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Summary in Polish 
(Streszczenie po polsku) 

Celem mojej rozprawy doktorskiej było zbadanie wpływu wysokiego ciśnienia oraz 

zmian temperatury na strukturę i właściwości fotofizyczne wybranych półprzewodników 

organicznych, aby pogłębić wiedzę o zależności struktura–właściwości w tej grupie 

związków. Inspiracją do podjęcia badań były liczne doniesienia literaturowe dotyczące 

materiałów perowskitowych, w których wykazano, że ekstremalne warunki stanowią 

skuteczne narzędzie do analizy mechanizmów przemian fazowych oraz zależności między 

strukturą a właściwościami. W przypadku półprzewodników organicznych takie 

podejście wciąż pozostaje stosunkowo rzadko wykorzystywane, mimo że materiały te 

odgrywają coraz większą rolę w rozwoju nowoczesnych technologii fotowoltaicznych i 

optoelektronicznych. 

Rozprawa obejmuje cykl czterech artykułów przedstawiających wyniki badań 

sześciu wybranych półprzewodników organicznych: polimeru PTB7 oraz 

małocząsteczkowych pochodnych diimidu perylenowego (PDI) różniących się 

podstawnikami w pozycji imidowej. Analizy strukturalne, przeprowadzone metodą 

dyfrakcji rentgenowskiej, skorelowałam z pomiarami spektroskopowymi UV-Vis-NIR i 

fotoluminescencji, co umożliwiło identyfikację i szczegółową charakterystykę szeregu 

nowych polimorfów. Wyniki badań wykazały, że wzrost ciśnienia lub temperatury 

prowadzi do istotnych zmian w odległościach π–π pomiędzy rdzeniami aromatycznymi, 

konformacji cząsteczek oraz sposobie ich agregacji. Modyfikacje te wpływają na przerwę 

energetyczną pasm i właściwości luminescencyjne analizowanych materiałów. 

W artykule A1 przedstawiłam wyniki badań dotyczących PTCDI-Ph, pochodnej 

PDI z podstawnikami fenylowymi, dla której zidentyfikowałam trzy polimorfy: stabilny w 

warunkach atmosferycznych, wysokotemperaturowy występujący powyżej 493 K oraz 

wysokociśnieniowy stabilny powyżej 3 GPa. Zaobserwowałam odwracalne przesunięcia 

batochromowe oraz zmiany intensywności fotoluminescencji zależne od ciśnienia i 

temperatury, wskazujące na możliwość zastosowania PTCDI-Ph jako materiału 

aktywnego w czujnikach multimodalnych. Artykuł A2 poświęcony został badaniom 

pochodnej PDI-C6 z N-podstawionymi n-heksylami, dla której zidentyfikowałam pięć 
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polimorfów, w tym dwa wysokociśnieniowe i dwa wysokotemperaturowe. Wykazałam, 

że ciśnienie prowadzi do stopniowych zmian konformacji łańcuchów alkilowych, 

natomiast wysoka temperatura powoduje dodatkowo rotacje rdzeni perylenowych. 

Artykuł A3 obejmuje analizę serii PDI-Cn (gdzie n = 5–8) z podstawnikami alkilowymi 

(CnH2n+1) o różnej długości. Zastosowanie dyfrakcji rentgenowskiej monokryształów w 

warunkach wysokiego ciśnienia pozwoliło mi zidentyfikować nowe fazy, a uzyskane dane 

strukturalne skorelowałam z obserwowanymi przesunięciami w widmach absorpcji UV-

Vis-NIR i emisji. W artykule A4 opisałam wyniki badań dotyczących polimeru PTB7, ze 

szczególnym uwzględnieniem wpływu wysokiego ciśnienia oraz sposobu przygotowania 

warstwy pomiarowej na jego właściwości optyczne. Wykazałam, że wzrost ciśnienia 

powoduje batochromowe przesunięcie krawędzi absorpcji oraz zwężenie przerwy 

energetycznej (Eg). 

Przeprowadzone badania wykazały, że wykorzystanie warunków ekstremalnych 

stanowi efektywne narzędzie do modelowania zmian strukturalnych, które bezpośrednio 

wpływają na podstawowe właściwości materiałów organicznych, takie jak przerwa 

energetyczna i luminescencja. Wyniki te nie tylko dostarczają nowych informacji na 

temat zachowania półprzewodników organicznych pod wpływem wysokiego ciśnienia i 

zmian temperatury, lecz także wskazują na możliwość świadomego dostosowywania ich 

właściwości optycznych poprzez kontrolowane modyfikacje strukturalne. 
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Summary in English 

The aim of my doctoral dissertation was to investigate the influence of high pressure and 

temperature changes on the structure and photophysical properties of selected organic 

semiconductors, in order to deepen the understanding of the structure–property 

relationships in this group of compounds. The research was inspired by numerous 

literature reports on perovskite materials, which have shown that extreme conditions 

provide an effective tool for analyzing phase transition mechanisms and the relationship 

between structure and properties. However, in the case of organic semiconductors, this 

approach is still rarely applied, even though these materials play an increasingly 

important role in the development of modern photovoltaic and optoelectronic 

technologies. 

The dissertation comprises a series of four articles presenting the results of studies 

on six selected organic semiconductors: the polymer PTB7 and small-molecule perylene 

diimide (PDI) derivatives with different substituents at the imide position. I correlated the 

structural analyses, conducted using X-ray diffraction, with UV-Vis-NIR and 

photoluminescence spectroscopy measurements, which enabled the identification and 

detailed characterization of several new polymorphs. The results revealed that variations 

in pressure or temperature induce significant changes in π–π stacking distances between 

aromatic cores, the conformation of the molecules, and their aggregation behavior. These 

structural modifications directly influence the band gap energy and the luminescent 

properties of the investigated materials. 

In article A1, I presented the results of studies on PTCDI-Ph, a PDI derivative with 

phenyl substituents, for which I identified three polymorphs: one stable at ambient 

conditions, a high-temperature phase occurring above 493 K, and a high-pressure phase 

above 3 GPa. I observed reversible bathochromic shifts and changes in 

photoluminescence intensity that were dependent on pressure and temperature, 

indicating the potential of PTCDI-Ph as an active material in multimodal sensors. Article 

A2 focuses on PDI-C6, a derivative with N-substituted n-hexyl groups, for which I 

identified five polymorphs, including two high-pressure and two high-temperature 

phases. I demonstrated that pressure induces gradual conformational changes in the alkyl 
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chains, while high temperature additionally causes rotations of the perylene cores. Article 

A3 analyzes the PDI-Cn series (where n = 5–8) with alkyl substituents (CnH2n+1) of 

varying length. Using high-pressure single-crystal X-ray diffraction, I identified new 

phases and correlated the obtained structural data with the observed shifts in the UV-Vis-

NIR absorption and emission spectra. Article A4 presents results on the polymer PTB7, 

with particular emphasis on the effects of high pressure and film preparation methods on 

its optical properties. I demonstrated that increasing pressure causes a bathochromic shift 

of the absorption edge and a narrowing of the band gap (Eg). 

The conducted studies demonstrated that the use of extreme conditions provides 

an effective tool for modeling structural changes that directly influence fundamental 

properties of organic materials, such as band gap and luminescence. These results not 

only provide new insights into the behavior of organic semiconductors under high 

pressure and variable temperature but also highlight the possibility of tuning their optical 

properties through controlled structural modifications. 
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1. Introduction 

The advent of semiconductor technology has revolutionized modern life, profoundly 

changing our work, how we communicate, and access information. Semiconductors are 

versatile materials, characterized by electrical conductivity intermediate between those of 

conductors and insulators. They owe their unique properties to their distinct energy band 

structures. Semiconductors possess a relatively small energy gap, typically less than 3.0 

eV, separating the valence and conduction bands.1 As fundamental building blocks of 

nearly all modern electronic devices, including transistors,2 solar cells,3 light-emitting 

diodes (LEDs),4,5 and sensors,6 they have become indispensable in everyday life. 

Semiconductors exhibit exceptional diversity in chemical composition and solid-state 

structures. This group includes elemental semiconductors, such as the most widely used 

silicon (Si), binary compounds like gallium arsenide (GaAs), and a large and rapidly 

growing family of organic semiconductors.7 Among the latter, perylene diimides (PDIs) 

exhibit promising semiconducting properties and are the primary focus of my research. 

 

1.1. Organic Semiconductors 

Organic semiconductors are materials composed primarily of carbon and hydrogen 

atoms, often containing heteroatoms such as oxygen, sulfur, and nitrogen. Their 

semiconducting behavior arises from a delocalized π-electron system, which enables the 

absorption and emission of visible light as well as electrical conductivity. These 

properties make organic semiconductors highly suitable for a wide range of 

optoelectronic applications, including organic light-emitting diodes (OLEDs),8,9 organic 

field-effect transistors (OFETs),10 and organic photovoltaic cells (OPVs).11,12  

The history of organic semiconductors dates back to the early 20th century. One 

of the first significant developments was Pochettino’s discovery of photoconductivity in 

anthracene crystals.13 Today, organic semiconductors are broadly classified into two main 

categories: low molecular weight compounds and polymers (Figure 1). A common feature 

of both classes is their conjugated π-electron system, formed by the overlap of pz-orbitals 

in sp2-hybridized carbon atoms, which enables delocalization and charge transport.14 The 
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performance of organic electronic devices critically depends on the charge carrier 

mobility (electrons and/or holes) within these π-conjugated materials.15 Based on their 

dominant charge carrier, both polymeric and molecular organic semiconductors are 

classified as p-type (where the majority carriers are holes), n-type (where the majority 

carriers are electrons), or ambipolar (capable of transporting both electrons and holes).16 

However, the development of high-performance n-type semiconductors has significantly 

lagged behind that of p-type materials, primarily due to their lower electron mobility and 

instability in air.17,18 

 

 
Figure 1. Chemical structures of several popular small-molecule and polymer semiconductors. 

The materials studied in this PhD research are highlighted with frames. 

 

In contrast to inorganic semiconductors, which are typically stabilized by strong 

covalent or ionic bonds, organic semiconductors are molecular solids held together by 

weak noncovalent interactions such as van der Waals forces. This fundamental difference 

in the dominant aggregation force leads to distinct mechanical, optical, and electrical 

properties.19 Another key distinction is their processing. Inorganic semiconductors 

typically require expensive, high-purity crystalline substrates, high-temperature and low-

throughput fabrication techniques. In contrast, organic semiconductors can be deposited 

on inexpensive substrates, like glass or plastic, using solution-based techniques, thus 
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eliminating the need for high-quality crystalline substrates.20 This provides advantages in 

terms of cost, ease of processing, and thin-film formation.21–23 Moreover, a significant 

advantage of organic semiconductors is the ease of tailoring their properties through 

chemical synthesis. The introduction of substituents into conjugated organic molecules 

provides an effective approach to tuning molecular orbital energy levels. For instance, 

electron-donating substituents (e.g., amino or alkyl groups) typically raise the energy of 

the highest occupied molecular orbital (HOMO). In contrast, electron-withdrawing 

groups, such as cyano substituents, lower the energies of both the HOMO and the lowest 

unoccupied molecular orbital (LUMO).24 The importance of organic electronic materials 

was recognized in 2000, when Hideki Shirakawa, Alan J. Heeger, and Alan G. 

MacDiarmid were awarded the Nobel Prize in Chemistry for their discovery and 

development of conductive polymers.25 Despite recent progress and the promising 

potential of organic materials, Si continues to dominate the semiconductor market due to 

its superior performance.26,27 Advancing the technological applications of organic 

semiconductors requires overcoming key challenges, primarily their lower charge carrier 

mobility and an incomplete understanding of fundamental structure–property 

relationships.28–30  

 

1.2. Perylene diimides  

In recent years, significant research efforts have focused on a wide range of organic 

semiconductors, including fullerenes,15,31,32 thiazole derivatives,33 oligoacenes,15,31,34 

oligothiophenes,15,31,32 and perylenes.15,31,32,34,35 Among these, perylene-3,4,9,10-

tetracarboxylic acid diimides, also known as perylene diimides or PDIs, stand out as a 

prominent class that has attracted considerable scientific interest due to their exceptional 

combination of properties (Figure 2). These include strong absorption in the visible 

region, relatively high electron mobility, and excellent photo, thermal, and chemical 

stability.36 These characteristics make PDIs highly promising n-type semiconductors for 

organic electronic devices and a compelling alternative to fullerene-based materials.37–42 

Consequently, PDIs are actively investigated for a diverse range of applications, including 

optoelectronic and photovoltaic devices, as well as light-emitting diodes.42–44 
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Figure 2. Chemical structure of a PDI highlighting the possible substitution sites: imide, ortho, 

and bay positions with examples of PDI properties and applications.  

 

First synthesized in 1913,45 perylene dyes were initially employed exclusively as 

industrial pigments, providing a broad color range from orange, red, and brown, to 

black.46 These color variations are highly sensitive to subtle changes in their chemical 

structure and solid-state molecular packing.47,48 Beyond their original applications, PDIs 

possess a range of properties that make them suitable for numerous emerging 

technologies. Their potential in organic solar cells (OSCs) was first demonstrated by Tang 

in 1986,49 initiating a rapid growth of research and subsequent performance 

improvements.37 The scientific interest in PDIs has grown dramatically in recent years: of 

the more than 2870 publications identified in Scopus, over 84% have been published since 

2010, highlighting rapidly growing interest in these compounds (Figure 3a). Continued 

development has raised the power conversion efficiency (PCE) of OSCs with PDI-based 

active layers to above 11%.50 One of the most prominent applications of PDIs lies in their 

use as cathode interlayers (CILs). A variety of PDI derivatives have been successfully 

implemented as CILs in OSCs, enabling PCEs exceeding 19%.51–54 Furthermore, PDIs have 

also proven effective as CILs in perovskite solar cells.55,56  
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Figure 3. Number of scientific articles related to perylene diimides published per year, based on a 

Scopus search using the keyword ‘perylene diimide’ (a), and the distribution of crystallographic 

space groups for PDIs deposited in the CSD database version 2025.2 (b), illustrating preferred 

crystal symmetries for these compounds. 

 

The synthesis of PDIs typically involves a condensation reaction between 3,4,9,10-

perylenetetracarboxylic dianhydride (PTCDA) and alkylamines or anilines under inert 

atmosphere, using solvents such as N,N-dimethylformamide (DMF), imidazole (ImH), or 

quinoline.57,58 This synthetic route enables high yields in a few steps, which is crucial for 

meeting the requirements of large-scale manufacturing and commercialization.59 The 

remarkable versatility of PDIs is significantly enhanced by their facile chemical 

modification. Substituents can be introduced at ten distinct positions, specifically the two 

imide, four bay, and four ortho sites of the perylene core, allowing precise tailoring of 

their physicochemical properties (Figure 2). Substitution at the imide position primarily 

influences solubility and aggregation behavior while preserving the planarity of the 

perylene core and having a relatively minor impact on absorption and emission 

properties.60 My PhD research is focused on PDIs substituted at this position. In contrast, 

substitution at the bay and ortho positions affects the electronic and optical properties 

more significantly.48 Bay substitutions can induce twisting of the perylene core due to 

steric effects.61 Such geometric distortions may weaken intermolecular π-π overlap, 

potentially reducing charge carrier mobility.48 On the other hand, ortho functionalization 
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can modify the optoelectronic properties, while maintaining the planarity of the perylene 

core.48 These functionalization strategies enable the rational design of PDIs with tailored 

physical, chemical, and optoelectronic properties for targeted applications.40  

PDIs are known for their rich polymorphism,62–65 and the strong correlation 

between their molecular packing and electrical as well as optical properties.66–68 

Polymorphism is the ability of a substance to crystallize in more than one phase, 

characterized by different molecular arrangements or conformations within the crystal 

lattice.69 My analysis of over 200 distinct crystal structures of PDI derivatives (excluding 

solvates, polymers, and duplicate entries recorded under different conditions) deposited in 

the Cambridge Structural Database (CSD)70 version 2025.2 reveals a dominant occurrence 

of triclinic (44%) and monoclinic (44%) crystal systems (Figure 3b). However, most of 

these PDI structures were determined at a single measurement point, either at ambient 

conditions or at low temperature. Consequently, the polymorphic behavior of PDIs under 

variable thermodynamic conditions remains largely unexplored. To date, only solid–solid 

phase transitions upon heating have been documented,62 while their behavior at high 

pressure has not yet been investigated. Systematic structural studies beyond ambient 

temperature have been reported for PDI-C5 (Figure 4a) and PDIF-CN2 (Figure 4b).62,71 For 

PDI-C5, high temperature studies up to 553 K revealed three distinct phases, while for 

PDIF-CN2, investigations at low temperature, between 100 and 300 K, showed no evidence 

of a phase transition. Further details on these compounds are provided in the Results and 

Discussion sections. This knowledge gap is critical because even small differences in 

molecular packing can significantly influence the optoelectronic and charge-transport 

properties.72,73 For example, minor shifts in the aggregation of 6,13-

bis(triisopropylsilylethynyl)pentacene (TIPS-PEN) molecules have been shown to alter 

hole mobility by three orders of magnitude.74 

 

 
Figure 4. Chemical structure of PDI derivatives: (a) PDI-C5,62 and (b) PDIF-CN2.71 
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1.3. PTB7 

As a part of my dissertation, I investigated poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl]] (PTB7), Figure 5. The donor material PTB7 is a widely studied and well-

established polymer semiconductor. It is recognized for its favorable optoelectronic 

properties and high performance in organic photovoltaic applications, specifically as one 

of the most efficient narrow-bandgap conjugated polymers for bulk heterojunction (BHJ) 

polymer solar cells (PSCs).75 PTB7 exhibits some of the highest reported efficiencies for 

polymer–fullerene solar cells due to its extended 

absorption into the near-infrared and lower 

HOMO level. A notable PCE of approximately 

7.4% achieved with PTB7/PC71BM (PC71BM – 

phenyl-C71-butyric acid methyl ester) solar cell 

devices was the first reported efficiency 

exceeding 7% for polymer solar cells.76 The 

presence of small branched side chains in PTB7 

enhances its solubility in organic solvents, 

which is important for device fabrication. 

 

1.4. Extreme conditions 

Initial structural investigations of chemical compounds were traditionally performed at 

ambient conditions, typically defined as 15–25℃ and 0.1 MPa, due to experimental 

constraints. Presently, owing to significant advances in instrumentation, it is possible to 

access extreme pressures and temperatures,77,78 in which materials can exhibit unexpected 

and oen fundamentally different behavior compared to that observed under ambient 

conditions. In this thesis, I report experiments conducted at pressures up to 6.5 GPa and 

within a temperature range of 100–650 K. 

 Variable-temperature experiments significantly enhanced understanding of solid-

state behavior, including phase transitions, chemical reactions, changes in atomic 

positions, crystal packing, and molecular conformations.79–82 Since the heating and 

Figure 5. Chemical structure of PTB7. 
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cooling of crystalline samples is relatively easy, single-crystal structure determinations 

under variable-temperature conditions quickly became a standard practice. e field of 

high-pressure research was later revolutionized by the pioneering and Nobel Prize-

winning work of P.W. Bridgman, who established the fundamental basis for investigating 

material properties under high pressure.83 Nevertheless, the application of in situ X-ray 

diffraction techniques at high pressure remained challenging until the development of the 

diamond anvil cell (DAC) in the 1950s, which made such studies more accessible.84,85 

Today, high-pressure techniques are widely employed to explore material compressibility, 

pressure-induced phase transitions,86,87 and the effects of pressure on chemical bonding, 

molecular conformations, intermolecular interactions,88 and amorphization.66,89,90 

Pressure can also induce a variety of other phenomena, such as energy bandgap 

narrowing, prolonged carrier-lifetime,91,92 and enhanced photoluminescence (PL) 

intensity.93 us, extreme temperatures and pressures offer a powerful means to 

synthesize novel compounds and to observe and understand fundamental phenomena 

more comprehensively.94  

 

1.5. Structure–property relationship 

Understanding the relation between a structure and properties is fundamental to design 

novel materials with tailored functionalities. In crystalline materials, physical and 

chemical properties are linked to molecular packing within the crystal laice.95 is 

connection enables systematic studies of the correlation between structure and a wide 

range of physical and chemical properties, including magnetism, electrical conductivity, 

and optical behavior. ermodynamic conditions, such as temperature and pressure, can 

significantly influence these properties, and their impact can be directly correlated with 

structural changes in the material, making them invaluable for studying structure–

property relations. 

Crystal structure analysis is a powerful, nondestructive, and indispensable 

technique in materials science. It offers detailed insights into the geometry of molecules 

and the nature of their interactions with neighboring molecules and ions. This structural 

information is essential across a broad range of scientific disciplines. In particular, it plays 
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a critical role in crystal engineering,96 crystal growth,97,98 crystal structure prediction,99 

and the study of polymorphism,100 all key elements in the rational design of materials.101  

Likewise, single crystals of organic semiconductors offer advantages for studying 

intrinsic material properties, structure–property correlations, identification of structural 

features that enhance device performance, and exploration of fundamental aspects of 

charge transport in organic systems.102 In such materials, efficient charge transport 

strongly depends on the molecular arrangement. Achieving optimal molecular packing 

motifs that facilitate strong and long-range intermolecular interactions, such as hydrogen 

bonds, C–H···π and π–π stacking, is most important for efficient charge transport and, 

consequently, improved device performance. e hydrogen bonds and π–π stacking 

interactions usually define the resulting molecular packing architectures. e typical 

packing motifs observed in organic semiconductor crystals can be divided into four types 

(Figure 6): (a) lamellar one-dimensional (1D) π–π stacking (e.g., 1,2,3,4-

tetrafluoroanthracene);103 (b) lamellar two-dimensional (2D) π–π stacking, also referred to 

as brick layer stacking (e.g., TIPS-PEN);104 (c) herringbone paern with π–π overlap 

between adjacent molecules (e.g., rubrene);105 and (d) herringbone paern without π–π 

overlap between molecules (e.g., pentacene).102,106 High charge-carrier mobility is 

expected when conjugated molecules pack with minimal displacement from an ideal π-

stack and strong intermolecular interactions, thereby maximizing π-orbital overlap.107,108 

Among these four motifs, the lamellar 2D π–stacking (Figure 6b) is considered the most 

efficient for charge transport, while a herringbone packing motif without efficient π–π 

overlap (Figure 6d) is unfavorable for charge transport.109–111  

 

 
Figure 6. Typical crystal packing motifs in organic semiconductor crystals: (a) lamellar π−π 

stacking with 1D charge-carrier channels, (b) lamellar 2D π–π stacking; (c) herringbone π–π 

stacking; (d) herringbone packing without π–π stacking. 

 



15 
 

 e position and nature of substituents play a crucial role in governing π–π 

interactions and packing motifs. For instance, studies on anthradithiophenes have 

demonstrated that molecular packing is highly sensitive to the type of chemical 

substitution.112 Among the three derivatives examined by Jackson et al.,112 the 

triethylsilyl-substituted compound crystallizes in a 2D π-stacking arrangement and 

displays the highest charge-carrier mobility. In the case of PDI derivatives, substitution 

restricted to the imide positions typically allows them to form strong π–π interactions.113 

When the imide substituents are alkyl chains or related groups, dispersion forces between 

them can increase packing efficiency, leading to short interplanar distances, typically 

around 3.4 Å. In contrast, aromatic substituents at the imide positions may introduce 

electrostatic repulsion, which either increases the stacking distance above 3.45 Å or 

induces molecular twisting that alters the stacking arrangement. For example, PDI-C3 

(Figure 7a) exhibits a π-π stacking distance (dπ) of 3.416(4) Å at 295 K, whereas PDI-3,5-

Xy (Figure 7b) of 3.458(2) Å at 296 K (CSD deposition numbers: 1140265 and 186059, 

respectively).114,115 roughout this thesis, dπ is defined as the distance between the 

centroid of one perylene core and the plane of the perylene core of a neigbouring 

molecule in a column. Substitution at the bay positions disrupts the planarity of the PDI 

core, thereby weakening π–π interactions.113 e dπ for PDI-1(Pr) (Figure 7c) at 100 K is 

3.5128(11) Å (CSD deposition number: 2002333).116 In contrast, substitution at the ortho 

positions is expected to maintain molecular planarity, promoting favorable π–π contacts 

and directional intermolecular interactions, and thus supporting well-defined stacking 

motifs.113 Although no PDI derivative with only ortho substitution is available in the CSD 

database, my analysis of the compound obPDI-1 (Figure 7d), which contains both imide 

and ortho substituents, revealed a dπ of 3.4505(13) Å at 100 K (CSD deposition number: 

1949530).117 Interestingly, the corresponding bPDI-1 (Figure 7e) with the same imide 

substituents but lacking ortho substitution, exhibits a slightly shorter dπ of 3.3470(6) Å at 

the same temperature (CSD deposition number: 1949528).117 Notably, the molecular 

arrangements differ: in obPDI-1 the perylene cores are aligned in parallel, whereas in 

bPDI-1 adjacent perylene cores are rotated. Even minor modifications in the substitution 

can significantly influence molecular packing,113 as demonstrated by PDIs with 

halogenated aromatic groups at the imide position. In this case, replacing Cl with an F 

atom at the meta position of the phenyl ring (Figure 7f, g) induces a rotation of the 



16 
 

molecules around the stacking axis, which decreases the dπ by 0.15 Å, and transforms the 

crystal color from black-blue to dark red.118  

 

 
Figure 7. Chemical structure of selected PDI semiconductors.  

 

While high-pressure and variable-temperature techniques have proven valuable 

for studying the structure–property relations in perovskites,119–123 their application to 

organic semiconductors has remained unexplored. e reported studies on organic 

materials under extreme conditions oen focus on specific aspects, such as the isolated 

effects of high pressure on either structure124,125 or properties like photocurrent,126,127 

with only a few investigations considering both simultaneously.86 e research focusing 

on semiconducting PDI derivatives, particularly their structural and optical responses to 

pressure and temperature changes, remains even more limited.128 Nevertheless, several 

studies have highlighted the considerable potential of exploring these materials under 

non-ambient conditions.62,64,71,129 For example, Huang et al. combined theoretical and 

experimental methods to analyze the structural, electronic, and optical properties of a 

monolayer organic molecular crystal of N,N′-dimethyl-3,4,9,10-perylenetetracarboxylic 

diimide (Me-PTCDI) under pressure up to 14.60 GPa.129 ey observed a pronounced red 

shi in PL emission under high pressure. 
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2. Aims of the thesis 

The primary aim of this doctoral dissertation was to investigate how external stimuli, 

specifically high pressure and variable temperature, influence the structure and properties 

of selected organic semiconductors, with the overarching goal of deepening the 

understanding of fundamental structure–property relationships in these compounds. 

is objective was achieved through comprehensive structural investigations of 

selected PDIs under ambient (0.1 MPa and 296±3 K), high-pressure, and variable-

temperature conditions, to identify pressure- and temperature-induced structural 

transformations. Subsequently, complementary optical spectroscopy studies, including 

UV-Vis-NIR absorption and photoluminescence measurements, were employed to 

establish correlations between molecular structure and photophysical properties. 

Moreover, the influence of different substituents on structure and properties was studied 

by comparing PDIs functionalized at the imide position with either a phenyl group 

(PTCDI-Ph) or alkyl chains of varying lengths (PDI-Cn, where n = 5–8, Figure 8). A key 

contribution of this work is the discovery of novel polymorphs of PDIs and the 

characterization of their responses to external stimuli. Together, these findings provide 

critical insights into the polymorphism, adaptability, and structure–property relationships 

of this important class of organic semiconductors.  

 

 
Figure 8. Perylene diimides studied within this thesis.  
 

I also investigated other organic semiconductors, including the widely studied 

polymer PTB7. Specifically, I examined the influence of pressure as well as different film 

preparation methods on its optical absorption. 
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My PhD research has resulted in eight articles. Four of these (articles A1–A4), 

which focus on perylene diimides (A1–A3) and the polymer PTB7 (A4), represent my 

main scientific achievements. ese four papers are listed below and discussed in detail in 

the Results and Discussion sections, with copies provided in Appendices A1–A4.  

 

is doctoral dissertation is based on the following scientific articles: 

A1 P. Ratajczyk, S. Sobczak, P. Woźny, A. Wcisło, T. Poręba, A. Katrusiak, 

Unlocking the sensing potential of phenyl-substituted perylene diimides under 

extreme conditions, J. Mater. Chem. C, 2023, 11, 11055-11065, DOI: 

10.1039/D3TC01146A. 
 

A2 P. Ratajczyk, S. Sobczak, M. Andrzejewski, F. Marin, M. Marchini, L. Maini, A. 

Katrusiak, 

Pressure- and temperature-driven transitions and conformational conversions of n-

hexyl substituted perylene diimide (PDI-C6) crystals, J. Mater. Chem. C, 2025, 13, 

13509-13518, DOI: 10.1039/D5TC00809C. 
 

A3 P. Ratajczyk, S. Sobczak, M. Andrzejewski, P. Woźny, L. Maini, A. Katrusiak, 

The odd-even alkyl chain effect on the structure and optoelectronic properties of 

alkyl-substituted perylene diimide (PDI) derivatives at highly strained 

environments, 2025, DOI: 10.26434/chemrxiv-2025-2fjc9. 
 

A4 P. Ratajczyk, A. Katrusiak, K. A. Bogdanowicz, W. Przybył, P. Krysiak, A. Kwak, 

A. Iwan,  

Mechanical strain, thermal and pressure effects on the absorption edge of an organic 

charge-transfer polymer for flexible photovoltaics and sensors, Mater. Adv., 2022, 3, 

2697-2705, DOI: 10.1039/D1MA01066B. 
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3. Experimental Methods 

This section presents a general overview of the experimental procedures applied in my 

research, while detailed methodologies are presented in the individual articles A1–A4.  

 

3.1. Crystallization  

Due to the limited solubility of PDIs, specialized recrystallization methods are required to 

obtain single crystals suitable for structural analysis. For commercially available PDIs, 

single crystals were grown either by sublimation in a sealed glass tube (as in the case of 

PTCDI-Ph) or by solvothermal crystallization (for the PDI-Cn series). In the sublimation 

procedure, the PTCDI-Ph sample was placed at the bottom of a glass capillary, which was 

then flame-sealed. The bottom of the capillary was heated with a heat gun to 

approximately 673 K, leading to the formation of plate-like crystals above the level of the 

crude material. For the PDI-Cn compounds, single crystals were grown from 

supersaturated solutions, heated overnight in a solvothermal reactor, followed by slow 

cooling to room temperature.  

 

3.2. High-pressure generation in a diamond-anvil cell 

High-pressure structural and spectroscopic 

experiments were conducted using a modified 

Merrill-Bassett diamond-anvil cell (DAC, Figure 

9).130 The DAC consists of two opposing 

diamonds, with the sample placed between their 

polished culets in the central hole of a pre-

indented metal gasket.131 This setup enables the 

generation of extremely high pressures with 

relatively low mechanical force, typically applied 

using screws or a gas membrane. In the 

experiments described in this thesis, diamond 

culets with diameters of 0.7–0.8 mm were 

Figure 9. Schematic diagram of a 

DAC with a solid sample and a ruby 

chip inside a hole in the metal gasket.  
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employed. Owing to its versatility, the DAC allows for in situ investigation of a wide 

range of material properties, including structural, elastic, electric, and magnetic 

characteristics. 

For all experiments, the DAC was prepared following a consistent protocol. A 

solid sample, a ruby for pressure calibration, and a pressure-transmitting medium were 

loaded into a spark-eroded hole (0.4–0.5 mm in diameter) in a 0.15–0.3 mm thick metal 

gasket (steel or tungsten). The pressure-transmitting medium, in this case a liquid, 

ensured efficient pressure transfer and maintained hydrostatic conditions. The only 

variation between experiments was the sample form: for structural studies, a single 

crystal of the compound was placed in the gasket hole, whereas for spectroscopic studies, 

a thin layer of the sample was deposited directly onto the diamond culet (see Section 3.4 

for details). All samples were then isothermally compressed. e pressure was determined 

using the ruby-fluorescence method,132,133 by measuring the redshift of the two 

characteristic ruby emission lines R1 and R2, with a Photon Control spectrometer, with 

an accuracy of 0.02 GPa. 

 

3.3. Structural studies of single crystals  

Structural studies were conducted separately at high-pressure and variable-temperature 

conditions. Single-crystal X-ray diffraction (SCXRD) experiments at various temperatures 

were performed using a SuperNova CCD diffractometer equipped with an X-ray micro-

source or a Bruker D8 QUEST diffractometer. Both systems utilized Cu Kα radiation (λ = 

1.54178 Å) and were equipped with an Oxford CryojetHT attachment for sample heating 

and cooling via a nitrogen gas stream. The temperature can be regulated to any value 

between 90–490 K. 

High-pressure structural studies were conducted on single crystals at pressures up 

to 4.61 GPa. Experiments were performed at synchrotron facilities, including the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, using a monochromatic X-

ray beam with λ = 0.4099 Å, and the Swiss Light Source, employing radiation with λ = 

0.4920 Å. In-lab four-circle diffractometers equipped with a Mo Kα X-ray source (λ = 
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0.71073 Å) were also used. For the in-lab measurements, the DAC was centered using the 

gasket shadowing method.134  

Data collection and reduction were carried out using the CrysAlisPro or APEX5 

software. Crystal structures were solved using programs SHELXT or SHELXS and refined 

with SHELXL,135,136 all implemented within the OLEX2 interface.137 The resulting 

crystallographic information files (CIFs) containing detailed data have been deposited in 

the CSD database. 

 

3.4. UV-Vis-NIR and photoluminescence spectroscopy 

Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) absorption spectra under high-pressure 

conditions were recorded using a DAC equipped with low-fluorescence synthetic AII 

diamond anvils to minimize background signals. Sample layers were deposited on the 

diamond culet through three different methods (Figure 10): 

1. Uniaxial compression: a small amount of the sample was placed on the diamond 

culet and pressed from above with a thick glass plate until a uniform layer formed 

(used in A1, A3, and A4, Figure 10a). 

2. Solvent evaporation: a drop of the solution was placed on the culet, and the layer 

was formed after solvent evaporation (used in A4, Figure 10b). 

3. Compression of solution: the solution was loaded into the DAC chamber, and the 

layer was formed as a precipitate after increasing the pressure (used in A4, Figure 

10c).  

For measurements involving PDIs, Daphne Oil 7575 was used as the pressure-

transmitting medium, whereas for PTB7, glycerol was utilized. UV-Vis-NIR spectral 

measurements were performed using Jasco V-650 and V-770 spectrophotometers adapted 

for use with a DAC. The absorbance spectra were recorded at a scan speed of 200 nm 

min⁻¹ across the wavelength range from 350 to 1200 nm. 

The photoluminescence properties were measured using an Andor spectrometer. 

The materials were ground and loaded into the pressure chambers using a needle. 

Consistent with the absorption measurements, the DAC was equipped with type IIA 

diamond anvils, and Daphne Oil 7575 was used as the pressure-transmitting medium. For 
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high-temperature measurements, the sample was placed in a tube furnace. The PL 

properties of the PTCDI-Ph powder were measured by exciting the sample with a 411 nm 

LED light source, whereas the PDI-Cn (n = 5–8) derivatives were excited using a 450 nm 

diode. 

 

 
Figure 10. Representative images of the developed measurement layers accompanied by 

schematic diagrams illustrating the corresponding film preparation methods: (a) uniaxial 

compression of the solid material, (b) film formation via solvent evaporation, and (c) compression 

applied to the material in solution. 

 

3.5. Complementary methods: DSC, PXRD, SEM and HSM  

Differential scanning calorimetry (DSC) measurements were performed using a Thass 

DSC XP-10 apparatus for the PTCDI-Ph sample. Heating and cooling cycles were carried 

out at the rate of 5 K min−1 under the N2 atmosphere. For the PDI-C6 sample, a 

PerkinElmer PyrisDiamond DSC-7 equipped with a PII intracooler was used, also under 

the N2 atmosphere, with the scanning rate of 20 K min−1. 

 Powder X-ray diffraction (PXRD) measurements were conducted using a Bruker 

AXS D8 Advance diffractometer equipped with a Johansson monochromator (CuKα1 = 

1.54060 Å) and a silicon-strip LynxEye detector. 

Scanning electron microscopy (SEM) images were recorded using a Zeiss EVO 40 

scanning electron microscope. 
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The hot-stage microscopy (HSM) analysis was performed using an OLYMPUS 

BX41 microscope equipped with a VISICAM 5.0 and a NIKON DS FI3 camera. A Linkam 

TMS-94 stage was used for temperature control. 

 

4. Results 

e performance of organic semiconductors critically depends on charge carrier mobility. 

It is influenced by intrinsic properties of the material, such as molecular structure and 

packing, extrinsic factors like the nature of defects, and external parameters including 

pressure and temperature.15 My work aimed to investigate the influence of some of these 

effects on the optoelectronic properties of selected organic semiconductors. For this 

purpose, I studied representatives of both classes: small-molecule compounds, focusing on 

perylene diimide derivatives (articles A1–A3) and polymers, represented by PTB7 (A4).  

Article A1 investigates the structure and optoelectronic properties of PTCDI-Ph 

(Figure 8a), a perylene diimide N-substituted with a phenyl group, under external stimuli. 

The study utilized a combination of DSC, synchrotron and in-lab SCXRD, alongside UV-

Vis-NIR absorption and PL spectroscopy to understand how structural deformations 

induced by high pressure and varying temperatures affect optical behavior of PTCDI-Ph. 

Article A2 focuses on PDI-C6, a PDI modified with an n-hexyl alkyl chain at the imide 

position (Figure 8c). This study explores its solid-state phase transitions under high 

pressure and varying temperatures, employing a combination of DSC, HSM, SCXRD and 

PXRD. Article A3 presents the correlation between pressure-induced structural changes 

and variations in optical UV-Vis-NIR absorption and photoluminescence across a series of 

four PDIs with alkyl substituents of varying lengths at the imide positions (PDI-Cn, where 

n = 5–8), shown in Figure 8b–d. Experimental methods included high-pressure 

synchrotron and in-lab SCXRD, along with UV-Vis-NIR absorption and PL spectroscopy. 

Article A4 presents an investigation of the impact of applied pressure and varied film 

preparation techniques on the absorption characteristics of the polymer PTB7. UV-Vis-

NIR, SEM and PXRD techniques were used.  

 

 



24 
 

4.1. PTCDI-Ph (A1) 

Calorimetric and X-ray diffraction studies presented in article A1 reveal that PTCDI-Ph 

undergoes two phase transitions within the investigated pressure and temperature range 

(up to 3.55 GPa and between 130 and 573 K). Under ambient conditions, the compound 

crystallizes in the monoclinic space group P21/c (phase II), with half of the PTCDI-Ph 

molecule in the asymmetric unit (Z’ = 0.5). This structure is consistent with the 

previously reported single-point determination at 93 K and 0.1 MPa.138 Phase II remains 

stable from at least 93 to 490 K and under compression up to 3.0 GPa. Above this pressure 

and temperature range, two additional polymorphs were observed: phase I, stable above 

493 K, and phase III, which emerges above 3.0 GPa (Figure 3 in article A1). Due to the 

destructive nature of the transitions from phase II to phases I and III, only powder X-ray 

diffraction patterns were collected for phases I and III, and their crystal structures could 

not be determined.  

A key conformational feature of PTCDI-Ph is the torsion angle of its terminal 

phenyl rings relative to the perylene core (C11-N1-C13-C18), of 58.5(9)° at 296 K and 0.1 

MPa. The compression decreases this angle to 50.5(7)° at 2.85 GPa and simultaneously 

decreases π-π stacking distance from 3.523(7) Å at 0.1 MPa to 3.183(3) Å at 2.85 GPa, 

whereas heating generally increases the torsion angle and expands the dπ from 3.523(7) Å 

at 296 K to 3.59(5) Å at 490 K. 

Interestingly, the crystal displays 

negative linear compressibility (NLC) 

along the [100] direction up to 0.78 GPa 

(K = -6.1 TPa−1) and also the negative 

thermal expansion (NTE) in the same 

direction (Figure 11). The NLC refers to 

an elastic elongation in one direction 

despite the application of hydrostatic 

pressure, while NTE describes a 

contraction upon heating, contrary to 

the typical thermal expansion of most 

materials (Figure 12).  

Figure 11. Arrangements of PTCDI-Ph 

molecules in the unit-cell along direction: (a) 

[100]; (b) [010]; and (c) [001], at 0.1 MPa. 
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Article A1 also presents 

spectroscopic studies of solid PTCDI-Ph 

under high-pressure conditions. Up to 4.99 

GPa, a pronounced bathochromic shift of 

approximately 33 nm GPa−1 is observed in 

the 630–793 nm range. This shift 

corresponds to a linear decrease in the 

band gap energy with increasing pressure, 

attributed to enhanced π–π stacking 

between adjacent perylene cores. These 

changes are accompanied by a visible 

color change of the PTCDI-Ph sample 

from red to black (Figure 13). This process is fully reversible, with the original color 

restored upon decompression. Photoluminescence (PL) measurements reveal that the PL 

properties are highly sensitive to both pressure and temperature. Heating causes a 

decrease in PL intensity and broadening of the emission bands, while compression 

induces a bathochromic shift of the emission maximum. These significant and reversible 

changes in PTCDI-Ph optical properties with pressure and temperature highlight its 

suitability as a highly stimuli-responsive organic material and multi-modal sensor for 

extreme conditions. Its pressure absolute sensitivity (Sa) can reach 8.33 nm GPa-1 and its 

temperature sensitivity can be up to 0.068 nm K-1, outperforming many inorganic sensors, 

such as YAlO3/ Cr3+.139 

 

 
Figure 13. Photographs of visual changes in the PTCDI-Ph film under increasing pressure. 

 

Figure 12. Negative linear compressibility – 

linear expansion along one direction (top), 

and negative thermal expansion – linear 

contraction along one direction upon heating 

(boom).  
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 The research presented in A1 demonstrates that the optoelectronic properties of 

PTCDI-Ph can be finely tuned by external stimuli, primarily through changes in π–π 

stacking distance and molecular conformation. This makes PTCDI-Ph a promising 

candidate for designing advanced organic electronic and optoelectronic devices, 

especially as a high-performance sensor for pressure and temperature. 

 

4.2. PDI-C6 (A2) 

Article A2 delves into the structural characteristics of PDI-C6 under various conditions, 

including high pressure up to 4.61 GPa, as well as low and high temperatures in the range 

from 100 K up to 823 K. We identified five distinct polymorphs of PDI-C6, all of which 

crystallize in the same triclinic space-group type 𝑃1ത . At ambient conditions (phase I), 

the PDI-C6 molecule is located on an inversion center (Z′ = 0.5). The alkyl chains adopt an 

all-antiperiplanar conformation, with all relevant torsion angles approaching 180°. These 

observations are consistent with the structure reported by Madhu et al. at 173 K and 0.1 

MPa.140 Upon heating, the ambient phase I of PDI-C6 transforms into phase II at 465 K, 

and subsequently, phase II transforms to phase III at 521 K. A notable structural change 

occurs in phase II, where perylene cores, 

initially arranged in parallel stacks in 

phase I, undergo a significant 33° scissor-

opening rotation, coupled with 

conformational rearrangements of the 

alkyl chains (Figure 14). This behavior is 

consistent with observations for PDI-C5, 

which exhibits a similar scissor-opening 

rotation upon transformation to high-

temperature phase III.62 The transition 

from phase II to phase III of PDI-C6 is 

reconstructive, which has hindered the 

crystal-structure determination of phase 

III and only its unit-cell parameters have 

been established. Under high pressure, 
Figure 14. Molecular arrangement in phase I 

(le) and phase II (right) of PDI-C6. 
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phase I of PDI-C6 undergoes two other phase transitions: to phase IV at 1.22 GPa and 

further to phase V at 1.50 GPa. In phase IV, Z’ increases from 0.5 to 1, and then decreases 

back to 0.5 in phase V. These pressure-induced transitions involve stepwise modifications 

of the n-hexyl substituent conformations, leading to the emergence of synclinal 

conformers with torsion angles close to ±60°. This conformational flexibility allows for 

more efficient molecular packing and effectively reduces the π-stacking distance by over 

9% between 0.1 MPa and 4.61 GPa.  

Hot-stage microscopy studies uncovered intriguing behavior of PDI-C6 crystals 

during temperature-induced transitions between phases I and II. Upon heating, the 

transition from phase I to phase II shows propagation fronts, which lead to the formation 

of wrinkles on the crystal surface. During cooling, when the transition from phase II to 

phase I occurs, the PDI-C6 crystals elongate, leading to the movement and bending of 

some crystals (Figure 2 in article A2). This behavior is the subject of our further research. 

 

4.3. PDI-Cn (A3) 

Article A3 presents a correlation between the high-pressure structural and optoelectronic 

properties of four PDI-Cn derivatives (n = 5-8). At ambient conditions, all four PDI-Cn 

compounds crystallize in the triclinic space group type P1ത, with comparable unit-cell 

parameters and Z’ = 0.5. In their ambient phases, all compounds adopt antiperiplanar 

conformations in their alkyl chains, with all torsion angles close to 180°, except for PDI-

C7, in which its terminal carbon atoms are disordered. Importantly, the crystal structure 

of PDI-C7 had not been previously determined. High-pressure single-crystal X-ray 

diffraction studies led to several previously unreported pressure-induced phases. 

Although the increasing pressure induces distinct phase transitions across the PDI-Cn 

series, several similarities emerge. Notably, all newly identified high-pressure phases 

crystallize in the same triclinic space group type P1ത. Moreover, these pressure-induced 

transitions are associated with conformational changes in the alkyl chains, causing 

deviations of some torsion angles from 180°. 

Measurements on PDI-C5 up to 3.84 GPa revealed a phase transition from phase I 

to phase IV around 2 GPa. As previously mentioned, PDI-C7 exhibits distinct structural 



28 
 

behavior compared to the other three PDI-Cn derivatives discussed in this dissertation. 

Notably, under ambient conditions the terminal methyl group of the n-heptyl substituent 

displays conformational disorder. In phase I of PDI-C7, this disorder is manifested by two 

distinct torsion angles of the terminal carbon atoms: C16-C17-C18-C19A of ±78.8(8)° and 

C16-C17-C18-C19B of ±153(1)° at 0.1 MPa, with site occupancy factors (SOFs) of 0.596(14) 

and 0.404(14), respectively. Upon compression to 0.50 GPa, the disorder is eliminated, and 

the C16-C17-C18-C19 angle adopts a well-defined value of 175.1(9)°, indicating ordering 

of the alkyl chain in all-antiperiplanar conformation. Structural measurements were also 

performed down to 100 K to investigate the effect of temperature on this disorder. 

However, the effect of cooling is significantly weaker, and the disorder persists down to 

100 K at least. The compression beyond 1.8 GPa resulted in a significant deterioration of 

diffraction-data quality, which hampered further X-ray diffraction experiments. At room 

temperature, PDI-C8 undergoes two pressure-induced phase transitions. The first 

transition, from phase I to phase III occurs at 0.61 GPa, lower than the corresponding 

transitions in PDI-C5 and PDI-C6, indicating the significant role of the longer alkyl chains 

in accommodating the compression strain. The subsequent transition to phase IV occurs 

at 1.50 GPa and it involves an increase in the number of independent molecules in the 

unit cell, with Z' increasing from 0.5 to 1. As in the case of PDI-C7, further compression 

beyond 1.6 GPa results in a marked deterioration of data quality, hampering the structure 

determination. The compression of phase I of PDI-C8 revealed a NLC effect similar to that 

observed for PTCDI-Ph, but even more pronounced, with K = -37.6 TPa−1. The observed 

structural changes were correlated with corresponding shifts in the absorption and 

emission spectra recorded under high-pressure conditions. All compounds exhibited 

bathochromic shifts, with the most pronounced effect observed for PDI-C8, where the 

absorption edge redshifted by 84.4 nm GPa-1 and the PL band by 10.8 nm GPa-1. The 

smallest absorption-edge shift, 46.9 nm GPa-1, was observed for PDI-C7, while the smallest 

PL band shift, 5.8 nm GPa-1, was recorded for PDI-C6. 
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4.4. PTB7 (A4) 

Article A4 focuses on polymer PTB7, for which the high-pressure optical properties were 

investigated. Thin films of PTB7, suitable for UV-Vis-NIR absorption spectroscopy, were 

prepared by three distinct methods on the diamond culet: (1) uniaxial compression of the 

powder, (2) solvent evaporation from a PTB7 solution, and (3) precipitation from a PTB7 

solution under increasing pressure (Figure 10). The homogeneity of films from the first 

two methods was compared using SEM. These images revealed that films obtained by 

powder compression are uniform and homogeneous, whereas those prepared by 

evaporating dichloromethane exhibit patchy morphology with visible gaps and cracks, 

leading to heterogeneous defect patterns. It is important to note that solvent-based 

techniques, like methods (2) and (3) face practical limitations. A key issue for both 

methods is the poor solubility of many organic semiconductors, while method (3) is 

additionally restricted by a limited pressure range due to solvent crystallization. 

Regardless of the preparation method, all PTB7 layers display a similar 

bathochromic shift of about 25 nm GPa-1 up to 5 GPa in their UV-Vis-NIR spectra. These 

changes progress linearly up to approximately 1 GPa, after which the rate of change 

significantly decreases, becoming several times smaller above 4 GPa. 

 

5. Discussion  

5.1. Structure of PDI derivatives under extreme conditions 

High-pressure and variable-temperature structural investigations of five PDIs presented 

in this dissertation revealed several previously unreported polymorphs. The ambient 

phase II of PTCDI-Ph, which features a rigid phenyl substituent that can only rotate 

relative to the perylene core, demonstrates the highest stability, persisting from at least 93 

up to 490 K, and under pressure up to 3.0 GPa (Figure 15). In contrast, the introduction of 

flexible alkyl substituents in the PDI-Cn compounds increases their susceptibility to the 

external stimuli of pressure. As a result, the first observed pressure-induced phase 

transitions for all PDI-Cn derivatives occur below 2.5 GPa. Within the PDI-Cn series, a 

clear trend was observed where longer alkyl chains correlate with lower pressures and 
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higher temperatures required for a transition to occur. For example, the first pressure-

induced phase transition occurs at 2.17 GPa for PDI-C5, 1.22 GPa for PDI-C6, and 0.61 GPa 

for PDI-C8 (Figure 15). PDI-C7 deviates slightly from this trend, exhibiting an ordering of 

its alkyl chains at 0.50 GPa without significant changes in the unit-cell parameters. The 

temperature-induced transitions follow the opposite trend, occurring at 385 K for PDI-

C5,62 465 K for PDI-C6, 486 K for PDI-C7,36,143 and 497 K for PDI-C8.143 Furthermore, the 

analysis reveals an odd-even effect in the number of observed transitions. This 

phenomenon, which can influence a wide range of physical properties, including melting 

point, solubility, and thermal expansion, occurs when the properties of a compound series 

alternate depending on whether a specific structural parameter, such as the number of 

carbon atoms, is odd or even.144,145 In our studies, derivatives with an even number of 

carbon atoms (PDI-C6 and PDI-C8) undergo two pressure-induced phase transitions, 

whereas those with an odd number (PDI-C5 and PDI-C7) undergo only one. A different 

behavior is observed at high temperatures, where PDI-C5, PDI-C6, and PDI-C7 each 

exhibit two transitions, while PDI-C8 exhibits only one. Conversely, at low temperatures, 

the studied compounds proved highly stable, with no transitions detected down to 130 K 

for PTCDI-Ph or 100 K for PDI-C6 and PDI-C7. Among all derivatives, PDI-C6 stands out 

as the most sensitive compound to external stimuli, undergoing two transitions under 

both high pressure and high temperature. 

 

 
Figure 15. Temperature- and pressure- induced phase transitions in PTCDI-Ph and PDI-Cn, n = 5-

8. The appearance of phases II and III in PDI-C5,62
  phases II and III in PDI-C7,36,143 and phase II in 

PDI-C8 has been previously reported in the literature.143 
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This odd-even behavior relates to the conformational flexibility of the alkyl 

substituents. Under pressure, the even-n chains of PDI-C6 and PDI-C8 are more prone to 

adopt synclinal conformations with some torsion angles close to ±60° (Figure 16b, d). It 

allows for more complex, multi-step packing adjustments. In contrast, the odd-n alkyls in 

PDI-C5 and PDI-C7 tend to maintain antiperiplanar conformations with all torsion angles 

close to 180°, resulting in simpler, single-step phase transitions under the studied pressure 

range (Figure 16a, c). 

 

 

Figure 16. Conformational changes in PDI-C5 (a), PDI-C6 (b), PDI-C7 (c), PDI-C8 (d) molecules 

observed in pressure-induced phases, illustrated by superimposing the perylene cores; (e) PTCDI-

Ph molecule highlighting the torsion angle that defines the rotation of the phenyl substituents; () 

legend presenting possible types of molecular conformations with the corresponding ranges of 

torsion angles and abbreviations.  
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To study the physical basis of the observed differences in phase stability, I 

analyzed the molecular volume (Vm) as a function of pressure and temperature (Figure 

17). The rates of Vm change were determined within the pressure ranges corresponding to 

the occurrence of ambient phases (phase II for PTCDI-Ph and phase I for PDI-Cn) and 

across the whole measured pressure range (values highlighted with frames in Figure 17a). 

Among the ambient-pressure phases, PDI-C8, which has the largest Vm at 0.1 MPa, 

exhibits the highest rate of Vm decrease. In general, as the initial Vm of the PDI derivatives 

decreases, the rate of its reduction also decreases, reaching the smallest value for PTCDI-

Ph (−31.0 Å3 GPa-1). Thus, within the PDI-Cn series, the rate of Vm reduction increases 

systematically with the length of the alkyl chain. When comparing relative changes, Vm 

compresses at rates of approximately 5% GPa-1 for PDI-C5, 4% GPa-1 for PDI-C6, 6% GPa-1 

for PDI-C7, 8% GPa-1 for PDI-C8, and 5% GPa-1 for PTCDI-Ph. Again, the highest rate is 

that of PDI-C8 (Figure 17b). 

The largest rate of temperature-induced Vm change is observed for PDI-C6 (0.18 Å³ 

K⁻¹), and the lowest rate for PTCDI-Ph (0.11 Å³ K⁻¹). For comparison, I included data for 

PDIF-CN2, a PDI derivative with both imide and bay substituents (CCDC deposition 

numbers: 1848554-1848559),71 as it is currently the only other derivative with a reported 

series of variable-temperature structural studies. PDIF-CN2 shows a rate of 0.15 Å3 K-1, 

however, this data is limited to temperatures up to 300 K. These macroscopic properties 

are fundamentally connected with the microscopic arrangement of the molecules—their 

crystal packing. The following analysis of the crystal packing will therefore provide a 

structural basis for the observed stability trends.  

 



33 
 

Figure 17. Pressure (a) and temperature (c) dependence of the molecular volume (Vm = V/Z, 

where V is the unit-cell volume and Z is the number of molecules in the unit cell), and the relative 

changes in Vm as a function of hydrostatic pressure (b) and temperature (d) for all PDI derivatives 

investigated in this thesis. For comparison, plots (c) and (d) also include data for PDIF-CN2.71 

Vertical dashed lines indicate the phase transitions. The rates of Vm change were determined for 

the ambient-pressure phases and across the entire measured pressure range, with the later values 

given in frames in panel (a). For PTCDI-Ph, only a single value is shown, as data are available 

exclusively for the ambient phase II. 
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Understanding packing motifs is crucial, as they directly govern the 

intermolecular π-orbital overlap and, consequently, the charge transport properties that 

make PDIs promising organic semiconductors. While previous works, such as those by 

Maini et al.,146 have attempted to classify PDI packing arrangements, a comprehensive 

understanding has been hindered by the limited availability of structural data, especially 

for polymorphs. Moreover, no structural information other than ours is currently 

available regarding the effects of high pressure on PDIs. 

Analysis reveals that the 

investigated PDIs adopt two primary 

packing motifs at ambient conditions: a 

herringbone arrangement for PTCDI-Ph 

(Figure 18c) and lamellar π-π stacking for 

the PDI-Cn derivatives (Figure 18a). 

While high-pressure conditions do not 

significantly alter these overall packing 

motifs, some high-temperature phases 

undergo substantial rearrangements. 

Specifically, a pronounced scissor-like 

rotational motion of the molecules is 

observed in phase III of PDI-C₅ and phase 

II of PDI-C₆ (Figure 18b). However, the 

structural analysis remains incomplete, 

as the crystal structures of several high-

pressure and high-temperature phases have not yet been determined. These include the 

high-pressure phase III of PTCDI-Ph, as well as the high-temperature phases for PTCDI-

Ph (I), PDI-C₆ (III), PDI-C₇ (II, III), and PDI-C₈ (II).  

To better describe these packing arrangements and the nature of rearrangements, 

the mutual orientation of neighboring molecules in a π-stacking column was 

characterized by three angles: pitch (P), roll (R),147 and yaw (Y), as well as the π–π stacking 

distance (dπ). The P angle quantifies the displacement of adjacent molecules along their 

long molecular axis, while the R angle describes the relative shift along the short 

Figure 18. Crystal packing motifs observed in 

studied PDIs: (a) lamellar π-stacks with angle Y 

= 0°; (b) lamellar π-stacks with Y ≈ 30°; and (c) 

herringbone π-stacks. The table summarizes 

the identified phases and their packing motifs 

(bottom).  
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molecular axis (see inset of Figure 19). The Y angle, introduced in this thesis, describes the 

rotation between adjacent perylene cores. It is measured along the z-axis of the perylene 

core and is defined as the torsion angle of Nmolecule1-centroidmolecule1-centroidmolecule2-

Nmolecule2.  

The analysis of these P, R (Figure 19) and Y angles reveals that while the packing is 

relatively rigid under most conditions, specific phase transitions are marked by abrupt 

changes in molecular orientation. At ambient conditions, the four PDI-Cn compounds 

exhibit similar packing arrangements, with P angles ranging from 42.0–43.5° (Figure 18a) 

and R angles from 20.0–22.1° (Figure 19c). These values differ significantly from those of 

PTCDI-Ph, where P is 6.78(18)°, and R is 28.08(7)°, highlighting its distinct packing motif. 

At ambient conditions, the Y angle is 0° for all PDI derivatives. Under pressure, the most 

significant change occurs in PDI-C5 during its transition to phase IV at 2.17 GPa, where 

the P angle sharply decreases to 16.4(8)° and the R angle increases to 28.0(3)°. The Y angle 

remains equal to 0°. In contrast, the most pronounced thermal-induced rearrangement 

occurs in PDI-C6 at 470 K. This transition from phase I to phase II corresponds to the 

previously described scissor-like motion and is quantified by changes in all three angles. 

The Y angle increases from 0° to ≈33°, while the P and R angles adopt distinct values 

depending on the relative orientation of neighboring cis and trans molecules. Specifically, 

the P angle increases to approximately 29° between two neighboring cis molecules and 

about 24° for neighboring cis-trans molecules (Figure 19b), while the R angle becomes ~20° 

and less than 6° for the respective pairs of molecules (Figure 19d). 
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Figure 19. Pressure and temperature-induced changes in the pitch (a, b) and roll (c, d) angles. At 

470 K, three data points are observed due to the increased number of molecules in the symmetry-

independent part of the unit-cell (Z’ = 1.5). The temperature-dependent angles calculated for PDI-

C5 are taken from the literature. The insets schematically describe the pitch (P) and roll (R) angles 

for the PDI cores projected along their short (a) and long (c) axes, respectively. 

 

Figure 20 illustrates the correlation between the dπ distance and applied pressure 

(a) and temperature (b) for the studied PDI derivatives. According to the classification 

proposed by Janiak,148 interplanar spacings around 3.3 Å indicate strong π–π interactions, 
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while those in the range of 3.6–3.8 Å are considered weak. At ambient pressure, the π–π 

stacking distances among the PDI-Cn derivatives are similar, between 3.360(8) Å in PDI-C5 

and 3.3882(9) Å in PDI-C6. However, at a relatively low range of pressure above 0.15 GPa, 

their π-stacking distances begin to diverge visibly (Figure 20a). PTCDI-Ph initially 

exhibits the longest π–π stacking distance compared to the PDI-Cn series, equal to 

3.523(7) Å at 0.1 MPa (Figure 21). This observation is consistent with previous reports, 

which demonstrated that PDIs N-substituted with alkyl have shorter π–π stacking 

distances than those functionalized with aromatic substituents. However, this difference 

becomes less pronounced under higher pressure, indicating a stronger compression 

response. The largest pressure-induced change in dπ is observed for PDI-C8, with a rate of 

-0.11 Å GPa-1, which correlates with the most pronounced redshift of the absorption edge 

among the studied compounds. Interestingly, the transition to phase IV in PDI-C5 is 

accompanied by a sudden increase in the dπ distance, mirroring the abrupt changes 

observed in its P and R angles. The temperature-induced rate of change in dπ ranges from 

2.73·10-4 Å K-1 in PDI-C7 to 3.48·10-4 Å K-1 in PDI-C6 (Figure 20b).  

 

 
Figure 20. Distance dπ between π-stacked molecules as a function of pressure (a) and temperature 

(b) for studied PDIs. The rates calculated over the entire investigated pressure and temperature 

ranges are provided. 
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Figure 21. Crystal structures of the ambient phases of PDIs indicating the dihedral angle (τ) of 

the substituents (a); displacements between neighboring molecules and yaw angle (b); pitch angle 

and the π-stacking distance (c); roll angle between neighboring molecules in the π-stacking 

column. 

   

5.2. High-pressure effects on photophysical properties of organic 

semiconductors 

To gain deeper insight into the impact of structural transformations on the photophysical 

properties of organic semiconductors, we investigated the UV-Vis-NIR absorption spectra 

of six compounds discussed in this dissertation: PTCDI-Ph, PDI-C5, PDI-C6, PDI-C7, PDI-

C8, and PTB7. All measurements presented in Figure 22 were performed on solid-state 

films prepared on diamond culets via the uniaxial compression method previously 

described in Section 3.4 (Figure 10a), and the pressure was then gradually increased.   
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With increasing pressure, all six compounds exhibit a progressive redshift in their 

absorption spectra, indicating a systematic reduction in band-gap energy (Eg, Figure 22). 

This was also visually apparent, as the crystals darkened under pressure. These changes 

were reversible, as the films returned to their original color upon decreasing the pressure.  

 

 
Figure 22. Pressure dependence of band-gap energy Eg for PTCDI-Ph, PDI-C5, PDI-C6, PDI-C7, 

PDI-C8, and PTB7 (a) and Eg as a function of dπ distances (b).  

 

PTCDI-Ph and PDI-C7 display the highest Eg values of 1.99 eV at 0.1 MPa, while 

PTB7 displays the lowest Eg of 1.59 eV at 0.21 GPa (Figure 22a). In terms of pressure 

sensitivity, PTB7 shows the smallest change in Eg with increasing pressure, with the 

dEg/dp rate of -0.07 eV GPa-1. Conversely, PDI-C8 is most sensitive, with dEg/dp of -0.17 

eV GPa-1. Among the PDI derivatives, PTCDI-Ph, known for its remarkable phase 

stability, shows the smallest rate of Eg change at -0.08 eV GPa-1. The Eg reduction 

correlates with a shorter π-stacking distance dπ for all studied PDI derivatives (Figure 

22b). For some compounds, such as PDI-C5 and PDI-C7, distinct drops in Eg are observed 

at phase transition points. 
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 We also measured the 

photoluminescence of the PDI crystals 

under varying thermodynamic 

conditions. For PTCDI-Ph, the effects of 

temperature and pressure were 

investigated, whereas for the PDI-Cn (n 

= 5–8), only the influence of pressure 

was studied. All investigated materials 

exhibit a broad emission band in the NIR 

spectral range. Figure 23 presents the PL 

band centroid as a function of pressure 

for all five studied PDIs. The PL 

spectrum of PTCDI-Ph in phase II 

consists of two distinguishable emission 

bands: an intense band A at λ ≈ 680 nm 

and a lower-intensity band B at λ ≈ 737 nm. Only the shift of the intense band A is 

presented in Figure 23. Consistent with UV-Vis-NIR absorption shifts, PDI-C8 displays the 

most pronounced redshift in its emission spectra, while PTCDI-Ph shows the smallest.  

 

6. Conclusions 

Studies presented in my dissertation bridge a gap in understanding the high-pressure and 

variable-temperature behavior of five perylene diimide (PDI) derivatives and the 

conjugated polymer PTB7. The selected PDIs include a homologous series of four alkyl-

substituted compounds of various chain lengths (PDI-C5, PDI-C6, PDI-C7, PDI-C8) and one 

phenyl-substituted derivative (PTCDI-Ph), all functionalized at the imide positions. By 

employing a combination of experimental techniques, including in-lab and synchrotron 

single-crystal X-ray diffraction, differential scanning calorimetry, hot-stage microscopy, 

and UV-Vis-NIR absorption and photoluminescence spectroscopy under extreme 

conditions, this work provides detailed insights into the polymorphism, molecular 

packing, compressibility, thermal expansion and optical responses of these 

Figure 23. Pressure-induced PL bandshifts for 

PTCDI-Ph, PDI-C5, PDI-C6, PDI-C7, and PDI-C8. 

The shift rates calculated over all range of 

pressure investigated are given. 
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representatives of organic semiconductors. These findings have been presented in a series 

of four articles. 

X-ray diffraction and calorimetric studies revealed the rich polymorphic behavior 

of PDI derivatives under high-pressure and high-temperature conditions. Despite the 

experimental challenge posed by the low symmetry of the crystals, which often resulted 

in datasets with low completeness, this research successfully solved and refined a total of 

64 single-crystal structures under various conditions, including 19 for PTCDI-Ph, 8 for 

PDI-C5, 16 for PDI-C6, 14 for PDI-C7, and 7 for PDI-C8. Among these, several previously 

unreported crystal phases were characterized: one phase for PDI-C5 (IV); three for PDI-C6 

(II, IV and V); and two each for PDI-C7 (I, IV) and PDI-C8 (III, IV). Notably, all newly 

characterized high-pressure and high-temperature phases retain their ambient-pressure 

space group types. Under the studied conditions, PTCDI-Ph crystallizes in the monoclinic 

P21/c space group, while the PDI-Cn series (where n = 5-8) crystallizes in the triclinic P1̅ 

space group. Low-temperature studies down to 100 K on PTCDI-Ph, PDI-C6, and PDI-C7 

revealed no phase transitions.  

 My further analysis of the PDI derivatives revealed several distinct trends. For 

instance, PTCDI-Ph, with its rigid phenyl substituent that can only rotate relative to the 

perylene core, demonstrates the highest phase stability. It is stable across a wide 

temperature range from 93 K up to 490 K at least, as well as at the high pressures up to 

2.85 GPa. In contrast, more flexible alkyl-substituted PDI-Cn derivatives are susceptible to 

the external stimuli of temperature and pressure resulting in phase transitions in all of 

derivatives below 2.5 GPa.  This behavior can be explained by their increased number of 

conformational degrees of freedom. Moreover, a clear relationship emerged between the 

length of alkyl chains in PDI-Cn and the conditions inducing the transitions. Longer alkyl 

chains correlate with lower pressures required to induce the transitions and with higher 

temperatures of the transitions at ambient pressure. This finding highlights the critical 

role of substituent flexibility in governing structural response to external stimuli. The 

odd-even effects, also identified within the PDI-Cn series, manifesting across properties 

such as the number of phase transitions, alkyl-chain conformational conversions, and 

compressibility, further highlight the tuning role of substituents for the properties of PDI 

derivatives. The strong anisotropy of the crystals is evident in in their varying 
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compressibility and thermal expansion along different crystal axes. A clear manifestation 

of this is the negative linear compressibility observed in PTCDI-Ph and PDI-C8, where the 

crystal expands in one direction under hydrostatic pressure while contracting in others. 

Other features characteristic of this group of compounds have also been identified, such 

as the conformational disorder in PDI-C7. 

The macroscopic properties of PDI compounds, their phase stability and optical 

properties, have been related to microscopic structures. At ambient conditions, PTCDI-Ph 

adopts a herringbone motif, while the PDI-Cn derivatives form lamellar π–π stacking 

arrangements. These molecular arrangements allow for efficient π-stacking, which 

facilitates charge transport. While high-pressure conditions generally preserve these 

packing motifs, high-temperature transitions in some PDIs (e.g., PDI-C5 and PDI-C6) 

induce scissor-like rotations of molecules, leading to rearrangements within the π-

stacking columns. To characterize these packing arrangements and transformations, I 

used three angles, pitch, roll, and yaw, along with the π–π stacking distance (dπ), to define 

the mutual orientation of neighboring molecules. Under pressure, dπ decrease is most 

pronounced in PDI-C8, which correlates with its high compressibility and the most 

significant optical redshift.  

I have also developed and compared different methods for measuring UV-Vis 

absorption in the diamond-anvil cell. The most effective technique proved to be the 

preparation of a solid sample layer by uniaxial compression. A general feature observed 

for the studied PDI derivatives investigated and polymer PTB7 is the pressure-induced 

band-gap narrowing, which results in reversible redshifts in their absorption and 

photoluminescence spectra. In the studied series, PDI-C₈ is the most sensitive to pressure, 

while PTCDI-Ph and PTB7 show the smallest responses.  

In conclusion, the results obtained in my thesis demonstrate that the properties of 

organic semiconductors and their responses to external stimuli can be rationally tuned 

through careful molecular design. Substituent type, length, and flexibility determine both 

the structural adaptability and photophysical response. This knowledge provides a 

foundation for designing organic semiconductors with tailored properties for 

optoelectronic applications, including high-performance sensors and flexible devices. 
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These findings can guide the design of novel OSCs with improved mechanical resilience, 

tunable optical properties, and controlled molecular aggregation patterns for the charge-

transport pathways. 
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