 30. Energy diagram depicting quantum efficiencies of various processes in the neat SBABz4 (a) 
and 5wt% SBABz4:DPEPO (b) films. 

Table 7. Maximum external electroluminescence efficiencies and external quantum efficiencies estimated 
from photophysical parameters for SBABz4-based OLEDS. 

Parameter neat SBABz4 film 5wt% SBABz4:DPEPO film 

𝚽𝑬𝑳,𝒊𝒏𝒕 0.095 0.237 

𝑬𝑸𝑬𝒎𝒂𝒙𝟐𝟎%
[a] 1.9% 4.7% 

𝑬𝑸𝑬𝒎𝒂𝒙𝟑𝟎%
[b] 2.9% 7.1% 

[a] EQE of corresponding OLED estimated for 20% light outcoupling. 

[b] EQE of corresponding OLED estimated for 30% light outcoupling. 
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6.2.7. RISC activation energy 

 

Figure 31. TRPL from 5wt% SBABz4:DPEPO film above the room temperature. (a) Prompt fluorescence. 
(b) Delayed fluorescence. The inset shows stretched exponential fit (white lines) in double logarithmic 
scale. (c) Absolute PLQY measured at growing temperature in the inert atmosphere. (d) Arrhenius-like 
plot for 𝒌𝑻𝑨𝑫𝑭. 
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6.3. Appendix to chapter 4 

6.3.1. Synthetic details 

2,2',7,7'-tetraiodo-10H,10'H-9,9'-spirobi[acridine], 2 

A 25 mL round-bottomed flask was charged with SBA 1 (0.103 g, 0.3 mmol) 

and MeOH (6 mL). ICl (0.205 g, 1.26 mmol) in MeOH (3 mL) was added to 

the suspension dropwise at RT upon stirring. The mixture was kept stirring 

at RT overnight. The precipitate was filtered off, washed with plenty of 

methanol and dried to give 2 as a brownish-grey solid (0.25 g, 98% yield). The reaction 

was performed on multigram scale resulting the similar yield. The tetraiodinated amine 

2 is poorly soluble in common organic solvents except diethyl ether. 1H NMR (400 MHz, 

Acetone-d6) δ 8.72 (brs, 2H), 7.37 (dd, J = 8.5, 2.0 Hz, 4H), 7.14 (d, J = 2.4 Hz, 4H), 6.80 

(d, J = 8.5 Hz, 4H). 13C NMR (101 MHz, Acetone-d6) δ 141.01, 137.40, 136.42, 132.84, 117.44, 

82.30, 46.55. HRMS (MALDI-TOF-MS): calcd. for [M]+ C25H14I4N2: 849.7336; found 

849.732. 

2,2',7,7'-tetraiodo-10,10'-dimethyl-10H,10'H-9,9'-spirobi[acridine], 3 

A 25 mL round-bottomed flask was charged with 2 (0.255 g, 0.3 mmol) and 

DMF (5 mL). NaH (0.027 g, 0.66 mmol, 60% dispersion in mineral oil) was 

added to the suspension portionwise at RT upon stirring. The mixture was 

left to react for 30 min resulting an orange-brown solution. Afterwards MeI 

(0.19 mL, 3.0 mmol) was added to the mixture at RT. White precipitated formed 

immediately. The mixture was stirred overnight and then it was diluted with plenty of 

water. The precipitate was filtered off, washed thoroughly with water and methanol and 

dried up giving 3 as a white powder. (0.26 g, 99%) 1H NMR (400 MHz, Chloroform-d) δ 

7.44 (dd, J = 9.0, 2.2 Hz, 4H), 7.02 (d, J = 2.1 Hz, 4H), 6.74 (d, J = 8.4 Hz, 4H), 3.47 (s, 6H). 

The compound was only sparingly soluble to obtain 13C NMR spectrum.  HRMS (MALDI-

TOF-MS): calcd. for [M]+ C27H18I4N2: 877.7649; found 877.768.  
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10,10'-dibutyl-2,2',7,7'-tetraiodo-10H,10'H-9,9'-spirobi[acridine], 4 

The titled compound was synthesized and worked-up according to 

the similar procedure as for 3, starting with 2 (0.255 g, 0.3 mmol) in 

DMF (5 mL), NaH (0.027 g, 0.66 mmol, 60% dispersion in mineral 

oil) and nBuI (0.34 mL, 3.0 mmol). The desired product 4 was isolated 

as an off-white powder. (0.25 g, 87%) 1H NMR (400 MHz, Chloroform-d) δ 7.39 (dd, J = 

8.8, 2.2 Hz, 4H), 6.99 (d, J = 2.2 Hz, 4H), 6.73 (d, J = 8.9 Hz, 4H), 3.94 – 3.85 (m, 4H), 1.84 

(p, J = 8.0 Hz, 4H), 1.62 – 1.46 (m, 4H), 1.09 (t, J = 7.3 Hz, 6H). 13C NMR (101 MHz, 

Methylene Chloride-d2) δ = 140.81, 137.17, 137.04, 134.64, 115.36, 82.85, 46.57, 46.24, 28.40, 

20.58, 14.16. HRMS (FTMS-NSI): calcd. for [M+H]+ C33H31I4N2: 962.8666; found 962.8660. 

2,2',7,7'-tetraiodo-10,10'-bis(4,4,4-trifluorobutyl)-10H,10'H-9,9'-spirobi[acridine], 5 

The titled compound was synthesized and worked-up according to 

the similar procedure as for 3, starting with 2 (0.255 g, 0.3 mmol) 

in DMF (5 mL), NaH (0.027 g, 0.66 mmol, 60% dispersion in 

mineral oil) and 1,1,1-trifluoro-4-iodobutane (0.71 mL, 3.0 mmol). 

The desired product 4 was isolated as an off-white powder. (0.24 g, 75%). 1H NMR (400 

MHz, Chloroform-d) δ 7.44 (dd, J = 8.8, 2.2 Hz, 4H), 6.99 (d, J = 2.1 Hz, 4H), 6.69 (d, J = 

8.9 Hz, 4H), 4.06 – 3.96 (m, 4H), 2.42 – 2.26 (m, 4H), 2.14 (p, J = 7.6 Hz, 4H).13C NMR 

(101 MHz, Acetone-d6) δ 141.44, 137.81, 137.45, 135.30, 128.45 (q, J = 275.5 Hz), 116.22, 83.39, 

46.97, 44.85, 31.12 (q, J = 29.0 Hz), 19.41 (q, J = 2.7 Hz). 19F NMR (376 MHz, Chloroform-

d) δ -65.42 (t, J = 10.8 Hz). HRMS (MALDI-TOF-MS): calcd. for [M]+ C33H24F6I4N2: 

1069.8023; found 1069.801. 

10,10'-bis(2-ethylhexyl)-2,2',7,7'-tetraiodo-10H,10'H-9,9'-spirobi[acridine], 6 

The titled compound was synthesized and worked-up according 

to the similar procedure as for 3, starting with 2 (0.425 g, 0.5 

mmol) in DMF (5 mL), NaH (0.044 g, 1.1 mmol, 60% dispersion 

in mineral oil) and 1-bromo-2-ethylhexane (0.89 mL, 5.0 mmol). 

The desired product 6 was isolated as an off-white powder. (0.4 g, 74%) 1H NMR (400 
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MHz, Chloroform-d) δ 7.35 (dd, J = 8.9, 2.2 Hz, 4H), 6.98 (d, J = 2.2 Hz, 4H), 6.78 (d, J = 

9.1 Hz, 4H), 3.95 – 3.78 (m, 4H), 2.09 – 1.97 (m, 2H), 1.63 – 1.27 (m, 16H), 1.00 (t, J = 7.4 

Hz, 6H), 0.92 (t, J = 7.0 Hz, 6H).13C NMR (101 MHz, Chloroform-d) δ 141.63, 136.83, 136.46, 

134.58, 115.15, 82.95, 48.26, 46.32, 37.26, 30.98, 28.88, 24.29, 23.36, 14.31, 11.42. HRMS 

(FTMS-NSI): calcd. for [M+H]+ C41H47I4N2: 1074.9918; found 1074.9880. 

N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-10,10'-dimethyl-10H,10'H-9,9'-

spirobi[acridine]-2,2',7,7'-tetraamine, 7 (MeSBA-DMPA) 

A heat-gun-dried N2-filled 25 mL Schlenk-tube was charged 

with 3 (0.26 g, 0.3 mmol), 4,4′-dimethoxydiphenylamine (0.344 

g, 1.5 mmol), NaOtBu (0.173 g, 1.8 mmol), Pd(CH3CN)2Cl2 

(0.004 g, 0.015 mmol), tBu3P(0.03 mL, 0.03 mmol, 1.0 M 

solution in toluene) and dry 1,4-dioxane (5 mL). The mixture was stirred at 100°C 

overnight, cooled down to ambient temperature, diluted with EtOAc and washed with 

aqueous NH4Cl and water. The organic phase was dried over MgSO4, concentrated 

under reduced pressure and purified by silica gel column chromatography using a 

mixture hexane/THF (3:2) as the eluent (Rf ≈ 0.3). The product was precipitated from 

THF-MeOH and THF-hexane to give pure 7 as a yellowish solid (0.24 g, 62%). A single 

crystal suitable for XRD analysis was grown from a chlorobenzene solution upon slow 

evaporation of the solvent. 1H NMR (400 MHz, Benzene-d6) δ 7.13 (d, J = 2.6 Hz, 4H), 

7.05 – 6.97 (m, 16H), 6.92 (dd, J = 8.8, 2.6 Hz, 4H), 6.76 – 6.67 (m, 16H), 6.38 (d, J = 8.8 

Hz, 4H), 3.29 (s, 24H), 2.72 (s, 6H). 13C NMR (101 MHz, Benzene-d6) δ 155.41, 142.50, 

141.69, 136.22, 132.21, 126.53, 125.07, 123.30, 114.98, 113.37, 55.02, 48.86, 33.51.HRMS (FTMS-

NSI): calcd. for [M]+ C83H74N6O8: 1282.5568; found 1282.5576. 

10,10'-dibutyl-N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-10H,10'H-9,9'-

spirobi[acridine]-2,2',7,7'-tetraamine, 8 (BuSBA-DMPA) 

The titled compound was synthesized and worked-up 

according to the similar procedure as for 7, starting with 

with 4 (0.18 g, 0.187 mmol), 4,4′-



APPENDIX 

132 

 

dimethoxydiphenylamine (0.214 g, 0.935 mmol), NaOtBu (0.108 g, 1.12 mmol), 

Pd(CH3CN)2Cl2 (0.003 g, 0.009 mmol), tBu3P(0.018 mL, 0.018 mmol, 1.0 M solution in 

toluene) and dry 1,4-dioxane (5 mL). The product was purified by silica gel column 

chromatography using a mixture hexane/THF (4:1) as the eluent (Rf ≈ 0.25). Afterwards, 

the isolated compound was precipitated from THF-MeOH and THF-hexane to give pure 

8 as a yellowish solid (0.164 g, 64%).1H NMR (400 MHz, Benzene-d6) δ 7.25 (d, J = 2.7 Hz, 

4H), 7.07 – 6.98 (m, 16H), 6.87 (dd, J = 8.9, 2.7 Hz, 4H), 6.76 – 6.66 (m, 16H), 6.57 (d, J = 

9.0 Hz, 4H), 3.39 – 3.32 (m, 4H), 3.30 (s, 24H), 1.48 – 1.36 (m, 4H), 1.18 (h, J = 7.3 Hz, 4H), 

0.88 (t, J = 7.3 Hz, 6H). 13C NMR (101 MHz, Benzene-d6) δ 155.45, 142.33, 141.50, 133.82, 

133.52, 127.62, 125.17, 122.95, 114.94, 113.16, 55.00, 48.31, 46.13, 28.26, 20.36, 13.94. HRMS 

(MALDI-TOF-MS): calcd. for [M]+ C89H86N6O8: 1366.6507; found 1366.656. 

N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-10,10'-bis(4,4,4-trifluorobutyl)-10H,10'H-

9,9'-spirobi[acridine]-2,2',7,7'-tetraamine, 9 (FBuSBA-DMPA) 

The titled compound was synthesized and worked-up 

according to the similar procedure as for 7, starting with 

with 5 (0.14 g, 0.131 mmol), 4,4′-

dimethoxydiphenylamine (0.15 g, 0.654 mmol), 

NaOtBu (0.076 g, 0.768 mmol), Pd(CH3CN)2Cl2 (0.002 g, 0.007 mmol), tBu3P(0.014 mL, 

0.014 mmol, 1.0 M solution in toluene) and dry 1,4-dioxane (5 mL). The product was 

purified by silica gel column chromatography using a mixture hexane/THF (3:1) as the 

eluent (Rf ≈ 0.25). Afterwards, the isolated compound was precipitated from THF-MeOH 

and THF-hexane to give pure 9 as a yellowish solid (0.12 g, 62%).1H NMR (400 MHz, 

Benzene-d6) δ 7.19 (d, J = 2.7 Hz, 4H), 7.06 – 6.96 (m, 16H), 6.86 (dd, J = 8.9, 2.7 Hz, 4H), 

6.76 – 6.67 (m, 16H), 6.42 (d, J = 9.0 Hz, 4H), 3.29 (s, 24H), 3.28 – 3.21 (m, 4H), 1.71 – 1.49 

(m, 8H).13C NMR (101 MHz, Benzene-d6) δ 155.62, 142.11, 141.95, 133.54, 133.14, 127.63 (q, J 

= 276.7 Hz), 127.22, 125.36, 122.69, 114.98, 112.85, 55.00, 48.18, 45.25, 30.89 (q, J = 29.2 Hz), 

18.98. 19F NMR (376 MHz, Benzene-d6) δ -65.22 (t, J = 11.1 Hz, 6F). HRMS (MALDI-TOF-

MS): calcd. for [M]+ C89H80F6N6O8: 1474.5942; found 1474.600. 
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10,10'-bis(2-ethylhexyl)-N2,N2,N2',N2',N7,N7,N7',N7'-octakis(4-methoxyphenyl)-10H,10'H-9,9'-

spirobi[acridine]-2,2',7,7'-tetraamine, 10 (EtHexSBA-DMPA) 

The titled compound was synthesized and worked-up 

according to the similar procedure as for 7, starting 

with with 6 (0.14 g, 0.131 mmol), 4,4′-

dimethoxydiphenylamine (0.15 g, 0.654 mmol), 

NaOtBu (0.076 g, 0.768 mmol), Pd(CH3CN)2Cl2 (0.002 g, 0.007 mmol), tBu3P(0.014 mL, 

0.014 mmol, 1.0 M solution in toluene) and dry 1,4-dioxane (5 mL). The product was 

purified by silica gel column chromatography using a mixture hexane/THF (3:1) as the 

eluent (Rf ≈ 0.25). Afterwards, the isolated compound was precipitated from THF-MeOH 

and THF-hexane to give pure 10 as a yellowish solid (0.12 g, 62%).1H NMR (400 MHz, 

Benzene-d6) δ 7.19 (d, J = 2.7 Hz, 4H), 7.06 – 6.96 (m, 16H), 6.86 (dd, J = 8.9, 2.7 Hz, 4H), 

6.76 – 6.67 (m, 16H), 6.42 (d, J = 9.0 Hz, 4H), 3.47 – 3.35 (m, 4H), 3.29 (s, 24H), 1.71 – 1.49 

(m, 8H).13C NMR (101 MHz, Benzene-d6) δ 155.46, 142.12, 141.19, 134.16, 134.13, 133.71, 125.08, 

122.41, 122.38, 114.91, 113.85, 55.00, 48.94, 48.83, 48.18, 37.67, 37.63, 31.17, 28.78, 28.73, 24.35, 

23.64, 14.36, 11.17. HRMS (FTMS-NSI): calcd. for [M+H]+ C97H103N6O8: 1479.7837; found 

1479.7760. 
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6.3.2. 1H- and 13C- NMR spectra of the final compounds 
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6.3.3. Single crystal X-ray diffraction data 

Single crystal diffraction data were collected at 120 K on a Bruker D8 Venture 

diffractometer equipped with a Photon 100 detector and using a Mo micro-source (0.7107 

Å). Data reduction was done with APEX3, applying semi-empirical absorption correction 

as implemented in SADABS267. The data were indexed using difference vectors and space 

groups were assigned with XPREP268. Structures were solved with SHELXT269 and 

refined with SHELXL270 using the full-matrix least-squares procedure (F2 based) in 

Olex2271. All non-H atoms were refined anisotropically, applying restraints where 

necessary.  

The structure is deposited at the CCDC, number CCDC 1914984. 

Identification code  HTM_309_0m  

Empirical formula  C83H74N6O8  

Formula weight  1283.54  

Temperature/K  120  

Crystal system  triclinic  

Space group  P-1 

a/Å  14.7252(12)  

b/Å  14.9165(12)  

c/Å  16.8880(13)  

α/°  88.120(2)  

β/°  66.154(2)  

γ/°  78.264(2)  

Volume/Å3  3316.8(5)  

Z  2  

ρcalcg/cm3  1.278  

μ/mm-1  0.074  

F(000)  1276.0  

Crystal size/mm3  0.06 × 0.05 × 0.05  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data 
collection/°  

4.526 to 48.9  

Index ranges  -17 ≤ h ≤ 17, -17 ≤ k ≤ 17, -19 ≤ l ≤ 19  

Reflections collected  61770 

Independent reflections  10955 [Rint = 0.0517, Rsigma = 0.0362]  

Data/restraints/parameters  10955/884  

Goodness-of-fit on F2  1.03  

Final R indexes [I>=2σ (I)]  R1 = 0.0437, wR2 = 0.1007  

Final R indexes [all data]  R1 = 0.0666, wR2 = 0.1115  

Largest diff. peak/hole / e Å-3  0.25/-0.25  
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6.3.4. Ultraviolet photoelectron spectroscopy 
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Figure 32. Ultraviolet photoemission spectra for SBA-based HTMs. 
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6.3.5. Device testing 

 

Figure 33. J-V curves of PCSs employing different SBA-based HTMs recorded at different scan rates. 

 

Figure 34. Stabilized photocurrent measurements for devices employing SBA-based HTMs and its power 
output at MPP under simulated AM 1.5 G sun illumination under ambient conditions for 500 s. 
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Figure 35. Metrics statistics of the PSCs with devices employing different HTMs. 

 

Figure 36. Storage stability (RH > 15%, dark conditions) of the devices with SBA-based HTMs and spiro-
MeOTAD reference (right). 
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6.3.6. Transient photocurrent measurements 

Transient photocurrent investigations were performed with an Agilent 

Technologies DS05054A oscilloscope using 50 Ω input resistor and a Tektronix AFG 3101 

function generator. Samples were excited by radiation of the optical parametric 

amplifier Topas-C (Light Conversion Ltd.) pumped by femtosecond Ti:sapphire laser 

Integra-C from Quantronix Inc.  

6.3.7. Photoluminescence lifetime measurements  

Fluorescence decay kinetics were measured using the Edinburgh Instruments 

time-correlated single photon counting fluorescence spectrometer F900. 

Semiconductor diode laser EPL-470 emitting 72 ps pulses at 470 nm was utilized in the 

transient measurements for the excitation of the samples. The pulse repetition rate was 

50 MHz (200 ns) and the time resolution of the setup was about several hundreds of 

picoseconds by applying apparatus function deconvolution. 

6.3.8. Electric field dependent time resolved photoluminescence and transient 

photocurrent measurements 

Table 8. Summary of the fitting parameters of the fresh perovskite films employing SBA hole-transporting 
materials. 

HTM A1 1, ns  A2 2, ns 

no HTM 1.62 (15.8%) 27.2 8.65 (84.2%) 609 

MeSBA-DMPA 1.82 (67.2%) 2.5 0.89 (32.8%) 25 

BuSBA-DMPA 2.31 (58.0%) 4.1 1.67 (42.0%) 40 

FBuSBA-DMPA 2.06 (70.1%) 2.8 0.88 (29.9%) 29 

EtHexSBA-DMPA 1.83 (42.3%) 4.6 2.5 (57.7%) 85 

spiro-MeOTAD 1.88 (60.6%) 2.8 1.09 (39.4%) 35 
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Table 9. Summary of the fitting parameters of the aged for 900 h perovskite films employing SBA hole-
transporting materials. 

HTM A1 1, ns A2 2,ns 

no HTM 6.5 (37.1%) 17.8 11 (62.9%) 215 

BuSBA-DMPA 6.9 (82.2%) 5.2 1.5 (17.8%) 68 

FBuSBA-DMPA  7.5 (83%) 4.0 1.4 (17%) 60 

MeSBA-DMPA  6.5 (80%) 3.7 1.66 (20%) 57 

EtHexSBA-DMPA  7.05 (76.3%) 4.1 1.74 (23.7%) 70 

spiro-MeOTAD 8.64 (69.9%) 7.6 3.72 (30.1%) 116 

 

 

Figure 37. Photoluminescence decay kinetics of the 900h aged perovskite films comprising spiro-MeOTAD, four different 

SBA-based HTMs and a reference triple cations perovskite film. 
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6.3.9. Computational Details and Theoretical Background 

 

Ionization potential. The gas phase vertical ionization potential (IP) was computed 

using the ΔSCF procedure at B3LYP/6-31G(d,p) level with D3BJ272 correction and 

Gaussian16 software273. 

 𝐼𝑃 = ∆𝑆𝐶𝐹 = 𝐸𝑐𝑁 − 𝐸𝑛𝑁 (12) 

 

where 𝐸nN/𝐸cN is the total energy of the neutral/cationic molecule in a neutral 

geometry.  

Model for Amorphous Morphology. The amorphous morphology was 

generated starting from a unit cell with 64 randomly placed molecules using Packmol.274 

The system was minimized using the conjugate gradient algorithm and then 

equilibrated in the NPT ensemble (700 K, 1 bar) by performing classical molecular 

dynamics (MD) simulation. The equilibrated system was then extended into a 2 × 2 × 2 

supercell with 512 molecules followed by equilibration (700 K, 1 bar) for 5 ns. 

Equilibration in the NPT ensemble (300 K, 1 bar) was then performed until the density 

reached equilibrium (∼50 ns). The MD simulations were performed under periodic 

boundary conditions with the GROMACS package275,276 and GAFF277 force field along 

with charge obtained by the restrained electrostatic potential (RESP) procedure based 

on HF/6-31G**. The temperature and pressure control were accomplished using velocity 

rescaling with a stochastic term278 (τT = 1.0 ps) and an isotropic coupling for the pressure 

from a Berendsen barostat (P0 = 1 bar, χ = 4.5 × 10−5 bar−1 , and τP = 1.0 ps). The time step 

used in all simulations was 1 fs, and bonds involving H atoms were constrained using the 

Linear Constraint Solver (LINCS) algorithm. A cutoff of 12 Å was applied to the van der 

Waals interaction through force-switch mode. As for electrostatic interactions, the 

particle mesh Ewald (PME) method was employed with a 0.12 nm Fourier spacing. 

Charge Transport Simulations. For amorphous organic materials, charge transport 

is well described by the hopping model, where a charge (electron/hole) is assumed to be 

instantaneously localized on one molecule (or a hopping site). The charge hopping rate 
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between molecules can be evaluated using non-adiabatic semiclassical Marcus charge 

transfer theory279: 

 𝜔𝑖𝑗 =
𝐽𝑖𝑗

2

ℏ
√

𝜋

𝜆𝑘𝐵𝑇
exp [−

(Δ𝐸𝑖𝑗 − 𝜆)
2

4𝜆𝑘𝐵𝑇
] (13) 

where 𝑇 is the temperature, 𝐽𝑖𝑗 is the transfer integral (sometimes referred to as 

electronic coupling) between the 𝑖 and 𝑗 sites, ∆𝐸𝑖𝑗 is the site energy difference 𝐸𝑖 − 𝐸𝑗  

and 𝜆 is the reorganization energy. From the equation above, it is clear that high transfer 

integral and low reorganization energy lead to a high hopping rate between the two sites, 

which, in turn, leads to high charge mobility. In addition to 𝐽𝑖𝑗 and 𝜆, the spread of the 

site energy is crucial in amorphous materials. 

The reorganization energy associated with the hole transfer process is related to 

the local electron-phonon coupling, which is computed using adiabatic potential energy 

surface method (the 4-point method). The reorganization energy is expressed as: 

 𝜆 = 𝜆1 + 𝜆2 = (𝐸nC − 𝐸nN) + (𝐸cN − 𝐸cC) (14) 

where EnN (EcC) is the total energy of the neutral (cationic) molecule in neutral 

(cationic) geometry and EnC (EcN) is the energy of the neutral (cationic) molecule in 

cationic (neutral) geometry. 

Site energies are computed using the Thole model, where the correction terms 

resulting from the electrostatic and polarization effects from the environment 

(surrounding molecules and external electric field) are added to the HOMO of an 

isolated gas molecule280. The partial charges needed in this model for the neutral and 

cationic states were generated via CHelpG. We extract the energetic disorder present in 

HTMs using the Gaussian disorder model, where the energetic disorder (𝜎) is obtained 

from fitting the histogram of energy difference (∆𝐸𝑖𝑗) to the Gaussian distribution.  

The ZINDO-based Molecular Orbital Overlapping (MOO) method281 was used to 

efficiently compute the transfer integral of every molecular pair ij in the neighbor list. 

The ZINDO results have been shown to be in reasonable agreement with those 

computed at the B3LYP/6-31G(d) level. The neighbor list was established for every 

molecular pair having a distance between their nearest fragments within 7 Å. After 
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computing all the parameters defined for each hopping site and each molecular pair 

appearing in Equation 13, a 10 ms kinetic Monte Carlo (kMC) simulation was performed 

with a 105 Vcm-1 electric field. The hole mobility was determined from an average charge 

velocity. The last snapshot of an MD trajectory was taken for kMC simulations and the 

computational hole mobility is the averaged mobility from 6 kMC simulations (each 

with different directions of electric field: x, y, z, -x, -y, and -z). 

Free-volume in Amorphous HTMs. The Free-volume (VFree) is evaluated by 

calculating the difference between total cell volume and the volume occupied by a 

molecular VDW volume (VDW radii are taken from Bondi’s work282) using GROMACS 

(gmx freevolume). 
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6.3.10. Charge Transport Properties of BuSBA-DMPA and FBuSBA-DMPA 

As mentioned in the main text, the hole mobility of BuSBA-DMPA and FBuSBA-

DMPA are quite different in spite of their similar molecular structures. To understand 

the origin of such a difference, we examine the three transport parameters 𝐽𝑖𝑗, 𝜆 and ∆𝐸𝑖𝑗 

(we use energetic disorder 𝜎 as a mobility descriptor in disordered solids) appearing in 

the rate equation, as shown in Equation 13. BuSBA-DMPA and FBuSBA-DMPA exhibit 

very similar distribution of transfer integral, which is not so surprising considering their 

similar molecular structures. The reorganization energy of BuSBA-DMPA and FBuSBA-

DMPA are 0.181 eV and 0.203 eV. Although small reorganization energy facilitates fast 

charge transport, the difference in 𝜆 is alone not large enough to explain the difference 

in μ. Thus, we examine the energetic disorder of BuSBA-DMPA and FBuSBA-DMP, 

which are 0.132 eV and 0.152 eV, respectively. From a lattice model,283 the mobility has 

been shown to have a relation with 𝜎 as: 

𝜇 ∝ exp [−𝐶(𝛽𝜎)2]     (15) 

where 𝐶 is a coefficient that depends upon the materials and models and 𝛽 is the 

inverse of temperature (1/kBT). The exponential dependence of μ on −𝜎2 emphasized 

the importance of this parameter. Therefore, we think that energetic disorder is the key 

factor that causes such difference in μ. Finally, our computational mobility of BuSBA-

DMPA and FBuSBA-DMPA are 3.3 × 10-5 and 1.2 × 10-5 cm2/(V s), respectively, showing 

similar trend and order of magnitude to the experimental results. 
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Figure 38. Distribution of transfer integral square present in BuSBA-DMPA and FBuSBA-DMPA. 
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6.3.11. Free-volume in Amorphous HTMs 

Table 10. Free-volumes in spiro-MeOTAD and acridane-based HTMs. 

HTM Vfree, Å3/molecule 

MeSBA-DMPA 701 

BuSBA-DMPA 782 

FBuSBA-DMPA 813 

EtHexSBA-DMPA 872 

spiro-MeOTAD 698 

 

 

Table 11. Vertical ionization potentials of SBA-based HTMs computed using B3LYP/6-31G(d,p) with D3BJ 
correction. 

HTM IP, eV 

MeSBA-DMPA 5.12 

BuSBA-DMPA 5.02 

FBuSBA-DMPA 5.12 

EtHexSBA-DMPA 4.97 
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6.4. Appendix to chapter 5 

6.4.1. Synthetic details 

1-(4-bromo-2,6-diiodophenyl)-1H-pyrrole, 2a 

A 250 mL round-bottomed flask was charged with 2,6-diiodo-4-bromoaniline 

(7.0 g, 16.5 mmol), 2,5-dimethoxytetrahydrofuran (2.35 mL, 18.2 mmol), DCE 

(40 mL) and glacial acetic acid (40 mL). The mixture was heated to reflux for 

4 h and then cooled down to RT. DCE was added and the resulting organic 

phase was washed with water and an aqueous solution of Na2CO3 until gas evolution 

ceased, dried over MgSO4 and filtered through a pad of SiO2 using DCM as eluent. 

Evaporation of all volatiles gave 2a as brownish solid (7.45 g, 95% yield). 1H NMR (400 

MHz, Chloroform-d) δ 8.04 (s, 2H), 6.58 (t, J = 2.1 Hz, 2H), 6.38 (t, J = 2.1 Hz, 2H). 13C 

NMR (101 MHz, Chloroform-d) δ 145.25, 141.53, 123.44, 120.76, 110.00, 98.10. HRMS 

(MALDI-TOF-MS): calcd. for C10H6BrI2N 472.7773 [M]+; found 472.777. 

4-bromo-2,6-bis(phenylethynyl)aniline, 3a 

A flame-dried, N2-filled, 100 mL Schlenk tube was charged with 

aniline 1a (4.24 g, 10.0 mmol), CuI (0.08 g, 0.4 mmol), Pd(Ph3P)4 

(0.46 g, 0.4 mmol), phenylacetylene (2.3 mL, 21.0 mmol), Et3N 

(5.6 mL, 40.0 mmol) and THF (25 mL). The reaction mixture was stirred at room 

temperature overnight. Afterwards all volatiles were evaporated and water with DCM 

were added to the residue, the mixture was vigorously stirred to dissolve solids. The 

organic layer was thoroughly washed with water and dried over MgSO4. After 

evaporation of volatiles the residue was purified by silica gel column chromatography 

using a mixture hexane/DCM (4:1) as the eluent (Rf ≈ 0.3) to give yellowish solid 3a (3.40 

g, 91% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.58 – 7.49 (m, 4H), 7.46 (s, 2H), 7.41 

– 7.33 (m, 6H), 4.91 (brs, 2H). 13C NMR (101 MHz, Chloroform-d) δ 148.00, 134.55, 131.67, 

128.84, 128.61, 122.69, 109.33, 107.97, 96.20, 84.22. HRMS (MALDI-TOF-MS): calcd. for 

C22H14BrN 371.0310 [M]+; found 371.024. 
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2,6-bis(phenylethynyl)aniline, 3b 

A flame-dried, N2-filled, 250 mL Schlenk flask was charged with 

2,6-dibromoaniline (5.02 g, 20.0 mmol), CuI (0.11 g, 0.6 mmol), 

Pd(Ph3P)4 (0.46 g, 0.4 mmol), phenylacetylene (6.6 mL, 60.0 mmol) 

and Et3N (80 mL). The reaction mixture was stirred at 90°C overnight. After cooling to 

ambient temperature excess of water was added and the mixture was vigorously stirred 

for 30 min. The organic layer was separated, diluted with DCM, thoroughly washed with 

water and then dried over MgSO4. Evaporation of volatiles gave residue that was purified 

by silica gel column chromatography using a mixture hexane/DCM (4:1) as the eluent 

(Rf ≈ 0.35) to give yellowish solid 3b (5.74 g, 98% yield). 1H NMR (400 MHz, Chloroform-

d) δ 7.59 – 7.50 (m, 4H), 7.43 – 7.31 (m, 8H), 6.70 (t, J = 7.7 Hz, 1H), 4.83 (brs, 2H). 13C 

NMR (101 MHz, Chloroform-d) δ 148.99, 132.54, 131.65, 131.61, 128.58, 128.53, 128.50, 123.16, 

117.41, 107.58, 95.14, 85.52. HRMS (MALDI-TOF-MS): calcd. for C22H15N 293.1204 [M]+; 

found 293.119. 

1-(4-bromo-2,6-bis(phenylethynyl)phenyl)-1H-pyrrole, 4a 

Method A. Synthesized and purified according to the similar 

procedure as for 2a, starting with aniline 3a (3.22 g, 8.65 mmol), 

2,5-dimethoxytetrahydrofuran (1.23 mL, 9.51 mmol), DCE (40 mL) 

and glacial acetic acid (40 mL). The product appeared to be pure without passing 

through a pad of silica. The desired pyrrole 4b was isolated as light yellow solid (3.64 g, 

>99% yield). 

Method B. A flame-dried, N2-filled, 50 mL Schlenk tube was charged with 2a (0.237 g, 0.5 

mmol), Pd(CH3CN)2Cl2 (0.007 g, 0.025 mmol), XPhos (0.021 g, 0.045 mmol), Cs2CO3 

(0.72 g, 2.2 mmol), phenylacetylene (0.12 mL, 1.1 mmol) and CH3CN (5 mL). The reaction 

mixture was stirred at 60°C overnight. Afterwards all volatiles were evaporated and 

water with DCM were added to the residue, the mixture was vigorously stirred to 

dissolve solids. The organic layer was thoroughly washed with diluted HCl and water, 

then dried over MgSO4. Evaporation of volatiles gave residue that was purified by silica 

gel column chromatography using a mixture hexane/DCM (5:1) as the eluent (Rf ≈ 0.35) 
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to give yellowish solid 3a (0.098 g, 46% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.71 

(s, 2H), 7.39 – 7.28 (m, 10H), 7.04 (t, J = 2.2 Hz, 2H), 6.39 (t, J = 2.2 Hz, 2H). 13C NMR (101 

MHz, Chloroform-d) δ 142.74, 134.90, 131.82, 129.04, 128.45, 123.51, 122.69, 122.40, 120.17, 

108.84, 95.25, 84.56. HRMS (MALDI-TOF-MS): calcd. for C26H16BrN 421.0466 [M]+; found 

421.000. 

 

1-(2,6-bis(phenylethynyl)phenyl)-1H-pyrrole, 4b 

Method A. Synthesized and purified according to the similar 

procedure as for 2a, starting with aniline 3b (6.55 g, 22.4 mmol), 

2,5-dimethoxytetrahydrofuran (3.2 mL, 24.6 mmol), DCE (55 mL) 

and glacial acetic acid (55 mL). The desired product 4b was isolated as light yellow solid 

(7.32 g, 95% yield). 

Method B. A flame-dried, N2-filled, 100 mL Schlenk tube was charged with 2b (3.02 g, 

10.0 mmol), Pd(CH3CN)2Cl2 (0.17 g, 0.6 mmol), CuI (0.08 g, 0.4 mmol) and refilled with 

N2 prior to sequential addition of diisopropylamine (3.6 mL, 24.0 mmol), tBu3P (1.2 mL, 

1.2 mmol, 1.0 M solution in toluene), phenylacetylene (2.6 mL, 24.0 mmol) and 

1,4-dioxane (20 mL). The reaction mixture was stirred at room temperature overnight. 

Afterwards all volatiles were evaporated and water with DCM were added to the residue. 

The organic layer was thoroughly washed with diluted HCl and water, then dried over 

MgSO4. Evaporation of volatiles gave residue that was purified by silica gel column 

chromatography using a mixture hexane/DCM (5:1) as the eluent (Rf ≈ 0.35) to give 

brownish solid 4b (2.80 g, 82% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.59 (d, J = 

7.8 Hz, 2H), 7.41 – 7.28 (m, 11H), 7.08 (t, J = 2.2 Hz, 2H), 6.39 (t, J = 2.2 Hz, 2H). 13C NMR 

(101 MHz, Chloroform-d) δ 143.83, 132.60, 131.75, 128.70, 128.41, 127.24, 122.89, 122.82, 

121.96, 108.53, 94.04, 85.80. HRMS (APCI-MS): calcd. for C26H17N 343.1361 [M]+; found 

343.1365. 
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1-(2,6-bis(phenylethynyl)phenyl)-1H-pyrrole-3-carbaldehyde, 4c 

Synthesized and worked-up according to the similar procedure as 

for 2a, starting with aniline 3b (0.29 g, 1.0 mmol), 

2,5-dimethoxy-3-tetrahydrofurancarboxaldehyde (0.2 mL, 

1.3 mmol), DCE (2.5 mL) and glacial acetic acid (2.5 mL). The product was purified by 

silica gel column chromatography using DCM as the eluent (Rf ≈ 0.3) to give brownish 

solid 4c (0.29 g, 79% yield). 1H NMR (400 MHz, Chloroform-d) δ 9.91 (s, 1H), 7.70 (t, J = 

1.9 Hz, 1H), 7.63 (d, J = 7.8 Hz, 2H), 7.42 (t, J = 7.6 Hz, 1H), 7.36 – 7.28 (m, 10H), 7.12 – 

7.06 (m, 1H), 6.89 (dd, J = 3.1, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 185.67, 

141.92, 132.55, 132.19, 131.67, 129.14, 128.57, 128.54, 127.16, 125.96, 122.17, 121.94, 107.36, 95.22, 

84.57. HRMS (APCI-MS): calcd. for C27H17NO 371.1310 [M]+; found 371.1310. 

6-bromo-3,9-diphenylindolizino[6,5,4,3-ija]quinoline, 5a 

A flame-dried, N2-filled, 100 mL round-bottomed flask was charged 

with bisalkyne 4a (2.63 g, 6.23 mmol) and dry toluene (31 mL). InCl3 

(0.83 g, 3.74 mmol) was added rapidly in one portion and the flask was 

flushed with N2. The mixture was heated under reflux for 24 h, then cooled down to 

ambient temperature. Afterwards all volatiles were evaporated and a small amount of 

DCM was added to the residue. Resulting mixture was passed through a pad of SiO2 

using a mixture hexane/DCM (1:1) as the eluent. Evaporation of all volatiles afforded 5a 

as bright yellow solid (2.57 g, 98% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.84 – 7.76 

(m, 4H), 7.62 (s, 2H), 7.60 – 7.46 (m, 6H), 7.20 (s, 2H), 7.15 (s, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 138.35, 134.53, 131.17, 128.93, 128.65, 128.36, 127.49, 126.78, 121.41, 118.20, 

117.40, 107.13. HRMS (MALDI-TOF-MS): calcd. for C26H16BrN 421.0466 [M]+; found 

421.060. 
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3,9-diphenylindolizino[6,5,4,3-ija]quinoline, 5b 

Synthesized and purified according to the similar procedure as for 5a, 

starting with bisalkyne 4b (1.41 g, 4.1 mmol), InCl3 (0.54 g, 2.5 mmol) 

and toluene (20 mL). The desired product 5b was isolated as yellow-

orange solid (1.27 g, 90% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.84 – 7.77 (m, 4H), 

7.58 – 7.39 (m, 9H), 7.24 (s, 2H), 7.07 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 138.82, 

133.52, 132.68, 128.86, 128.39, 128.31, 126.84, 125.90, 123.92, 119.55, 119.44, 106.12. HRMS 

(MALDI-TOF-MS): calcd. for C26H17N 343.1361 [M]+; found 343.125. 

3,9-diphenylindolizino[6,5,4,3-ija]quinoline-1-carbaldehyde, 5c 

Method A. Synthesized and worked-up according to the similar 

procedure as for 5a, starting with bisalkyne 4c (0.093 g, 0.25 mmol), 

InCl3 (0.110 g, 0.5 mmol) and o-xylene (5 mL). The product was purified 

by silica gel column chromatography using DCM as the eluent (Rf ≈ 0.25) to give yellow 

solid 4c (0.068 g, 73% yield). 

Method B. Obtained as a major byproduct in Vilmeier-Haack formylation of 5b (vide 

infra, for 7b). The carbaldehyde 5c was isolated off as a yellow powder using silica gel 

column chromatography with DCM as eluent (0.25 g, 32%). 1H NMR (400 MHz, 

Chloroform-d) δ 9.40 (s, 1H), 7.79 – 7.72 (m, 2H), 7.63 – 7.45 (m, 12H), 7.41 (s, 1H), 7.30 

(s, 1H). 13C NMR (101 MHz, Chloroform-d) δ 186.55, 138.85, 137.58, 133.99, 133.26, 131.86, 

130.45, 129.31, 129.00, 128.87, 128.84, 128.15, 127.69, 126.11, 125.38, 125.19, 124.84, 121.82, 

121.59, 121.23, 120.75, 105.82. HRMS (MALDI-TOF-MS): calcd. for C27H17NO 371.1310 [M]+; 

found 371.134. 

3,9-diphenyl-6-(pyridin-2-yl)indolizino[6,5,4,3-ija]quinoline, 6 

A flame-dried N2-filled 10 mL Schlenk tube was charged with ullazine 

5a (0.112 g, 0.27 mmol), Pd(Ph3P)4 (0.015 g, 0.013 mmol) and dry toluene 

(1.0 mL). Afterwards 2-(tributylstannyl)pyridine (0.11 mL, 0.345 mmol) 

was added dropwise via syringe. The mixture was stirred at 110°C 

during 24 h, cooled down to ambient temperature, diluted with DCM and washed with 
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aqueous NH4Cl and water. The organic phase was dried over MgSO4, concentrated 

under reduced pressure and purified by silica gel column chromatography using a 

mixture DCM/hexanes (5:1) as the eluent (Rf ≈ 0.25). The product was precipitated from 

DCM-MeOH to give pure 6 as a yellow-orange solid (0.077 g, 70%).1H NMR (400 MHz, 

Chloroform-d) δ 8.80 – 8.73 (m, 1H), 8.16 (s, 2H), 7.93 – 7.86 (m, 1H), 7.86 – 7.77 (m, 5H), 

7.59 – 7.43 (m, 6H), 7.35 (s, 2H), 7.31 – 7.26 (m, 1H), 7.10 (s, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 157.75, 149.78, 138.73, 137.02, 135.07, 133.91, 132.93, 128.92, 128.49, 128.36, 

126.97, 126.17, 122.13, 121.04, 119.73, 118.25, 106.61. HRMS (MALDI-TOF-MS): calcd. for 

C31H20N2 420.1626 [M]+; found 420.356. 

3,9-diphenylindolizino[6,5,4,3-ija]quinoline-5-carbaldehyde, 7b 

A flame-dried N2-filled 100 mL round-bottomed flask was charged 

with ullazine 5b (0.73 g, 2.13 mmol), dry DMF (0.39 mL, 5.1 mmol) and 

DCE (21 mL). Afterwards POCl3 was added dropwise at room 

temperature and the reaction mixture stirred for 2.5 hours. Concentrated solution of 

NaOAc was added to quench the reaction and the mixture was stirred vigorously until 

complete change of color from purple to orange. The organic phase was separated, 

washed with water, dried over MgSO4 and concentrated under reduced pressure. The 

residue was chromatographed using DCM as eluent (Rf ≈ 0.3) to afford desired 

carbaldehyde 7b as a bright orange solid (0.44 g, 56%).1H NMR (400 MHz, Chloroform-

d) δ 10.27 (s, 1H), 9.09 (s, 1H), 7.91 – 7.79 (m, 5H), 7.62 – 7.48 (m, 8H), 7.42 (s, 2H). 13C 

NMR (101 MHz, Chloroform-d) δ 191.82, 138.38, 138.00, 136.55, 136.11, 132.19, 131.64, 130.49, 

129.08, 129.02, 128.99, 128.83, 128.79, 127.76, 127.28, 125.91, 122.48, 119.24, 117.87, 117.52, 

109.65, 109.09. HRMS (MALDI-TOF-MS): calcd. for C27H17NO 371.1310 [M]+; found 371.141. 

3,9-diphenylindolizino[6,5,4,3-ija]quinoline-4-carbaldehyde, 7d 

Method A. Synthesized and worked-up according to the similar 

procedure as for 5a, starting with 10 (0.053 g, 0.143 mmol), InCl3 (0.019 

g, 0.086 mmol) and toluene (1.5 mL). The desired product 7d was 

isolated as red-orange solid (0.048 g, 91% yield). 
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Method B. Obtained as a minor byproduct in Vilmeier-Haack formylation of 5b (vide 

supra, for 7b). The carbaldehyde 7d was isolated off as a red-orange powder using silica 

gel column chromatography with DCM as eluent (Rf ≈ 0.35, 0.047 g, 6%). 1H NMR (400 

MHz, Chloroform-d) δ 10.00 (s, 1H), 9.22 (dd, J = 7.8, 1.4 Hz, 1H), 7.80 – 7.74 (m, 2H), 7.71 

– 7.45 (m, 12H), 7.12 (d, J = 4.5 Hz, 1H), 6.90 (d, J = 4.5 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 192.04, 145.86, 137.95, 134.25, 132.95, 132.48, 130.62, 130.43, 129.22, 129.06, 

128.70, 128.68, 128.32, 127.06, 125.41, 122.94, 122.25, 121.25, 120.63, 120.07, 113.01, 108.84. 

HRMS (MALDI-TOF-MS): calcd. for C27H17NO 371.1310 [M]+; found 371.138. 

Dihexyl-2-((3,9-diphenylindolizino[6,5,4,3-ija]quinolin-6-yl)methylene)malonate, 8a 

A flame-dried N2-filled 100 mL Schlenk tube was charged with ullazine 

5a (0.211 g, 0.5 mmol), dry THF (5mL) and dry toluene (5 mL). The 

mixture was stirred at room temperature until complete dissolution of 

solids. Afterwards the solution was brought to -40°C and nBuLi 

(0.22 mL, 0.55 mmol, 2.5M solution in hexane) was added dropwise. The reaction 

mixture was stirred at -40°C for 30 min followed by addition of dry DMF (77μL, 1.0 

mmol). Afterwards the solution was kept stirring at -40°C for 30 min and allowed to 

reach ambient temperature. Another flame-dried N2-filled 100 mL round-bottomed flask 

was charged with dry DCM (10 mL) and TiCl4 (2.5 mL, 2.5 mmol, 1.0M solution in DCM), 

cooled down to 0°C. Dihexylmalonate (0.136 g, 0.5 mmol) was added to the solution of 

carbaldehyde at room temperature under N2 atmosphere. The resulting mixture was 

transferred to the TiCl4-solution via syringe (with taking care to avoid heating) followed 

by dropwise addition of dry pyridine (0.75 mL). After stirring overnight water was added 

to the reaction mixture. The organic phase was separated, washed with water 

thoroughly, dried over MgSO4 and concentrated under reduced pressure. The residue 

was purified by silica gel column chromatography using gradient elution with mixtures 

hexane/DCM (4:1→1:1) as the eluent (Rf ≈ 0.3, hexane/DCM ≈ 1:1) to give yellow waxy 

solid 4b (0.206 g, 66% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.94 (s, 1H), 7.82 – 

7.74 (m, 4H), 7.59 (s, 2H), 7.57 – 7.44 (m, 6H), 7.22 (s, 2H), 7.12 (s, 2H), 4.31 (t, J = 6.7 Hz, 

2H), 4.27 (t, J = 6.7 Hz, 2H), 1.79 – 1.60 (m, 4H), 1.46 – 1.30 (m, 6H), 1.30 – 1.04 (m, 6H), 
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0.92 (t, J = 6.8 Hz, 3H), 0.71 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 167.25, 

164.40, 142.94, 138.36, 134.36, 133.12, 128.95, 128.65, 128.63, 128.31, 127.03, 126.18, 126.02, 

120.44, 119.12, 107.21, 66.12, 65.88, 31.56, 28.69, 28.59, 25.77, 25.69, 22.70, 22.58, 14.17, 13.98. 

HRMS (MALDI-TOF-MS): calcd. for C42H43NO4 625.3192 [M]+; found 625.324. 

Dihexyl-2-((3,9-diphenylindolizino[6,5,4,3-ija]quinolin-5-yl)methylene)malonate, 8b 

A flame-dried N2-filled 25 mL round-bottomed flask was charged 

with dry DCM (3 mL) and TiCl4 (1.5 mL, 1.5 mmol, 1.0M solution in 

DCM), cooled down to 0°C. Dihexylmalonate (0.081 g, 0.3 mmol) was 

mixed with carbaldehyde 7b (0.110 g, 0.3 mmol) and dry DCM (2 mL). The resulting 

mixture was transferred to the TiCl4-solution via syringe (with taking care to avoid 

heating) followed by dropwise addition of dry pyridine (0.5 mL). After stirring overnight 

water was added to the reaction mixture. The organic phase was separated, washed with 

water thoroughly, dried over MgSO4 and concentrated under reduced pressure. The 

residue was purified by precipitation from methanol to afford analytically pure dye 8b 

as bright orange solid (0.16 g, 85% yield). 1H NMR (400 MHz, Chloroform-d) δ 8.37 (s, 

1H), 7.86 – 7.76 (m, 4H), 7.63 – 7.42 (m, 9H), 7.34 (s, 1H), 7.22 (s, 2H), 4.28 (t, J = 6.7 Hz, 

2H), 4.21 (t, J = 6.7 Hz, 2H), 1.79 – 1.67 (m, 2H), 1.59 – 1.51 (m, 2H), 1.48 – 1.28 (m, 6H), 

1.20 – 1.09 (m, 6H), 0.90 (t, J = 7.2 Hz, 3H), 0.77 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 167.33, 164.80, 139.57, 138.46, 138.35, 134.79, 129.02, 128.99, 128.80, 128.74, 

128.63, 128.52, 127.75, 127.52, 127.18, 126.25, 125.46, 124.36, 121.80, 119.54, 119.06, 116.09, 

107.94, 107.90, 65.93, 65.83, 31.58, 31.51, 28.73, 28.47, 25.74, 25.67, 22.70, 22.59, 14.16, 14.06. 

HRMS (MALDI-TOF-MS): calcd. for C42H43NO4 625.3192 [M]+; found 625.328. 

Dihexyl-2-((3,9-diphenylindolizino[6,5,4,3-ija]quinolin-1-yl)methylene)malonate, 8c 

Synthesized and purified according to the same procedure as for 8b, 

starting with carbaldehyde 5c (0.110 g, 0.3 mmol). After purification by 

silica gel column chromatography with hexane/DCM (4:1→1:1) as 

eluent (Rf ≈ 0.35 hexane/DCM ≈ 1:1) the desired product 8c was isolated 

as yellow viscous oil (0.171 g, 91% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.76 – 7.68 



APPENDIX 

161 

 

(m, 2H), 7.59 – 7.44 (m, 11H), 7.40 (s, 1H), 7.25 (s, 1H), 7.23 (s, 1H), 7.07 (s, 1H), 4.16 (t, J = 

6.9 Hz, 2H), 4.04 (t, J = 6.8 Hz, 2H), 1.64 – 1.50 (m, 5H), 1.36 – 1.14 (m, 13H), 0.90 (t, J = 

6.7 Hz, 4H), 0.83 (t, J = 6.6 Hz, 3H).13C NMR (101 MHz, Chloroform-d) δ 168.26, 164.55, 

138.21, 138.00, 135.07, 134.01, 133.22, 132.13, 129.08, 129.01, 128.90, 128.77, 128.75, 128.16, 

127.83, 127.79, 125.78, 125.18, 124.83, 124.43, 121.33, 121.16, 121.06, 120.59, 113.83, 105.53, 65.84, 

65.12, 31.58, 31.50, 28.64, 28.37, 25.63, 22.70, 22.64, 14.19, 14.13. HRMS (MALDI-TOF-MS): 

calcd. for C42H43NO4 625.3192 [M]+; found 625.318. 

Dihexyl-2-((3,9-diphenylindolizino[6,5,4,3-ija]quinolin-4-yl)methylene)malonate, 8d  

Synthesized and purified according to the same procedure as for 8b, 

starting with carbaldehyde 7d (0.11 g, 0.3 mmol). After purification by 

silica gel column chromatography with hexane/DCM (4:1→1:1) as 

eluent (Rf ≈ 0.35 hexane/DCM ≈ 1:1) the desired product 8c was isolated as dark red solid 

(0.15 g, 80% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.83 – 7.75 (m, 2H), 7.73 (s, 1H), 

7.60 – 7.39 (m, 11H), 7.29 (s, 1H), 7.03 (d, J = 4.3 Hz, 1H), 6.79 (d, J = 4.3 Hz, 1H), 4.21 (t, J 

= 6.7 Hz, 2H), 3.82 (t, J = 6.5 Hz, 2H), 1.70 – 1.60 (m, 2H), 1.39 – 1.24 (m, 7H), 1.21 – 1.12 

(m, 2H), 0.95 – 0.82 (m, 9H), 0.69 (t, J = 6.8 Hz, 3H).13C NMR (101 MHz, Chloroform-d) 

δ 165.13, 164.45, 143.31, 138.52, 136.24, 133.32, 132.67, 130.34, 129.97, 128.92, 128.76, 128.62, 

128.51, 128.27, 127.61, 127.22, 126.10, 123.95, 123.57, 122.05, 120.29, 120.12, 118.25, 108.34, 

106.77, 65.82, 65.59, 31.54, 31.36, 28.61, 28.18, 25.63, 25.54, 22.67, 22.31, 14.17, 14.09. HRMS 

(MALDI-TOF-MS): calcd. for C42H43NO4 625.3192 [M]+; found 625.330. 

5-iodo-4-phenyl-9-(phenylethynyl)pyrrolo[1,2-a]quinoline, 9 

A flame-dried N2-filled 50 mL round-bottomed flask was charged 

with bisalkyne 4b (0.45 g, 1.31 mmol), NaHCO3 (0.24 g, 2.88 mmol) 

and DCM (13 mL). The mixture was cooled down to 0°C and I2 (0.73 

g, 2.88 mmol) in DCM (26 mL) was added dropwise. The reaction was kept stirring at 

0°C for 10 hours, quenched with addition of concentrated solution of Na2S2O3 and 

vigorously stirred until complete iodine discoloration. The organic phase was separated, 

dried over MgSO4 and concentrated under reduced pressure. Silica gel column 
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chromatography with a hexane/DCM mixture (4:1) as the eluent (Rf ≈ 0.3) delivered 

iodide 9 as yellow solid (0.36 g, 58%).1H NMR (400 MHz, Chloroform-d) δ 9.61 (dd, J = 

3.1, 1.4 Hz, 1H), 8.24 (dd, J = 8.2, 1.5 Hz, 1H), 7.82 (dd, J = 7.6, 1.5 Hz, 1H), 7.70 – 7.59 (m, 

2H), 7.59 – 7.46 (m, 3H), 7.46 – 7.31 (m, 6H), 6.68 (dd, J = 4.0, 2.8 Hz, 1H), 6.07 (dd, J = 

3.9, 1.1 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 142.71, 140.15, 135.59, 135.42, 133.23, 

132.62, 131.44, 129.45, 128.99, 128.75, 128.55, 128.39, 126.03, 123.78, 123.08, 118.05, 112.26, 

111.06, 105.68, 95.91, 93.27, 89.13. HRMS (MALDI-TOF-MS): calcd. for C27H17NO 469.0328 

[M]+; found 469.033. 

4-phenyl-9-(phenylethynyl)pyrrolo[1,2-a]quinoline-5-carbaldehyde, 10 

A flame-dried N2-filled 100 mL Schlenk tube was charged with iodide 

9 (0.26 g, 0.55 mmol) and dry THF (5mL). The solution was cooled 

down to -78°C and nBuLi (0.24 mL, 0.61 mmol, 2.5M solution in hexane) was added 

dropwise. The reaction mixture was stirred at -78°C for 30 min followed by addition of 

dry DMF (0.21 mL, 2.75 mmol). Afterwards the solution was kept stirring at -78°C for 30 

min and allowed to reach ambient temperature. All volatiles were evaporated and water 

with DCM were added to the residue. The organic layer was washed with water, then 

dried over MgSO4 and concentrated under reduced pressure to give residue that was 

purified by silica gel column chromatography using a mixture hexane/DCM (2:1) as the 

eluent (Rf ≈ 0.3) affording orange solid 10 (0.11 g, 54% yield) 1H NMR (400 MHz, 

Chloroform-d) δ 9.91 (s, 1H), 9.82 (dd, J = 2.9, 1.4 Hz, 1H), 9.44 (dd, J = 8.3, 1.6 Hz, 1H), 

7.83 (dd, J = 7.5, 1.5 Hz, 1H), 7.69 – 7.59 (m, 2H), 7.57 – 7.47 (m, 5H), 7.47 – 7.37 (m, 4H), 

6.83 (dd, J = 4.1, 2.9 Hz, 1H), 6.52 (dd, J = 4.0, 1.3 Hz, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 192.72, 145.58, 135.20, 134.29, 131.91, 131.90, 131.39, 130.34, 129.03, 129.00, 

128.74, 128.48, 128.30, 124.38, 123.00, 122.41, 122.18, 118.99, 113.99, 111.64, 110.87, 95.93, 89.42. 

HRMS (MALDI-TOF-MS): calcd. for C26H16IN 371.1310 [M]+; found 371.130. 
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Table 12. Optimization of the Sonogashira reaction for 2a.[a] 

 

Entry Pd-source (eq.) 
Ligand 
(eq.) 

Base (eq.) 
Eq. 

(PhCCH) 
Solvent 

Temperat
ure, °C  

Yield, % 

1 
Pd(Ph3P)2Cl2 

(0.04) 
- 

Et3N 
(4.0) 

2.1 THF RT - 

2 
Pd(CH3CN)2Cl2 

(0.06) 
Cy3P 
(0.12) 

iPr2NH 
(2.1) 

2.1 dioxane RT - 

3 
Pd(CH3CN)2Cl2 

(0.06) 
Cy3P 
(0.12) 

iPr2NH 
(2.1) 

2.1 dioxane 60 - 

4 
Pd(Ph3P)4 

(0.06) 
Cy3P 
(0.12) 

iPr2NH 
(2.1) 

2.1 dioxane 60 - 

5 
Pd(CH3CN)2Cl2 

(0.01) 
tBu3P 
(0.02) 

Cs2CO3 

(2.1) 
2.1 CH3CN RT - 

6[b] 
Pd(Ph3P)4 

 (0.05) 
- 

Cs2CO3 

(2.1) 
2.1 CH3CN 60 traces 

7 
Pd2(dba)3 

 (0.05) 

rac-
BINAP 
(0.075) 

Cs2CO3 

(2.1) 
2.1 CH3CN RT - 

8 
Pd(CH3CN)2Cl2 

(0.06) 
XPhos 
(0.12) 

iPr2NH 
(2.1) 

2.1 dioxane 60 12 

9[b] 
Pd(CH3CN)2Cl2 

(0.06) 
XPhos 
(0.12) 

Cs2CO3 

(2.1) 
2.1 CH3CN 60 46 

[a] unless otherwise noted reactions were carried out in presence of CuI, that was taken as ½ mol. to 
Pd-catalyst; [b] copper-free reaction. 
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6.4.2. 1H and 13C-NMR spectra of intermediate and the final compounds 
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Table 13. Crystal structure and refinement for 5c and 9. 

Compound 

 
 

Formula C27H17NO C26H16IN 
Crystal system Monoclinic Triclinic 
Space group P21/c P-1 
Temperature / K 130(2) 130(2) 
Lattice constants / Å and o a = 12.0507(5) 

b = 19.7960(9) 
c = 8.1453(3) 
α = 90 
β = 104.2930 
γ = 90 

a = 7.2056(6) 
b = 8.9773(7) 
c = 16.0309(14) 
α = 75.931(2) 
β = 78.418(2) 
γ = 78.817(2) 

Volume / Å3 1882.96(14) 973.84(14) 
Z 4 4 
Dcalculated / g·cm–3 1.31 1.6004 
Radiation Mo-Kα 

(λ = 0.71069 Å) 
Mo-Kα 
(λ = 0.71069 Å) 

Crystal dimensions / mm 0.12 × 0.07 × 0.025  0.20 × 0.04 × 0.02 
Ө range / o 2.698– 30.675 2.37 – 30.84 
Min. / max. h k l –17 ≤ h ≤ 16 

–27 ≤ k ≤ 27 
–11 ≤ l ≤ 10 

–10 ≤ h ≤ 10 
–12 ≤ k ≤ 12 
–22 ≤ l ≤ 22 

Reflections, measured 45507 30191 
Reflections, independent 5271 5650 
Absorption coefficient / mm–1 0.079 1.655 
Absorption correction Multi-Scan Multi-Scan 
Refined parameters 262 253 
R1 [I > 2σ(I)] 0.0463 0.0305 
wR2 (all data) 0.0683 0.0348 
Max. / min. Residual 
Density / e–/Å3 

0.323 and -0.30 1.0576 and -1.034 

 

Table 14. Absorption and PL data for unsubstituted ullazine 5b and the ullazine dyes 8a-d. 

Ullazine 

λabs, nm λPL, nm 

Cyclohexane THF Acetonitrile Cyclohexane THF Acetonitrile 

5b 374, 391[b] 374, 392 374, 389 478, 513, 553 
488, 520, 

559 
491, 521, 560 

8a 395 396 396 519 592 nd[b] 

8b 446, 466 471 471 530, 560 579 606 

8c 416, 439 419, 439 420 474, 502 520 560 

8d 386, 401 386, 404 386, 401 
492, 529, 

570 
500, 534, 572 511, 540 

[a] Bold corresponds to the highest intensity in a band. [b] not detected 
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6.4.3. Solar cell fabrication. 

The etched FTO glass (Nippon Sheet Glass) was cleaned sequentially by sonication in 

a 2 % Hellmanex solution, acetone and ethanol, followed by a 15 min UV-ozone treatment. A 

30 nm thick TiO2 compact layer was deposited by spray pyrolysis at 450°C from a precursor 

solution of diluted titanium diisopropoxide bis(acetylacetonate) (TAA) solution (Sigma-

Aldrich) in isopropanol. On the top of it, a 150 nm mesoporous TiO2 layer was made by spin 

coating method using a commercially available TiO2 paste (Dyesol 30NRD). The Substrates 

were sintered at 500°C for 30 min in air. Then, Li-doping of the mesoporous TiO2 is done by 

spin coating a 0.03 M solution of LiTFSI (in acetonitrile) at 3000 rpm for 10 s, followed by 

sintering at 500°C for 20 min before use. The mixed perovskite precursor solution was prepared 

by dissolving PbI2 (1.15 M), FAI (1.10 M), PbBr2 (0.2 M), and MABr (0.2 M) in a anhydrous 

solvent DMF: DMSO = 4 : 1 (volume ratio). The perovskite precursor solution was spin coated 

at 2000 rpm for 10 s, followed by 6000 rpm for 30 s. Trifluorotoluene (110 μl) was dropped on 

the spinning substrate at the 20 s in the second step.284 The films were annealed at 100°C for 

90 min in the glove box. The hole-transporting material, consisting of 15 mM 8b in 

tetrachloroethane, was spin-coated on the top of the perovskite layer with a spin speed of 4000 

rpm.285 Finally, 80 nm of Au was deposited by thermal evaporation as the back electrode.  

6.4.4. Photovoltaic characterization 

The current-voltage curves were measured under AM 1.5 simulated light source 

connecting with a source meter (Keithley 2400). The light intensity was calibrated with an 

NREL certified KG5 filtered Si reference diode. J-V curves were obtained at a scan rate of 50 

mV s-1. The devices were measured by using a black mask with an active area of 0.16 cm2.  
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