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Summary in Polish

(Streszczenie po polsku)

Celem mojej rozprawy doktorskiej bylo zbadanie wplywu wysokiego cisnienia oraz
zmian temperatury na strukture i wlasciwosci fotofizyczne wybranych pdtprzewodnikoéw
organicznych, aby poglebi¢ wiedze¢ o zaleznosci struktura-wlasciwosci w tej grupie
zwigzkow. Inspiracja do podjecia badan byly liczne doniesienia literaturowe dotyczace
materialdow perowskitowych, w ktorych wykazano, ze ekstremalne warunki stanowia
skuteczne narzedzie do analizy mechanizméw przemian fazowych oraz zaleznosci miedzy
strukturg a wlasciwosciami. W przypadku poélprzewodnikéow organicznych takie
podejscie wcigz pozostaje stosunkowo rzadko wykorzystywane, mimo Ze materialy te
odgrywaja coraz wigksza role w rozwoju nowoczesnych technologii fotowoltaicznych i

optoelektronicznych.

Rozprawa obejmuje cykl czterech artykulow przedstawiajacych wyniki badan
szeSciu  wybranych  polprzewodnikow  organicznych: polimeru PTB7  oraz
matoczasteczkowych pochodnych diimidu perylenowego (PDI) rdznigcych —sie
podstawnikami w pozycji imidowej. Analizy strukturalne, przeprowadzone metoda
dyfrakcji rentgenowskiej, skorelowatam z pomiarami spektroskopowymi UV-Vis-NIR i
fotoluminescencji, co umozliwilo identyfikacje i szczegétowa charakterystyke szeregu
nowych polimorfow. Wyniki badan wykazaly, Ze wzrost cis$nienia lub temperatury
prowadzi do istotnych zmian w odleglosciach m—m pomiedzy rdzeniami aromatycznymi,
konformacji czasteczek oraz sposobie ich agregacji. Modyfikacje te wptywaja na przerwe

energetyczna pasm i wlasciwosci luminescencyjne analizowanych materialow.

W artykule A1 przedstawilam wyniki badan dotyczacych PTCDI-Ph, pochodnej
PDI z podstawnikami fenylowymi, dla ktoérej zidentyfikowatam trzy polimorfy: stabilny w
warunkach atmosferycznych, wysokotemperaturowy wystepujacy powyzej 493 K oraz
wysokocisnieniowy stabilny powyzej 3 GPa. Zaobserwowalam odwracalne przesuniecia
batochromowe oraz zmiany intensywnosci fotoluminescencji zalezne od cisnienia i
temperatury, wskazujace na mozliwos¢ zastosowania PTCDI-Ph jako materiatu
aktywnego w czujnikach multimodalnych. Artykul A2 poswigcony zostal badaniom
pochodnej PDI-Cs z N-podstawionymi n-heksylami, dla ktérej zidentyfikowatam piec
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polimorfow, w tym dwa wysokocisnieniowe i dwa wysokotemperaturowe. Wykazatam,
ze ci$nienie prowadzi do stopniowych zmian konformacji tancuchow alkilowych,
natomiast wysoka temperatura powoduje dodatkowo rotacje rdzeni perylenowych.
Artykut A3 obejmuje analize serii PDI-C, (gdzie n = 5-8) z podstawnikami alkilowymi
(CnH2n+1) 0 réznej dlugosci. Zastosowanie dyfrakcji rentgenowskiej monokrysztalow w
warunkach wysokiego cisnienia pozwolito mi zidentyfikowac nowe fazy, a uzyskane dane
strukturalne skorelowalam z obserwowanymi przesunieciami w widmach absorpcji UV-
Vis-NIR i emisji. W artykule A4 opisalam wyniki badan dotyczacych polimeru PTB7, ze
szczegolnym uwzglednieniem wplywu wysokiego ci$nienia oraz sposobu przygotowania
warstwy pomiarowej na jego wlasciwosci optyczne. Wykazalam, ze wzrost ci$nienia
powoduje batochromowe przesunigcie krawedzi absorpcji oraz zwezenie przerwy

energetycznej (Eg).

Przeprowadzone badania wykazaly, ze wykorzystanie warunkow ekstremalnych
stanowi efektywne narzedzie do modelowania zmian strukturalnych, ktére bezposrednio
wplywaja na podstawowe wlasciwosci materialdow organicznych, takie jak przerwa
energetyczna i luminescencja. Wyniki te nie tylko dostarczajag nowych informacji na
temat zachowania polprzewodnikow organicznych pod wpltywem wysokiego cisnienia i
zmian temperatury, lecz takze wskazuja na mozliwos¢ swiadomego dostosowywania ich

wlasciwosci optycznych poprzez kontrolowane modyfikacje strukturalne.



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 m—n 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. 1 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-Cs, 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



chains, while high temperature additionally causes rotations of the perylene cores. Article
A3 analyzes the PDI-Cy series (where n = 5-8) with alkyl substituents (CnHan+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 (Ey).

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.



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.! As fundamental building blocks of
nearly all modern electronic devices, including transistors,? solar cells,® light-emitting
diodes (LEDs),*> and sensors,® 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.” 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 m-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),%° organic

field-effect transistors (OFETs),!? 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.!® 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 m-electron system, formed by the overlap of p,-orbitals

in sp?>-hybridized carbon atoms, which enables delocalization and charge transport.!* The



performance of organic electronic devices critically depends on the charge carrier
mobility (electrons and/or holes) within these m-conjugated materials.’> 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).
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

Small molecules
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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.!” 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



eliminating the need for high-quality crystalline substrates.?’ This provides advantages in
terms of cost, ease of processing, and thin-film formation.?'-?> 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).?* The importance of organic electronic materials
was recognized in 2000, when Hideki Shirakawa, Alan ]. Heeger, and Alan G.
MacDiarmid were awarded the Nobel Prize in Chemistry for their discovery and
development of conductive polymers.?> Despite recent progress and the promising
potential of organic materials, Si continues to dominate the semiconductor market due to
its superior performance.?®?” 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.?8-30

1.2. Perylene diimides

In recent years, significant research efforts have focused on a wide range of organic
semiconductors, including fullerenes,!>31:32 thiazole derivatives,3® oligoacenes,!>31:34
oligothiophenes,>3132 and perylenes.!>31323435  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.3¢ These characteristics make PDIs highly promising n-type semiconductors for
organic electronic devices and a compelling alternative to fullerene-based materials.37-4?
Consequently, PDIs are actively investigated for a diverse range of applications, including

optoelectronic and photovoltaic devices, as well as light-emitting diodes.*2~44
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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,% perylene dyes were initially employed exclusively as
industrial pigments, providing a broad color range from orange, red, and brown, to
black.* These color variations are highly sensitive to subtle changes in their chemical
structure and solid-state molecular packing.4’48 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,% initiating a rapid growth of research and subsequent performance
improvements.3” 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%.°° 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>* Furthermore, PDIs have

also proven effective as CILs in perovskite solar cells.>->¢
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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.””>8 This synthetic route enables high yields in a few steps, which is crucial for
meeting the requirements of large-scale manufacturing and commercialization.>® 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.®® 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.#® Bay substitutions can induce twisting of the perylene core due to
steric effects.®! Such geometric distortions may weaken intermolecular n-m overlap,

potentially reducing charge carrier mobility.*® On the other hand, ortho functionalization
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can modify the optoelectronic properties, while maintaining the planarity of the perylene
core.®® These functionalization strategies enable the rational design of PDIs with tailored

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

PDIs are known for their rich polymorphism,®?-%5 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.® 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)7° 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,®?> while their behavior at high
pressure has not yet been investigated. Systematic structural studies beyond ambient
temperature have been reported for PDI-Cs (Figure 4a) and PDIF-CN; (Figure 4b).%%7! For
PDI-Cs, high temperature studies up to 553 K revealed three distinct phases, while for
PDIF-CN, 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.”?’3  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.”

a) PDIC, b) PDIF-CN, CcN

SO~ °
' 2eYe! R
J—Fo Q Q o FS?_FK:O

NC
Figure 4. Chemical structure of PDI derivatives: (a) PDI-Cs,%? and (b) PDIF-CN,.”!
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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).”> 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 (PC7:BM -
phenyl-C71-butyric acid methyl ester) solar cell

devices was the first reported efficiency

exceeding 7% for polymer solar cells.”® The PTB7
presence of small branched side chains in PTB7

) o ) Figure 5. Chemical structure of 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°C and 0.1 MPa, due to experimental
constraints. Presently, owing to significant advances in instrumentation, it is possible to
access extreme pressures and temperatures,’”’8 in which materials can exhibit unexpected
and often 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.”3? Since the heating and
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cooling of crystalline samples is relatively easy, single-crystal structure determinations
under variable-temperature conditions quickly became a standard practice. The 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.?3 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.’4%>
Today, high-pressure techniques are widely employed to explore material compressibility,
pressure-induced phase transitions,3¢%7 and the effects of pressure on chemical bonding,
molecular conformations, intermolecular interactions,®® and amorphization.6¢:8%-%
Pressure can also induce a variety of other phenomena, such as energy bandgap
narrowing, prolonged carrier-lifetime,”*2 and enhanced photoluminescence (PL)
intensity.”® Thus, extreme temperatures and pressures offer a powerful means to
synthesize novel compounds and to observe and understand fundamental phenomena

more comprehensively.?*

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 lattice.” This
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. Thermodynamic 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,” crystal growth,’-%® crystal structure prediction,”

and the study of polymorphism,!? all key elements in the rational design of materials.!%!

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.!’? 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:-w and n-7 stacking, is most important for efficient charge transport and,
consequently, improved device performance. The hydrogen bonds and m-m stacking
interactions usually define the resulting molecular packing architectures. The typical
packing motifs observed in organic semiconductor crystals can be divided into four types
(Figure 6): (a) lamellar one-dimensional (1D) m-m stacking (e.g., 1,2,3,4-
tetrafluoroanthracene);!% (b) lamellar two-dimensional (2D) —n stacking, also referred to
as brick layer stacking (e.g., TIPS-PEN);1%4 (c) herringbone pattern with n-n overlap
between adjacent molecules (e.g., rubrene);!% and (d) herringbone pattern without -
overlap between molecules (e.g., pentacene).l921% High charge-carrier mobility is
expected when conjugated molecules pack with minimal displacement from an ideal 7-
stack and strong intermolecular interactions, thereby maximizing m-orbital overlap.17.108
Among these four motifs, the lamellar 2D m—stacking (Figure 6b) is considered the most
efficient for charge transport, while a herringbone packing motif without efficient t-x

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

e

b)

Figure 6. Typical crystal packing motifs in organic semiconductor crystals: (a) lamellar -
stacking with 1D charge-carrier channels, (b) lamellar 2D n-n stacking; (c) herringbone m-n

stacking; (d) herringbone packing without - stacking.
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The position and nature of substituents play a crucial role in governing m—n
interactions and packing motifs. For instance, studies on anthradithiophenes have
demonstrated that molecular packing is highly sensitive to the type of chemical
substitution.!'’> Among the three derivatives examined by Jackson et al,!'? the
triethylsilyl-substituted compound crystallizes in a 2D m-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 n—n interactions.!!3
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 A. In contrast, aromatic substituents at the imide positions may introduce
electrostatic repulsion, which either increases the stacking distance above 3.45 A or
induces molecular twisting that alters the stacking arrangement. For example, PDI-C;
(Figure 7a) exhibits a m-nt stacking distance (dx) of 3.416(4) A at 295 K, whereas PDI-3,5-
Xy (Figure 7b) of 3.458(2) A at 296 K (CSD deposition numbers: 1140265 and 186059,
respectively).!14115 Throughout this thesis, dr 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 ni—mt interactions.!!3 The dr for PDI-1(Pr) (Figure 7c) at 100 K is
3.5128(11) A (CSD deposition number: 2002333).11¢ In contrast, substitution at the ortho
positions is expected to maintain molecular planarity, promoting favorable m—m contacts
and directional intermolecular interactions, and thus supporting well-defined stacking
motifs.!13 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 dr of 3.4505(13) A 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 dx of 3.3470(6) A at
the same temperature (CSD deposition number: 1949528).!'7 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,'®> 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
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molecules around the stacking axis, which decreases the dx by 0.15 A, and transforms the

crystal color from black-blue to dark red.!!8

a) PDI-C, b) PDI-3.5-Xy ¢) PDI-1(Pr)

88 g8t @5:?

e) bPDI-1

d) obPDI-1  tBu tBu @.Q
O SRBH O
asesesaleoh 6

f) PDI-3CI !y PDI-3F

. s

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,!1®7123 their application to
organic semiconductors has remained unexplored. The reported studies on organic
materials under extreme conditions often focus on specific aspects, such as the isolated
effects of high pressure on either structure!?#1%5 or properties like photocurrent,!26:127
with only a few investigations considering both simultaneously.?® The research focusing
on semiconducting PDI derivatives, particularly their structural and optical responses to
pressure and temperature changes, remains even more limited.1?8 Nevertheless, several
studies have highlighted the considerable potential of exploring these materials under
non-ambient conditions.6%647112% 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.'?° They observed a pronounced red

shift 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.

This 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-C,, 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.

b) Ri= o™

¢) Ri= NN

6) Ry = o NS
PDI) e) Ry = ™SS

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. These four papers are listed below and discussed in detail in

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

This doctoral dissertation is based on the following scientific articles:

A1 P.Ratajczyk, S. Sobczak, P. Wozny, A. Wcislo, T. Poreba, 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. Wozny, 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. Przybyl, 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-Cy 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 force force
experiments were conducted using a modified l i l
Merrill-Bassett diamond-anvil cell (DAC, Figure " :

9).13% The DAC consists of two opposin

) PP & ‘h\"diamond

diamonds, with the sample placed between their

ruby sample an'd
polished culets in the central hole of a pre- }--{ h‘:ﬁ?ﬁ:’“
indented metal gasket.!3 This setup enables the gasket/
generation of extremely high pressures with /sst;’:"
relatively low mechanical force, typically applied
using screws or a gas membrane. In the Figure 9. Schematic diagram of a
experiments described in this thesis, diamond DAC with a solid sample and a ruby

culets with diameters of 0.7-0.8 mm were 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. The pressure was determined
using the ruby-fluorescence method,!3>13* 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 Ka radiation (A =
1.54178 A) 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 A = 0.4099 A, and the Swiss Light Source, employing radiation with A =
0.4920 A. In-lab four-circle diffractometers equipped with a Mo Ko X-ray source (A =
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0.71073 A) were also used. For the in-lab measurements, the DAC was centered using the

gasket shadowing method.!3*

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,13>13¢ all implemented within the OLEX2 interface.’® 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 All
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~ 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-Cy, (n = 5-8) derivatives were excited using a 450 nm

diode.
C
F 4
P ’
P 4

[
— ———— = =

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~! under the N atmosphere. For the PDI-C¢ sample, a
PerkinElmer PyrisDiamond DSC-7 equipped with a PII intracooler was used, also under

the Nz 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 (CuKal =
1.54060 A) 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

The 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.’> 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-Cs, 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-Cy, 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.
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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 P2i/c (phase II), with half of the PTCDI-Ph
molecule in the asymmetric unit (27 = 0.5). This structure is consistent with the
previously reported single-point determination at 93 K and 0.1 MPa.!3® 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 m-m stacking distance from 3.523(7) A at 0.1 MPa to 3.183(3) A at 2.85 GPa,
whereas heating generally increases the torsion angle and expands the dr from 3.523(7) A
at 296 K to 359(5) A at 490 K. 4 NOR b)
Interestingly, the crystal displays '

negative linear compressibility (NLC)

along the [100] direction up to 0.78 GPa
(K = -6.1 TPa™!) 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 Figure 11. Arrangements of PTCDI-Ph
contraction upon heating, contrary to  molecules in the unit-cell along direction: (a)
the typical thermal expansion of most  [100]; (b) [010]; and (c) [001], at 0.1 MPa.

materials (Figure 12).
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Article A1l also  presents
spectroscopic studies of solid PTCDI-Ph

prassure
_lh-

under high-pressure conditions. Up to 4.99 Hhe
GPa, a pronounced bathochromic shift of
approximately 33 nm GPa~! is observed in
the 630-793 nm range. This shift e NTE

corresponds to a linear decrease in the
band gap energy with increasing pressure, Figure 12. Negative linear compressibility —

attributed to enhanced n-7 stacking linear expansion along one direction (top),

between adjacent perylene cores. These apg negative thermal expansion - linear
changes are accompanied by a visible contraction along one direction upon heating
color change of the PTCDI-Ph sample (bottom).

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! and its
temperature sensitivity can be up to 0.068 nm K-!, outperforming many inorganic sensors,

such as YAIO3/ Cr3+.139

Figure 13. Photographs of visual changes in the PTCDI-Ph film under increasing pressure.
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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 m-x
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-Cs (A2)

Article A2 delves into the structural characteristics of PDI-C¢ 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-Cg, all of which
crystallize in the same triclinic space-group type P1. At ambient conditions (phase I,
the PDI-Cs 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.'* Upon heating, the ambient phase I of PDI-Cs 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-Cs,
which exhibits a similar scissor-opening
rotation upon transformation to high-

temperature phase II1.%2 The transition

from phase II to phase III of PDI-Cs is
reconstructive, which has hindered the
crystal-structure determination of phase
IIT and only its unit-cell parameters have

been established. Under high pressure,

Figure 14. Molecular arrangement in phase I

(left) and phase II (right) of PDI-Cs.



phase I of PDI-C¢ 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 m-stacking distance by over

9% between 0.1 MPa and 4.61 GPa.

Hot-stage microscopy studies uncovered intriguing behavior of PDI-Cs 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-Cg 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-Cx (A3)

Article A3 presents a correlation between the high-pressure structural and optoelectronic
properties of four PDI-Cy derivatives (n = 5-8). At ambient conditions, all four PDI-Cp
compounds crystallize in the triclinic space group type P1, 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-
Cy, in which its terminal carbon atoms are disordered. Importantly, the crystal structure
of PDI-C; 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-Cy
series, several similarities emerge. Notably, all newly identified high-pressure phases
crystallize in the same triclinic space group type P1. 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-Cs 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
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behavior compared to the other three PDI-C, 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-Cy, 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-Cs 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-Cs and PDI-Cs, 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-Cs revealed a NLC effect similar to that
observed for PTCDI-Ph, but even more pronounced, with K = -37.6 TPa~!. 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-Cs, where the
absorption edge redshifted by 84.4 nm GPa! and the PL band by 10.8 nm GPal. The
smallest absorption-edge shift, 46.9 nm GPa™!, was observed for PDI-C7, while the smallest
PL band shift, 5.8 nm GPa’!, was recorded for PDI-Cs.
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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™! 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-C, compounds increases their susceptibility to the
external stimuli of pressure. As a result, the first observed pressure-induced phase
transitions for all PDI-C, derivatives occur below 2.5 GPa. Within the PDI-C, 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-Cs, 1.22 GPa for PDI-Cg, and 0.61 GPa
for PDI-Cs (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-
Cs,%2 465 K for PDI-Cs, 486 K for PDI-C7,36:143 and 497 K for PDI-Cs.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.!*414> In our studies, derivatives with an even number of
carbon atoms (PDI-C¢ and PDI-Cg) undergo two pressure-induced phase transitions,
whereas those with an odd number (PDI-Cs and PDI-C7) undergo only one. A different
behavior is observed at high temperatures, where PDI-Cs, PDI-Cs, and PDI-C; each
exhibit two transitions, while PDI-Cg 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-Cs and PDI-C;. Among all derivatives, PDI-C¢ stands out
as the most sensitive compound to external stimuli, undergoing two transitions under

both high pressure and high temperature.
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Figure 15. Temperature- and pressure- induced phase transitions in PTCDI-Ph and PDI-Cy, n = 5-
8. The appearance of phases II and III in PDI-Cs,*? phases II and III in PDI-C7,3¢!43 and phase II in

PDI-Cs has been previously reported in the literature.!*
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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-C¢ and PDI-Cg 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-Cs 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).
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Figure 16. Conformational changes in PDI-Cs (a), PDI-C¢ (b), PDI-C; (c), PDI-Cg (d) molecules
observed in pressure-induced phases, illustrated by superimposing the perylene cores; (¢) PTCDI-
Ph molecule highlighting the torsion angle that defines the rotation of the phenyl substituents; (f)
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 (Vi) as a function of pressure and temperature (Figure
17). The rates of Vin 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-Cs, which has the largest Vin at 0.1 MPa,
exhibits the highest rate of Vi, decrease. In general, as the initial Vin of the PDI derivatives
decreases, the rate of its reduction also decreases, reaching the smallest value for PTCDI-
Ph (-31.0 A3 GPa!). Thus, within the PDI-C, series, the rate of Vin reduction increases
systematically with the length of the alkyl chain. When comparing relative changes, Vi
compresses at rates of approximately 5% GPa! for PDI-Cs, 4% GPa™! for PDI-Cs, 6% GPa'!
for PDI-C7, 8% GPa'! for PDI-Cs, and 5% GPa'! for PTCDI-Ph. Again, the highest rate is
that of PDI-Cs (Figure 17b).

The largest rate of temperature-induced Vi change is observed for PDI-Cs (0.18 A®
K), and the lowest rate for PTCDI-Ph (0.11 A® K™*). For comparison, I included data for
PDIF-CN2, a PDI derivative with both imide and bay substituents (CCDC deposition
numbers: 1848554-1848559),”! as it is currently the only other derivative with a reported
series of variable-temperature structural studies. PDIF-CN; shows a rate of 0.15 A3 K,
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.

32



aJ 850 T T T T E) 1 -1 5 M T A T v T v T
'y PTCDI-Ph d [ i b
800 _L’:?; PDI-Cs | 1.104 PDI-C; -
Vs 1
& W@ e 1.05 4 i
T701  JB,  i69.1A°GPali  PDIC; - . PDI-C;
@ @ 1.00 4 g
E700 - ® 1 P
E 2 0954 e y
i E 1
8650 4 - 1> '
2 ‘f-rq-& 080{ ® “e 1
% 800 8 Gp 1 - &
iy L iy 0.85 4 Soed i
.. 1 > o. of
5504 @ o g ... N a J J
® 343 A°GPa Lo e
500 T 1 T 1 0'?5 1 ] T 1
0 1 2 3 4 5 0 1 2 3 4 3
pressure (GPa) pressure (GPa)
EJ 850 T T T '3) 1.15 T T T
800 " 1.10 4 i
m{?—‘yﬁu_ ® | 1;05'-' -
2 j oeo9 o 1.00 4 g +®" 1
3 700 4+ \5A° R 1 = 1 eggf®?
= =095+ -
< 650 4=
2 0.90 + E
S | ]
g 600 055 ] R
550 H 0.80- J
1 PDIF-CN, - PDIF-CN,
500 T T T 0.75 - T - T - -
100 200 300 400 500 100 200 300 400 500
temperature (K) temperature (K)
Figure 17. Pressure (a) and temperature (c) dependence of the molecular volume (Vim = V/Z,

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

changes in Vi, 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-CN,.”!

Vertical dashed lines indicate the phase transitions. The rates of Vi, 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 m-orbital overlap and, consequently, the charge transport properties that
make PDIs promising organic semiconductors. While previous works, such as those by
Maini et al.,'%® 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 a) b) )
investigated PDIs adopt two primary ::: = _::_‘_':‘_ = ‘:::’_ i::
packing motifs at ambient conditions: a __:5: e - — Q"EQ
herringbone arrangement for PTCDI-Ph =~ — — PR R, o g ¢
(Figure 18c) and lamellar n-w stacking for  ppase | m m v v
the PDI-C, derivatives (Figure 18a). PDI-C; a a b a -
While high-pressure conditions do not PDI-Cg a b a a -
significantly alter these overall packing PRIC, = & - - N
motifs, some high-temperature phases PDI-C, @ . - a @

PTCDIPh - ¢ - - -

undergo substantial rearrangements.
Figure 18. Crystal packing motifs observed in

Specifically, a pronounced scissor-like . )
studied PDIs: (a) lamellar mt-stacks with angle Y

rotational motion of the molecules is _ 0", (b) lamellar n-stacks with Y = 30%; and (¢)

observed in phase III of PDI-C; and phase
II of PDI-C, (Figure 18b). However, the

herringbone m-stacks. The table summarizes

the identified phases and their packing motifs

structural analysis remains incomplete,  (bottom).

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-C, (III), PDI-C, (IL, III), and PDI-C; (II).

To better describe these packing arrangements and the nature of rearrangements,
the mutual orientation of neighboring molecules in a m-stacking column was
characterized by three angles: pitch (P), roll (R),!*” and yaw (Y), as well as the n—n stacking
distance (dr). 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
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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 Nmoleculei-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-C, 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-Cs 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-C¢ 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-
Cs 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 dr distance and applied pressure

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

proposed by Janiak,*® interplanar spacings around 3.3 A indicate strong n—m interactions,
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while those in the range of 3.6-3.8 A are considered weak. At ambient pressure, the m—m
stacking distances among the PDI-Cy, derivatives are similar, between 3.360(8) A in PDI-Cs
and 3.3882(9) A in PDI-Ce. However, at a relatively low range of pressure above 0.15 GPa,
their m-stacking distances begin to diverge visibly (Figure 20a). PTCDI-Ph initially
exhibits the longest m-m stacking distance compared to the PDI-C, series, equal to
3.523(7) A at 0.1 MPa (Figure 21). This observation is consistent with previous reports,
which demonstrated that PDIs N-substituted with alkyl have shorter m-m 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 dx is observed for PDI-Cs, with a rate of
-0.11 A GPa’!, which correlates with the most pronounced redshift of the absorption edge
among the studied compounds. Interestingly, the transition to phase IV in PDI-Cs is
accompanied by a sudden increase in the dr distance, mirroring the abrupt changes
observed in its P and R angles. The temperature-induced rate of change in d. ranges from

2.73-10* A K''in PDI-C7 to 3.48:10* A K'! in PDI-Cs (Figure 20b).
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Figure 20. Distance dr between n-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 (1) of
the substituents (a); displacements between neighboring molecules and yaw angle (b); pitch angle
and the m-stacking distance (c); roll angle between neighboring molecules in the m-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-Cs, PDI-C¢, PDI-C7, PDI-
Cs, 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.
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Figure 22. Pressure dependence of band-gap energy E; for PTCDI-Ph, PDI-Cs, PDI-C¢, PDI-C7,
PDI-Cs, and PTB7 (a) and E; as a function of dy distances (b).

PTCDI-Ph and PDI-C; display the highest Eg values of 1.99 eV at 0.1 MPa, while
PTB7 displays the lowest E; of 1.59 eV at 0.21 GPa (Figure 22a). In terms of pressure
sensitivity, PTB7 shows the smallest change in E; with increasing pressure, with the
dEg/dp rate of -0.07 eV GPa'l. Conversely, PDI-Cs is most sensitive, with dEg/dp of -0.17
eV GPal. Among the PDI derivatives, PTCDI-Ph, known for its remarkable phase
stability, shows the smallest rate of E; change at -0.08 eV GPa’l. The E; reduction
correlates with a shorter m-stacking distance dr for all studied PDI derivatives (Figure
22b). For some compounds, such as PDI-Cs and PDI-C7, distinct drops in E; are observed

at phase transition points.
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We also measured the 825 ' - —
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Figure 23. Pressure-induced PL bandshifts for
PTCDI-Ph, PDI-Cs, PDI-Cs, PDI-C7, and PDI-Cs.

for all five studied PDIs. The PL
spectrum of PTCDI-Ph in phase II

The shift rates calculated over all range of
consists of two distinguishable emission

pressure investigated are given.
bands: an intense band A at A » 680 nm
and a lower-intensity band B at A~ 737 nm. Only the shift of the intense band A is
presented in Figure 23. Consistent with UV-Vis-NIR absorption shifts, PDI-Cs 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-Cs, PDI-Cs, PDI-C7, PDI-Cs) 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
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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-Cs, 16 for PDI-Cg, 14 for PDI-Cy, and 7 for PDI-Cs. Among these, several previously
unreported crystal phases were characterized: one phase for PDI-Cs (IV); three for PDI-Cg
(I, IV and V); and two each for PDI-C; (I, IV) and PDI-Cs (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
P2i/c space group, while the PDI-Cy, series (where n = 5-8) crystallizes in the triclinic P1
space group. Low-temperature studies down to 100 K on PTCDI-Ph, PDI-Cs, and PDI-C;

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-C, 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-Cy 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-Cy 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-Cs, 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-C.

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-C, derivatives form lamellar n—n stacking
arrangements. These molecular arrangements allow for efficient n-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-C¢)
induce scissor-like rotations of molecules, leading to rearrangements within the -
stacking columns. To characterize these packing arrangements and transformations, I
used three angles, pitch, roll, and yaw, along with the n—n stacking distance (dx), to define
the mutual orientation of neighboring molecules. Under pressure, dr decrease is most
pronounced in PDI-Cs, 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-C; 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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Phenyl-substituted  perylens diimide (PTCDI-Ph) derivatives are prospective organic, electronic and
optoelectronic materials. In this study, the effects of modified intermolecular interactions and molecular
conformations on the energy gap and the optical properties of PTCDI-Ph were explored at high pressure
and various termperatures by calorimetry, X-ray diffraction, UV-vis absorption, and photoluminescence
spectroscopy. Below 498 K, PTCDI-Ph transforms from phase | to phase |l which is stable down to 93 K at
least. Above 30 GPa, phase || transforms into phase |1l The compressed intermolecular distance between
perylens cores linearty narrows the band gap, due to the intensified m—mr stacking. The negative linear com-
pressibility of the crystal along [100] eoincides with the negative thermal expansion in this direction. Owing
ta the strong pressure and temperature dependence of the luminescence spectrurn, the FTCDI-Ph
derivatives constitute a promising class of highly stimuli-responsive elastic arganic materials with broad
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Introduction

Owing to their low cost, low molecular weight, high electron
mobility, and excellent chemical and thermal stability,
perylene-ard-,ﬁ,Iﬂ—tcr.raearbox}rlic acid diimide derivatives, often
referred to as perylene diimides (PDIs), are intensely studied for
use in electronic devices, such as organic field-effect transistors
[OFETs),"” organic light-emitting diodes (OLEDs),”” organic photo-
voltaies (OPVs), """ and dye-sensitized solar cells (DSSCs).'>™ An
important advantage of PDIs over raditional photovoltaic materials
is the passibility of modifying their physical, optical, electronic, and
aggregation properties by chemical functionalization at the imide,
ortho, and bay core positions [Fig. 81 in the ESIF)."Y The
introduction of different substituents at the imide position
strongly affects the solubility and aggregation of PDIs, but less
so for their absorption and emission. Modification of HOMO
and LUMO orbital energy levels, and thus the band gap energy,
plays a erucial role in determining the power-conversion effi-
ciency [PCE) of PDIs, and can be achieved by introducing an
electron-donating substituent at the day core position. Different

* Faculty of Chensisery, Adam Mickieuner University, Umiwersylecy Poznarakiego 8,
61-614 Pocran, Polard. E-matl: ssymon, sobczeki@an, edu,pl, SoirangDame, cdu,pl

" Eurapean Synchrotron Radiation Facility, 71 Avere des Mariprs, 38000 Grenoble,
France

1 Electronic supplementary information [EST) available. CODC 2253183-2253201,

For EST and erystallographic dam in CIF or other electronic format see DOT:

https: dod.org/ 10,1039 d3te01 1164
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potential for tailoring their optoelectronic properties through physical and chemical modifications.

electron-donor or -acceptor groups at the bay positions of the
perylene core were shown to modulate the electronic and optical
properties.”" Halogen substituents improve their solubility, facil-
itating PDI processing and making them suitable for solar-cell
applications, For example, l,{ﬁ]?rdibmmN,N'vdia::etyl PDII is
well soluble in organic solvents, while its analogue without Br is
not.'” The solubility of PDIs in halogenated solvents, commanly
used to prepare the active layer in bulk-heterojunction (BHJ)
solar cells,' can be improved by introducing long alkyl or aryl
substituents at the imide and bay core positions,” while the
incorporation of the hvdrophilic moieties at the imide positions
yields water-soluble PDIs,'"' The n-n stacking of the petvlene
cores (Fig. 1], which governs the erystal packing and electron
mobility, can also be altered by introdueing appropriate steric
hindrance between the bulky substituents.” All these factors
can be employed to design the PDT structure, optimized for its
physical, chemical, and optoelectronic properties, which are
necessary to maximize the high PCE.

A significant challenge in the development of novel organic
semiconductors is their polymorphism, illustrating the effect of
aggregation and interactions on the properties of compounds;
hence the recent research in the field of per:,rlenedii mide-based
organic semiconductors [PDIs-0SCs) has explored the mechanisms
of molecular aggregation not only in terms of chemical
derivatives,"'"" " but also by temperature changes.*>* It is
well known that mechanical impact on soft organic materials,
particularly in the form of thin films, can strain the PD-OSC

J Mater Chem ©, 2023, 11, 1055-1065 | M055
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Aromatic CH Carbon

Fig. 1 Mclecular structure of NA'-diphenyl-3.4.%10-perylenedicarb-
oximide {PTCDI-FPhi {a) with the perylene core coloured in blue and with
an indicated soft C1i-N1-C13-C1B torson angle {c); and (b} the closast
interaction map indicating the strongest intermolecular interactions types
formed at 0.1 MPa/296 K,

structure and affect its quantum efficiency. The associated
structural changes [molecular conformation, n-n stacking,
etc.) can distort the n-type semiconducting properties, Thus,
the understanding of structure-property relationships is vital
for developing next-generation electronic devices.

In recent years, techniques employing high-pressure and
various temperatures have been successfully used to investigate
and model strain-induced changes in inorganic and hybrid
perovskites.”" ™ However, organic photovoltaic materials were
only sporadically studied under extreme conditions,* = To the
best of our knowledge, few studies have focused on specific
aspects of semiconducting perylene diimide derivatives, such as
their structural or optical response to pressure and temperature
changes, ! Thege searce comprehensive studies signifi-
cantly increased the understanding of the structure-property
relationships as a function of temperature and pressure. In our

Dy, Szymon Sebczak, an adjunci
at Adam Mickiewicz University,
devates his efforts to  under-
standing pressure-induced transfor-
mations across @ range of mat-
ertals, from molecular crystals to
MUOFs and perovskites. His current
research centers on the correlation
Between  structural  deformations
and changes tn physicochemical
properties of materials, highlight-
ing the significamt role of pressure
and vared-temperature conditions.
His contributions to the field are
marked by innovative approaches, such as developing a sustainable
method for disulfide exchange replacing the conventional catalyst with
pressure, and protocol for obtaming kinetic polymorphs recoveralle at
ambient conditions. His investigations of the mechanical behavior of
cogrdination polymers provides a new dimension to the desfon of
flexible and transformable frameworks.
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present study, we employed the varyingtemperature and high-
pressure synchrotron and in-lab X-ray diffraction technigues,
alongside differential scanning calorimetry (DSC), UV-is absorption,
and photeluminescence (PL) spectroscopy to explore the effects
of structural deformations under external stimuli on the opto-
electronic properties of a chemically and thermally stable
phenyl-substituted  PDI - derivative, N N'-diphenyl-3,4,9,10-
per}r]enedicarhqximide (PTCDI-Ph). In Iig‘ht of our results,
PTCDI-Ph is a promising material for highly efficient organic
electronic and optoelectronic devices.*

Results and discussion

Under room conditions (296 K/0.1 MPa), FTCDI-Ph crystallizes
in monoclinic phase 11, space group P2,/e, with the molecule
located on the inversion centre (2" = 0.5). The perylene-diimide
skeleton of PTCDI-Ph is flat, but the terminal phenyl rings are
rotated off the plane by 5857 this rotation is measured by the
torsion angle C11-N1-C13-C18, denoted r (Fig, 1a). The rotation
of phenyl substituents is crucial for m-electron coupling in the
alternative systems of conjugated bonds. Several examples in the
literature demonstrate that flattening of conjugated systems
increases w-electron coupling, whereas the off-plane rotations of
substituents hamper the electron mobility.” " Furthermore, the
angle reflects the intermolecular interactions within the structure,
specifically the stacking distance (d._;) and stacking displacements
(tagy and ), which are key factors for the charge-transfer
characteristics. In phase 11, the FTCDI-Ph molecules are n-stacked
into columns along the crystal [010] direction, as shown in Fig. 2
(gf 83 in the ESIT). Hydrogen bonds CH---O dominate the inter-
actions between the neighbouring columns (Fig. 2), This type of
ageregation stabilizes the structure of phase I in a remarkable
temperature range from 490 K down to 93 K at least,™ as well as at
a high pressure to 2.85 GPa (Fig. 3). We have corroborated different

Fig. 2 Aggregation of molecules in PTCDI-Ph phase || one column s
drawn in the space-filling style and the other as balls-and-sticks, The
CH: .0 contacts between x-stacked molecules are blue and those
between adjacent columns are purple.

This journal 1s 2 The Royal Society of Chemistry 2023
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structural and physicochemical properties within its phase-
stability region using various techniques, including the effects
of temperature (490 K to 130 K), and high-pressure probed by in-
house and synchrotron X-rav diffraction (up to 3.55 GPa),
differential scanning calorimetry (from 200 to 573 K, photo-
luminescence (293 to 573 K and up to 6.44 GFa), and UV-vis
spectra (up to 499 GPa). The results are presented in the
following paragraphs.

Thermal expansion

The result of our systematic study on the temperature dependence
of PICDI-Ph is consistent with the previously reported single-
point structure determination at 93 1K/0.1 MPa.™® Notably, the
PTCDI-Ph phase 1T crystals exhibit unusual changes in the sign of
thermal expansion upon cooling: above room temperature, the
crystal shrinks in directions [100] and [001], and the expected
elongation with an increase in temperature is observed only along
direction [010], as shown in Fig. 3. However, the thermal expan-
sion is strongly non-linear, and below room temperature, the
lingar thermal expansions become positive in all directions
(Fig. §7a, ESIT). The observed changes in the thermal expansion
of the crystal can be connected with its strongly anisotropic
structure. The CH-..0 contaets; CH2...01 and CH3-..01
(Fig, 2 in the ESIF), on the H-donor site formed in the plane of
the perylene-imide skeleton with adjacent molecules, effectively
support the structure perpendicular to direction [010] [Fig. 2).

This journal 15 € The Roval Socety of Chemistry 2023
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At low temperatures, the N-substituted phenyl group rotates to a
lower T angle from r = 58.5(7)" at 296 K to 55.7(3)" at 93 K (Fig. 4a),
which coincides with the negative thermal expansion along
direction [100}: from 130 to 296 K, the lattice parameter a shrinks
by —0.035 A (¢f Table §1, ESIH). The packing of PTCDI-Ph phase 1T
correlates with the phenyl position, the most non-planar molecu-
lar fragment (Fig. 4a), and in fact, the caleulated intermolecular
potentials™*” indicate a reduction in total packing energy from
—2094 k mol ™ at 296 K/0.1 MPa to —295.5 k] mol ' at 130 K. This
madifies the PTCDI-Ph optoelectronic properties, as described by
Kasha's theory," ™ further extended by Spano explicitly for FDI
dimers.™ The main contribution to the cohesion forees comes
from the m-m stacking (—170 kj mol ' at 296 K/0.1 MPa] and
H-bonds (about 10% for the carbonyl O1 atom and 5% for the O2
of the total energy). Thus hydrogen bonds CH. - O account for
over 15% of the crystal cohesion forces (¢f Fig. 54, ESIT).
According to l(:ash:a,'13 a blue-shifted absorption maximum
and suppressed radiative decay rate occur for molecular dimers
stacked face-to-face or in a card-pack arrangement, while those
stacked head-to-tail exhibit a red-shifted absorption maximum
and enhanced radiative decay rate. These dimers are known as
H-aggregates and J-aggrezates, respectively. The arrangements
of the interacting molecules in the linear chain can be differ-
entiated by the packing angle describing the shift between
molecules, and thus for the H-aggregates o, approsimates
90" and for J-aggregates u,,, = 0°.*' However, in certain packing

A Mater Chem, C, 2023, N.NOSS-N0ES | TIQST



Open Aceess Article. Published on 28 July 2023, Downloaded on 2/23/2024 7:55:26 AM.

s 18 licensed under a Creative Commons Alribution-NonCommercial 3.0 Unported Licence.

View Article Online

Paper Journal of Materials Chemistry C
(a) temperature (K) (b)
100 200 300 400 500
63 It‘_, - N, T T v T T T v T ™
' 2 120 3.6
60 + 4
BE"
- 4 i
LI % = |;15 110
£ 57 I T3 1 =
=] { . f ) ﬂ T =
E —
z 5} E{ § C o % 4 =
=] c100 o
X e "
5 F @ (] ; * {- 90
] .' 3.2
“ A i 1 1 L 30 N
0 0.5 1.0 15 20 25 3.0 100 200 300 400 500
pressure (GPa) temperature (K)
Fig. 4 {al Change of the torsion angle © {Z11-MN1-C13-C18] as a function of temperature (blue symbols), and pressure {purple symibois) in the FTCDI-Ph

malecuie. An open symbaol refers to the previously reported structure by Sato and r\-ﬂizugucl'ri.ll Inset: Potential energy of the isclated PTCDI-Ph molecule
with rotation around one torsion angle (another © was fied at 55.92° as derived from the X-ray measurement). (b} Packing arrangerments in FTCDI-Ph
phase | at varying temperatures purple circles mark the distance between n-stacked molecules (d._,) and blue symbols represent the packing angles
fl;gg and ffaggl. The 25, denotes the angle formed by the imide N-atom, perylene core centroid, and the centroid of the Closest maolecule from the same

stack. and the .., is the angle betwreen two C-atoms (C3 and C9} of one perylens core and & carbon atom (C8) of the neighbourning molecule

arrangements, such as in m-stacks, the distance between
the rigid backbone of the molecules is close enough (when
d, . < 3.5 A) to allow for significant wave-function overlap and
the emergence of short-range interactions.” In such stacks, the
exciton bandwidth and curvature at the band centre are deter-
mined by interference between short-range coupling, due to the
wave-function overlap and long-range Coulomb coupling arising
from transition dipole-dipole interactions,™* This, sometimes
unfavoured interference, can result in an unusual situation where
the chromophore aggregate displays monomer-like properties
(null aggregates).”"" This situation was described as a character-
istic of PDIs, where the positive long-range coupling may induce
H-aggregate behaviour, whereas counteracting short-range cou-
pling can induce J-aggregate behaviour, combining into so-called
H-aggregate properties.”*

To correlate the changes in the optoelectronic properties of
PTCDI-Ph with the inclination from an ideal a-stack in our
solid-state structures, we adopted the descriptors sz, and flg,
analogous to the pitch and roll angles developed by Curtis ex al.
(¢f Tables 86 and §7 in the ESI?).'® The =, inclination
translates adjacent stacked molecules relative to one another
in the direction of the long molecular axis while fi;z; inclination
translates the molecules along the short molecular axis
[Fig. 4b). Our analysis of the temperature-induced changes in
the aggregation of PTCDI-Ph melecules revealed that below
room temperature (296 K), the r-stacking geometry is hardly
affected: a,, increases by 0.09°, while fi,,, decreases by 1.57" in
the 296-93 K range; the distance between molecules decreases
quite significantly, from 3.523(7) A at 296 K to 3.445(2) A at
93 K. According to our caleulations, this process is connected to

NO58 | & Mater Chem. C, 2023, N, NO55-11065
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the phenyl rotation, influencing the potential energy, £, (Fig. 4a
and Fig. S10, ESIt).

Above 300 K, adjacent m-stacked molecules significantly shift
as the thermal motions build up progressively. This process is
clearly visible as the elongation of the unit-cell direction &,
directly related to the stacking distance. Although the expan-
sion of the unit-cell increases above 350 K, the intermolecular
CH---0 distances hardly change, confirming their important
role in the stability of phase IT (Fig. 52, ESIt). The thermally-
induced strain is compensated by the rotation of the terminal
phenyl ring towards the lower-energy conformation (Fig. 4a and
Fig. 510, ESIT). This conformational alteration elongates the d; .
distance, which at 490 K is 3.59(5) A. Simultaneously, sy
decreases while flagy increases, which may be imterpreted as
the packing adjustment towards the |-aggregate.

The considerable interest in developing materials with tunable
lumineseence susceptible to physical parameter changes, such as
temperature and pressure,” " inspired us to measure the photo-
luminescence of PTCDI-Ph crystals subjected to varying thermo-
dynamie conditions. The PL spectrum of PTCDI-Ph in phase 11
consists of two distinguishable emission bands: an intense band A
at & = 680 nm and a lower intensity band Bat 4 = 737 nm [Fig. 5).
When the system is heated, the overall luminescence intensity of
both bands decreases by 53% (at 473 K), but the relative intensity
of band B compared to A evolves monotonically.” This ohservation
is consistent with the previous investigation by Spano et al.*' Above
350 K, the emission band starts to broaden and at 490 K, its full
width at half maximum (FWHM) doubles, compared to the room
temperature. Above this point, the discontinuous change in the PL
spectrum shape marks a phase transition to high-temperature

This journal is © The Roval Society of Chemistry 2023
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850 900

Fig. 5 MNormalized ermission spectra of the PTCDI-Ph heating cycle up to
573 K after excitation at £ = 411 nm. Inset: Changes of the [ull-width at half
maximum (FWHM) upon phase transition at high temperature

phase 1. This phase transformation, additionally confirmed by our
powder diffraction data (Fig. 12), is reversible upon cooling. The
absence of hysteresis and the DSC peak shape (Fig, 6] indicate a
second-order character of this phase transition.

As the temperature continues to increase up to 523 K, the
emission intensities of overlapped bands with a maximum at
4 = 692 nm inerease, which can be linked to the change from
an oblique head-to-tail structure to the head-to-tail card-pack
aggregation, which involves a change in the r—r intermolecular
stacking. In phase I at 523 K, thermal quenching is observed
again and continues up to 573 K. The hypsochromie shift of the
emission bands at higher temperatures confirms intensified
head-to-tail stacking in phase 1.7

The observed changes in luminescence, such as the
increased emission intensity and the generation of one broad-
band, may be attributed to the changes in the excited
energy levels and the occurrence of phesphorescence (T — §)
at the expense of fluorescence (S; — Sy} due to the altered
packing and defects appearing when the erystal transforms
to phase L™

heat flow (mw) .
& & =& o
3T

H

L]
T

phasa sl phaset |

2
200 Z50 300 350 400 450 500 550
temperature (K)

Fig. & Differential scanning calorimetry {DSC) thermogram of PTCDI-Ph
in the heating and cooling cycles.
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High-pressure behaviour

The X-ray diffraction data collected up to 3.55 GPa at room
temperature (Table 2) show that phase [ can be compressed to
about 2,85 GPa without any signs of phase transition. However,
the measurement at 3.20 GPa revealed a symmetry change: the
unit-cell angles @ and p deviate from 907, indicating a transition to
the trielinie gystem (phase 11). Due to this symmetry reduction,
single erystals were twinned and broken, which hampered the
structural analysis above 2,85 GPa and allowed only for the
collection of the powder diffraction parrern of phase 0T [Fig. 11).

The molecular volume of a PTCDI-Ph crystal compressed to
2,85 GPa decreases by about —16% (the compressibility and
Birch-Murnaghan coeflicients are provided in the ESIT), Over
this pressure range, the unit-cell parameters are compressed: a
by —~0.4%, & by ~12.5% and ¢ by —3.8% (Fig. 3b). The strongest
compressibility in the [010] direction correlates with a decrease
in the distance between weakly-bonded n-stacked perylene cores,
The d,. distance changes from 3.523(7) A at 0.1 MPa to
3.183(3] A at 2.85 GPa. Interestingly, below 0.78 GPa, the crystal
exhibits negative linear compressibility (NLC) along [100]. Nega-
tive compressibility is an unusual elastic response when the
crystal becomes longer in one direetion, despite increased
hydrostatic pressure.™ ™ In PICDI-Ph, NLC exists only up to
.78 GPa, above which it reverses to the positive linear compres-
sibility along the [100] direction. This phenomenon can be
rationalized by the presence of a wine-rack motif of CH.--.O
bonded PTCDI-Ph molecules, ™™ Such a mechanism arises from
the soft CH% --02 bond formed between stacked molecules,
parallel to the [010] direction, and the much stronger CH2- - -01
bond, linking the molecules from adjacent columns, Further-
more, compression reduces the t angle to 50,5 at 2.85 GPa, as
the PTCDI-Ph molecule becomes flatter (Fig. 4a). The PTCDI-Fh
molecules tied by the intramolecular interactions are forced
to reduce the d., distance (Fig. 7). Also, the H-aggregating
properties are enhanced when the material is compressed as
dyme INCTEASES to 86 al 2.85 GPa. Such struetural changes
are mirrored in the absorption-band shifts observed at high
pressure. By measuring the UV-vis spectra of the PTCDI-Ph
crystals compressed in the DAC ehamber, we determined the
pressure dependence of the absorption edge (Fig. 8a). At 0.03
GPa the absorption edge of PTCDI-Ph at about 29 nm corre-
sponds to the energy band gap of around 1.97 eV, which is
comparable with the results reported by Ichikawa and co-
workers.™ Up to 4.99 GPa, a strong bathochromic shift is
approximately 33 nm GPa ™' in the 630-793 nm range. As the
pressure inereases, the crystal visibly changes its colour from red
to black [Fig. 8h). This change is fully reversible, and after
reducing the pressure, the original colour returns, The deter-
mined optical energy gap (), plotted as a function of pressure
in Fig. 8b, shows that the bandgap narrows linearly, from 1,97 eV
at 0.03 GPa to 1.56 eV at 4,99 GPa. After releasing pressure, the
absorption-edge values are very close to the initial ones. Impor-
tantly, we do not observe significant changes in the absorption-
edge shift above the phase transition; the bandgap continues to
narrow linearly,
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Fig. 7 Changes in the packing of FTCDI-Ph phase |l under compression
(bl purple circles mark the distance between n-stacked molecules (@)
and blue symbols represent the packing angles 2., and fag, tef Fig. 40

The photoluminescence properties of PTCDI-Ph crystals at
high pressure were investigated using excitation at /. = 411 nm,
which correlates with the broad absorption band at 400-
600 nm (Fig. 9). The resulting emission spectra show a broad
band in the range of 600-950 nm with the peak maximum at
4 = 679 nm (band A) and at 4 = 750 nm (band B), with a total
FWHM of approximately 57.44 nm at 0.01 GPa. A gradual bath-
ochromic shift of the PTCDI-Ph emission band was observed
during the compression cycle. The band centroid of PTCDI-Ph
phase 11 bands A and B shifts almost linearly with a rate of
6.26mm GPa ™' up to 3 GPa [Fig. S8a in the ESIT). However, above
the transition from phase I1 to phase I11, the bathochromic shift
drastically decreases and above 3.2 GPa, bands A and B change
with a rate of 2.09 nm GPa '. Within phase 11 the bandwidth
further broadens with a rate of 0.20 nm GPa ', to 65.17 nm at

1.12 GPa
3.00 GPa
L 4.9 GPa
4.73 GPa
3.96 GPa
343GPs
2.76 GPa
2.12 GPa
1.63 GPa
— 1.31 GPa
Pa

absorbance

0,71

400 500 600 T00

wavelength (nm)

80D 900

View Article Online
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normalized intensity (a.u.)

700
wavelength (nm)

Fig. 9 Mormalized ermssion spectra of PTCDI-Ph in the compression
cycle up to 6.44 GPa after excitation at 2 = 410 nm. Inset: Changes in
the full-width at half maximumm [FWHM) of the bard,

6.5 GPa, compared to the maximum FWHM value of 64.11 nm in
phase 11 just before the transition,

Pressure and temperature sensing

The astonishing optoelectronic properties and excellent chemical
and thermal stability are the prerequisites desired for the
putential application of PTCDI-Ph as an extreme condition sensor
[¢f Experimental section]. To investigate the sensing performance
of PTCDI-Ph, we have calculated the absolute sensitivity (5,)
parameter separately for high pressure up to 6.44 GPa (Fig. 10a)
and for high temperature up to 450 K (Fig. 10a). We fitted the
experimentally assigned shift of the band A centroid (MP) as a
function of the stimuli (E) using empirical polvnomial functions
[¢ff Fig. 58 and 59 in the ESI) and caleulated the sensitivity

(b)
207

4

pressure (GPa)

Fig. 8 Pressure evolution of the (3l absorption spectra and (b optical band gap; closed and open symbols correspond to the compression and
decompression runs, respectively. The inserted photos show the PTCDI-Ph film prepared for measurements of UV-vis spectra at 0.03, 131 343 and

4.99 GPa, showing the darkening of the sample as the pressure increases.
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- ._
Fig. 10 Schematic drawings of experimental setups with PTCDI-Ph crys-
tals applied as {2l high-temperature and (b)) high-pressure sensers, The

accompanying plots lllustrate the shifts in the respective luminescence
spectra (cf Fig. 5 and 9).

response to external stimuli using the following equation:

dMP
L]
“TBE

for which we found a high degree of correlation in both ranges: for
high pressure # = 0.99 and for elevated temperatures & > 0.98.

Up to this point, the most extensively investigated group
for high potential as temperature and pressure sensors were
inorganic materials containing rare earth ions."** However, due
to the high cost of rare-carth elements, other less expensive, safe,
and stable carbon-based alternatives that can act as high-
performance contactless sensors are intensively sought, For com-
parison, the S, values obtained for FTCDI-Ph are considerably
higher than those reported for other luminescence-based tempera-
ture sensors in the literature (Table 1 and Table S& in the ESIF).
PICDIPh exhibits a remarkable sensitivity to temperature up to
370 K, where the S, parameter reaches 0,068 nm K . Above this
temperature, the sensitivity gradually decreases, through the values
of 0.065, 0.055, and 0.045 nm K * observed for 380, 400, and 420 K,
respectively, While there is a limited number of reports™ on
contactiess  thermometers based on the band shift at vanying
temperatures, our study highlights the broad operating temperature

Table 1 Comparison of the most sensitive shift-based sensors under
extremea conditions of temperatire [rm K- and pressure (nm GPa™)

Sensitivity line shift, 5,

Host/emitting ion nm K° fnm GPa " Ref.
FTCIN-Ph 6.8 % 1077 #.33 This work
YVO,/Er' 516 % 10" 1766 38
StFCLSm' 236 % 107 41 59
BaLizAlLSi:Ny/Eu™ == 1.58 il

Y, Si0,Pr - 104 61
¥yGeg 1 Sia ngls/Prt - 1.28 61
YAIO,/Cr™ Th o W .70 62
NaBiF, /Er* - 0.8 63
Bi,MoO/Er*, Tm™, Y0¥ &5 x 10 ° — 64
SrB, 0L Eu® 48 10t 017 65
SrB,04/Sm*’ 1x107" 0,255 BO-71
YPO,Tm™ s 0.8 66
AlLOyCr 6.2« 107° 0,363 72
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range of FTCDFPh (up to 450 K, low-temperature quenching, high
sigmal stability, and its satisfactory sensitivity and repeatability.

Similarly high performance was observed at high pressure,
where the 8, parameter of PICDI-Ph increases dramatically
from ambient conditions, for which §, = 1.34 nm GPa ', o0
1.76 GGPa where it reaches a maximum value of £.33 nm GPa™".
Within this range (up to 1.76 GPa), the sensing performance of
PTCDI-Ph significantly exceeds most of the described inorganic
sensors, for which the pressure sensitivity is not higher than
3 nm GPa "™ Although the structural changes related to
the phase transition decrease above 3.2 GPa, the §, value at
519 GPa (5, = 1.88 nm GPa ") is still much higher than the
sensitivity reported for most of the inorganie sensors. In the
pressure range between 5.19 and 6.44 GPa, the high 5, value is
restored, increasing to 5.43 nm GPFa ',

The photoluminescence quantum yield (¢ is a crucial factor
in determining the performance of luminescent materials. We
caleulated the quantum yield using the following equation:

P = ﬁ = 100%,

where @ is the quantum vield, Is is the integrated intensity of
luminescence, and £y and Fx are the intensities of LED excitation
radiation scattered on the reference material (Lay0;) and inten-
sities of the excitation light scattered on the investigated sample,
respectively, The difference in the scattered light between the
reference and sample provides information on the number of
photons absorbed by the material. Our calculations show that
under ambient conditions, the value of @ is 0.56%. The low
value of the quantum yield can be attributed to the high
absorption of the radiation and low probability of energy transfer
to the emission center of the investigated material. Notably, the
# value strictly depends on various factors, such as the fune-
tional substituents at atom N1, type of aggregation, solvents and
concentration.” ™ Despite the low @ value, the application of
PTCDI-Ph as a sensor material is advantageous owing to the
large shift value and excellent sensitivity parameter for the
investigated temperature and pressure conditions.

Conclusions

Our study shows that PTCDI-Ph is a highly stable n-type
semiconductor with impressive phase stability, attributed to
the strong m-n interactions between the perylene cores and
CH- - -0 bonds that further stabilize the erystal structure. Phase
11 {5 stable in a wide range of temperatures up to 490 K and
compression up to 3.0 GPa. We also characterized two distinet
phases above this range: phase 1 stable above 493 K, and phase
111 stable above 3.0 GPa. These findings provide new insights
into the behaviour of PTCDI-Ph under extreme conditions,
highlighting the potential of PTCDI-Ph as a stable optoelectro-
nic stimuli-responsive organic luminophore, whose properties
can be tailored through chemical modifications and physical
stimuli. For the PTCDI-Ph phase I crystals subjected to the
temperature and pressure stimuli, the observed energy gap and
luminescence clearly show the importanee of the n-stacking
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distance, prevailing over other structural transformations.
Consequently, the pitch-and-roll madel®™® has been extended
to the pitch-roll-squeeze model, which stresses the importance
of intermolecular n-r and p-p orbital overlaps.™

Due to the specific pattern of the H-bonds between the
mstacked columns, the erystals of PTCDI-Ph exhibit the negative
linear compressibility and negative thermal expansion, both in
the same direction [100]. The high rigidity in the direction
perpendicular to soft m-stacks sustains the non-radiative pathways
upon application of external stimuli (high pressure/temperature).
The signifieant structural changes impacting the molecular agere-
zation have been correlated with its luminescence as a funetion of
temperature and pressure. The properties of PTCDI-Ph and its
chemical inertness are ideal for multimodal-sensor applications.
In particular, its sensitivity in the range of up to 1.76 GPa, where
5,=1.34 nm GPa !, and temperatures up to 350 K, for which 8, is
0.068 nm K ', significantly outperforms those of most of the
previously deseribed inorganic sensors.

Experimental methods
Materials

N,N-Diphenyl-3,4,9,10-perylenedicarboximide of 98% purity
was purchased from Merck and further purified by sublimation
at 650 K in a sealed glass tube (cf Section 51 in the ESIT). The
attempts to reerystallize PTCDI-Ph in various solvents, including
methanol, ethanol, echloroform, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), hexane, ethyl acetate, and dichloro-
methane, using moderate heating (up to 100 C) and stirring did
not suceeed due o insufficient dissolution.

High-pressure X-ray diffraction

High-pressure X-ray diffraction measurements were performed in a
membrane-driven diamond-anvil cell (DAC). A single crystal of
PTCDI-Ph together with a small ruby, used as a pressure
calibrant,"™*! were mounted inside a 0.3 mm hole in a steel gasket.
The remaining volume was filled with a mixture of methanol:etha-
nol (4:1), used as the pressure-transmitting medium.** The single
erystal of PTCDIPh was isothermally compressed up to 3.78 GPa.
The in=situ high-pressure synchrotron Xeray diffraction data were
measured at the ID15B beamline at the Ewropean Synchrotron
Radiation Facility in Grenoble.™ A monochromatic X-ray beam with
a wavelength of 0.4099 A was used, and a single crscan £32°
strategy was applied. Unfortunately, the phase transition between
phases [T and M1 led to the destruction and partial amorphization of
the single crystal, and above 3.5 GPa we were able to collect only
powder diffraction patterns (Fig. 11,

In this case, the collected diffraction images have been
summed up using PyMCA, and subsequently integrated into
powder diffraction patterns with Dioptas software. The Crysa-
lisPro software was used for data collection and reduction.* The
erystal structures were solved and refined with SHELX software
implemented in Olex2.*** The crystallographic data and experi-
mental details are summarized in Table 2 and Table 512 in the
ESI{ and have been deposited in CIF format in the Cambridge
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intensity (a.u.)
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Fig. 11 PXRD collected for PTCDI-Ph phase |l at 0.1 MPa, 2.85 and

220 GPa as well as phasze |l at 3.55 GPa. The measurements were

performed using synchrotron X-ray diffraction (4 = 04099 A) Pattems

for 0.1 MPa and 285 GFa are the calculated diffractograms from single-

crystal measurerments

Crystallographic  Database with numbers CCDC  2253183-
2253192.% Structural illustrations were prepared using the pro-
gram Mercury 2021.3.0.%

Varied-temperature X-ray diffraction

The low- and high-temperature single-crystal measurements
were performed on SuperNova and Xcalibur diffractometers,
respectively, with a microfocus source (CuKe = 1.54178 A) and
an Oxford CryojetHT (allowing for measurements in the range of
90-490 K. A series of six measurements for the cooled and three
for the heated sample between 130 and 490 K were collected. The
resulting data were then processed as described above for the
high-pressure experiments. The final crystal data are summar-
ized in Table 2 and Table 811 in the ESI? and have been
deposited in the CCDC with numbers 2253193-2253201.7 As
the phase transformation between phases II and I occurs slightly
above the capabilities of the Cryojet, we could only collect a
powder diffractogram of phase I at 493 K (Fig. 12).

High-pressure optical absorption

The ultraviolet-visible (UV-vis) spectra of the solid-state PTCDI-Ph
layer were recorded using a Merrill-Bassett diamond-anvil cell
equipped with diamond [IA anvils. The diamond culets were
0.8 mm in diameter. The gasket was made of 0.1 mm thick
tungsten foil with a sparked-eroded hole 0.45 mm in diameter.
The FTCDEPh laver was prepared on the diamond eulet: a small
amount of the sample was strongly pressed by a thick glass plate
until it smashed into a uniform layer. Daphne Oil 7575 was used as
the pressure-transmitting medium, The UV-vis spectra of FTCDI-Ph
at high pressure were recorded with a Jaseo V-770 spectrophot-
ometer adapted for use with a DAC. The absorbanee was measured
at a scan speed of 200 nm min ' in the 400-900 nm range.

High-temperature and high-pressure photoluminescence

The photoluminescence properties (i.e., emission spectra, PL) of
the PTCDI-Ph powder were measured by exciting the samples

This journal is &£ The Royal Society of Chemistry 2023
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Table 2 Selected crystallographic data for PTCDI-Ph phase |l as a function of temperature and pressure
Unit cell
pIT a (&) b (4) < (4) B VIAY) D, [gem ™)
0.1 MPa/130 K 16.755(5) 3.9243(13) 18.288(4) 99.69(2) 1188.7(6) 1.516
0.1 MPal296 K 16.72(4) 4.0187(8) 18.355(3) 98.55(6) 1220{3) 1477
0.1 MPaj490 K 16.52(3] 4.344(4) 17.92(4) 97.10{19) 1276{4) 1.411
0.35 GPa/296 K 16.773(19) 3.8482(6) 18.186(3) 98.64(6) 1160.5(14) 1.553
2,85 GPa/296 K 16.644(13) 3.5187(2) 17.670(3) 98.14{4) 1024.4(8) 1.759
retrieved from the CIF file for the measurement collected at
TET T T T T 7 296 K/0.1 MPa and optimized with one of the torsion angles
i u-“-.vn | I’\.- TS fixed at t = 5592, All H-atoms were renor
= 3} / W \ - .
% N S~k V e energy values in hartee were converted to k] mol
s j‘/J R i5 2625 k] mol '), All HOMO and LUMO energy levels [Tables 59
= L ] and 510 in the ESIT) were caleulated using MOPAC 2016 and
H/ 1 the PM6 method,”’

490 K

MWM N

i

o

o 2
Rard i r‘ ;\'\Q_\a [—“‘1
U ewemaenmmn i, |,
o 15 20 25 30
2 theta °)

Fig. 12 High-temperature PXRD of PTCDI-Ph (phase || at 350, 400 and
490 K and phase | at 493 K) measurad with Cu Ka, and the pattern at the
bottom with indicated hiki planes is the calculated diffractogram from the
single-crystal measurements collected at 450 K.

e
¢
pie 1%

R

with a 411 nm LED light with the use of an Andor Shamrock 500
spectrometer coupled with a silicon CCD deteetor (Fig. 10). For
high-temperature measurements, the sample was placed in a
tube-furnace. The high-pressure measurements were performed
in a membrane diamond-anvil cell equipped with diamond ITA
anvils, Daphne Qil 7575 assured the hydrostatic pressure up to
1.78 GPa. "™ All photoluminescence data were corrected for the
apparatus response, i.e., the emission spectrum of the SLS2011L
light source provided by the manufacturer, and the emission
spectrum of the SLS201L light source measured on the CCD
detector.  Photoluminescence quantum  vield was measured
using an integrating sphere, i e, = 411 nm, as an excitation
source, and an Andor spectrometer as the detector.

Differential scanning calorimetry

The PTCDI-Ph was characterized by differential scanning calori-
metry (DSC) using Thass DSC XP-10 apparatus. The measurement
in a heating (from ambient temperature to 573 K] and cooling
(from 573 K to 200 K) cycle at a rate of 5 K min~" was carried out
under a N; atmosphere.

Ab initio calculations

The potential energy (£} of the isolated PTCDI-Ph molecule
depending on rotation about one torsion angle was calculated
using the Gaussian 16 program, Revision C.01™ by applying the
B3LYP basis set 6-311++g{2d,2p). Atomie positions were first
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Perylens diimides (FDIs) are organic semiconductors with properties suitable for applications in
electronic devices, This study presents 2 comprehensive investigation of PDI-Cg a perylene diimide
modified with an n-hexyl alll chain at the imide position, under non-ambient conditions, with a focus
on the rich diagram of structurally varying phases and their anisctropic strain. Five distinct polymorphs
of PDI-Cg have been found. The ambient phase | transforms to phase Il at 465 K, which at 521 K
transforms to phase |l The perylene cores arranged in parallel stacks in phase | rotate in the scissor-
opening motion by 33° in phase . Under high pressure, phase | transforms to phase IV at 1.22 GPFa and
to phase V at 1.50 GPa, The transitions between phases |, IV and V stepwise maodify the conformation of
the m-hexyl substituents. Surprisingly, all five polymarphs are of space-group type PL which is
unprecedented as the symmetry of phases usually involves the space-group changes. These findings
significantly enhance our understanding of the structural transformations of next-generation electronic
materials and highlight the role of crystal enginsering in constructing novel organic semiconductors
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Introduction

Organic charge-transfer complexes and r-conjugated com-
pounds are prospective materials for efficiently harvesting solar
energy, proposed in response to the pressing demand for new
environment-friendly sustainable energy sources. Presently, the
mass production of silicon and hybrid-perovskite solar photo-
voltaic (SPV) panels poses significant drawbacks. Silicon panels
are expensive and energy-demanding in production, their dis-
posal is environment polluting and recycling difficult and
expensive; the main problems connected to the presently
innovative hybrid perovskites, such as [CH;NH;JPbl; [MAPDI),
are their contents of metals, often poisonous and contaminat-
ing the environment both at the production and disposal
stages, not to mention a relatively high susceptibility to humid-
ity, temperature changes and stress. The mass production of

* Faculty of Chemisery, Adam Mickiewfcz University, Untwersinety Poznariskiego 8
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with high sensitivity to environmental stimuli.

Si-based panels threatens the environment and biosphere and
more environment-friendly materials are intensely sought.*

Organic materials are attractive due to their practically
infinite ways of modifications and tuning properties, produc-
tion and disposal. m-Conjugated molecular materials have
recently attracted significant attention in the field of organic
electronics due to their potential for practical applications,
driven by the promising combination of superior charge carrier
mobility and robust stability.® Recent extensive research has
focused on designing and synthesizing new materials, under-
standing their structures, properties and emerging opportu-
nities for developing innovative devices.® Compared to their
inorganic counterparts, organic semiconductors offer not only
high efficiency of the photoelectric conversion but also new
qualities, including high flexibility and light weight, making
them attractive for next-generation electronic devices,™® such
as photovoltaie tapes and foils for highly flexible photovoltaic
panels and tissues, apart from substituting the roof and other
panels, The envisaged applications for the organic photovol-
taics (OPVs) panels can be similar to those already witnessed
for similar erganic light-emitting diodes (OLEDs) and organic
thin-film transistors (OTFTs).” "

Thermal expansion, compressibility and polymorphism are
key issues for organic semiconductors, because different crystal
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forms of the same compound can significantly vary in proper-
ties additionally modified by the temperature and pressure-
induced strain.*'** Molecular engineering through chemical
synthesis is a direct method to tailor the optoelectronic proper-
ties of materials,"*"* but they may be enhanced or deteriorated
by the monotonic changes and phase transitions. The synthesis
process is usually time-consuming, labor-intensive and expen-
sive, but the polymorphism of products can improve or dimin-
ish envisaged applicatiuns.'im Most organic semiconductors
erystallize in two or more polymorphic forms with different
molecular packings in solid state,'” *' leading to different
properties.” ™ The electronic, optical, mechanical, and charge
transport properties of organic materials are heavily dependent
on molecular packing, which is governed by various types of
strong and weak intermolecular interactions.” " Thus, inves-
tigating and controlling crystal structures and polymorphism is
erucial for tailoring optical and electrical properties of organic
semiconductors. Application of pressure and high- or low-
temperature efficiently modifies intermolecular interactions
and reveal the polymorphic behaviour of melecular com-
pounds.®** Including this important physical variables in
the study of organic materials opens new exciting oppertunities
for investigating and developing high-performance semicon-
ductors for optoelectronic devices,* "

Perylene-3,4,9,10-tetracarboxydiimides, commonly known
as perylene diimides (PDIs) are a class of compounds with
polyaromatic n-conjugated flat molecules. PDIs offer a number
of attractive characteristies, including high photo- and thermal-
stability along with chemical inertness,** and have been exten-
sively studied as semiconductors for OFETs, ™ and Opvs. "¢
The properties of these n-type semiconducting materials can be
efficiently modified through appropriate functionalization of
the PDI core, achieved either by introducing different substi-
tuents at the imide N-atom or by modifying the core at the bay
or ertho positions.™ Such substitutions effectively alter crystal
packing and solubility, influencing the optical and electroche-
mical properties.*® Particularly effective, in the context of
enhanced solubility, is the imide-site substitution by long
alkyl chains. Several PDI systems with different alkyl chain
length are known, but their polymorphic behaviour remains
underinvestigated.* "

Here, we present our study on NN-dihexyl-3,4.9,
10-perylenedicarboximide (denoted as PDI-Cg), a commercially
available PDI derivative functionalized with a hexyl alky! moiety
at the imide position (Scheme 1). The UW-Vis spectrum
shows the high absorbance (Fig. §1, ESI{) characteristic
of highly efficient photovoltaic materials. Although two

Scheme 1 Structural formula of NN -dihexyl-3,4,910-perylenedicar
baximide (PDI-Cgl.
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high-temperature transitions of PDI-C, were reported,” ** they
have not been thoroughly investigated, and the structures of
those phases remain unknown. Recently, Madhu and cowor-
kers reported the crystal structure of PDIFC,4 phase I at 173 K,
revealing its one-dimensional (1D} columns, characteristic of
PN alkyl derivatives, stabilized by n-n stacking and C-H---O
hydrogen bonding interactions.’® Same of PDIs, such as PDI-
Cs, have been studied at both room and high temperature,
showing intriguing phase transitions, including polymorph
obtained at 494 K that is characterized by a criss-cross arrange-
ment of the aromatic cores.*™"” However, high-pressure studies
of perylene diimides, and other organic photovoltaic (OPV)
materials remain exceptionally rare.™**>* To fill this gap, we
explored the polymorphism of PDI-Cy, at various temperatures
and high pressure by combining multiple techniques, includ-
ing synchrotron and in-lab X-ray diffraction, as well as differ-
ential scanning calorimetry (DSC).

Results and discussion

Previous ecalorimetric studies of PDIC,; revealed two phase
transitions during heating, occurring around 464 and 519 K,
and two during cooling, at 494 and 409 K,* but they were not
further investigated. To maintain consistent labelling with that
previously introduced for PDI-C.," a PDI derivative with an
n-pentyl chain, we will refer to the form stable under room
conditions (296 K/0.1 MPa) as phase I, with subsequent phases
labelled according to their order of appearance.

PDI-C,, at room conditions

At room conditions, PDI-C, phase 1 crystallizes in the triclinic
space group PI, with the PDI-Cgz molecule located on an
inversion center (Z' = 0.5). This observation agrees with the
structure reported by Madhu et al at 173 K (CSD refeode:
TIXTUS)." In this structure, the molecules w-stacked into
columns along the [100] crystal direction (Fig. 52, ESIf). The
distance between n-stacked molecular cores (d;.;] at room
conditions is 3.3809(15) A, somewhat shorter than the typical
range 3.4-3.6 A usually reported for n-stacked aggregates.™
The perylene core of the PDI molecules is planar, while the
alkyl chains protrude off the plane in frans conformation. The
inclination ef the n-hexyl chain to the perylene core can be
deseribed by torsion angle C1-N1-C13-C14 (r,), while the
conformation of the alkyl chains is characterized by four
torsion angles (Scheme 1): N1-C13-C14-C15 (ro), €13-Cl4-
C15=C16 (13), C14=C15-C16=~C17 (z4) and C15-C16=-C17-C18
(ts). In analogy to the ethane-like molecules, the hexyl chain
conformers can be represented using four-letter descriptors.®
In phase I, the alkyl chains adopt anti-anti-arti-anti conforma-
tion denoted by descriptor AAAA, corresponding to angles t,, 13,
74, 77 all approaching 180°. The conformations involving
gauche' and gauche torsions (60° and —60°, respectively),
present in subseguent phases, are denoted eg. G'AGA. The
eclipsed conformation (E) describes a molecular arrangement
in which adjacent methylene or methyl groups are in close

This journal is & The Royal Society of Chemistry 2025
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proximity, with the torsion angles between 07 and = 307, or
close to 120°, The overall packing consists of alternating layers,
with interdigitated alkyl chains and layers composed of rigid
aromatic cores,

Temperature effect on PDI-C,

The thermal behaviour of PDI-C, has been investigated by
several complementary techniques, including differential scan-
ning calorimetry (DSC); thermogravimetric analysis (TGA); hot-
stage microscopy (HSM); variable-temperature synchrotron
X-ray powder diffraction (VI-PXRD) and in-lab single-crystal
Neray diffraction (VI-SCXRD). These methods allowed us to
explore a broad temperature range from 100 K up to the
decomposition at 823 K with TGA (in a N, atmosphere, Fig.
53 in ESIt) or at 673 K using VT-PXRD (in air).

During the heating cycle, according to the DSC thermogram,
phase I transforms to phase IT at Ty, = 465 K, and at Ty =
521 K phase 11 transforms to phase IT1 {Fig. 1). These transitions
are consistent with the VI-5CXRD and HSM. The thermograms
collected for the PDI-C,, cooled at a rate of 20 K min " indicate
that the transitions from phase [l to phase Il and from phase Il
to phase 1 are reversible, as previously reported.™

The HSM revealed intriguing behaviour during the heating
and cooling of the crystals related to the transition between
phases I and II. The transitions occurred at slightly different
temperatures for individual crystals, which is characteristic of
1"-order reconstructive transitions. The phase I to phase Il
transition observed upon heating was characterized by clearly
visible propagating fronts that induced wrinkle formation on
the crystal surface (as visible for crystal 1 in Fig. 2a and b).
A different behaviour was observed upon cooling, at approx,
392 K, all the PDI-C; needles elongated (Fig. 2c and d), leading
to the movement, jumping and bending of some crystals
(Fig. 518e and f, ESI{). Similar polymorphism and thermome-
chanical behaviour were observed for other organic semicon-
ducting materials.***" These macroscopic changes in single-
crystal morphology can be attributed to the mutual rotation of
the perylene cores, where the transformation of stress accumu-
lated due to molecular rearrangement is converted into
mechanical force."’

Our VI-PXRD analysis shows that, on approaching the
transition to phase 1, simultaneously the reflections of both

A
T, .y =465 Kll Ton=521K ]
phase I

|
e

phasel

at flow (mW)
3

0 - -
-2 Ty =484 K 1
2.4 Tu =403 K 1

450 500 550 600 650
temperature (K)

350 400

Fig. 1 Differential scanning calorimetry (D5SC) thermogram of PDI-Cy in
the heating (top) and cooling (bottom] cycles. Temperatures of phase
transibons are indicated
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Fig. 2 Hot stage micrescopy of PDI-Cg crystals during the heating cycle:
(al phase | at 470 K. (b} transition from phase | to phase |l at 473 ¥ and
during cooling cycle: {c] phase || at 423 K, {d) transition from phase Il to
phase | at 363 K, reshaping the crystals. Additional images are provided in
Fig. 518 and 519 of the ES| 1

phases 11 and 111 appear, while above Ty, ), at 538 K only phase
I is present (Fig. 3). The coexistence of phases II and 111 is
evident from two distinct reflections at 26 below 1.257 in the
PXRD pattern collected at 475 K (Fig. 54, ESIT). Because the
transition from phase I to phase Il is accompanied by a strong
deformation, the unexpected appearance of phase I11 at 469 K
can be associated with this strong mechanical effect ‘pulling’
small portions of the crystals into the adjacent higher-
temperature phase IIL The observation of phases outside their
stability regions is occasionally experienced for other com-
pounds, too, e.g resorcinol or benzimidazole.*** This recourse
of a portion of the fine-powder sample to phase 111 at 469 K
contrasts with all our experiments on single crystals and DSC
measurements, all of which transformed to phase 1, as
expected. Upon cooling, phase I demonstrates strong hyster-
esis, persisting up to 353 K, when a simultaneous transition
into phases I and I occurs (Fig. 89, ESIf). This extended
hysteresis of phase 11T in the cooling run may result from a
substantial thermal contraction, as indicated by thermal-
expansion tensor plot (Table 87, ESIF), potentially hindering
the spatial reorganization of molecules during the transition to
phases I/, Notably, a significant difference is observed in the
phase transition temperature across different thermal analyses
(¢f Pig. S8, ESIT). This suggests that crystal morphology,
particularly crystal size, plays a crucial role in influencing the
kinetics of phase transition events, as it was observed for other
materials.™

In order to better understand the structural changes and the
temperature effect on PDI-Cg crystals, we performed a series of
VT-SCXRD experiments up to 470 K. Heating phase [ from 100 K
to 7).y, sradually elongates the unit-cell parameters a; and ¢
(the index indicates the phase). Parameter by initially elongates
up to 338 K; on further heating to 430 K this trend is reversed
and b, shortens; and between 430 K and 465 K, b hardly
changes with temperature (Fig. 4a). This unexpected behaviour
can be attributed to the conformational changes of the
n-hexyl chains. The n-conjugated stacking columns of PDI-Cy

J Mater. Charn. C



View Article Online

Paper Journal of Materials Chemistry C
3 7
F
o S o "?f?s

=
3 - L al
o hase |
5 2L AAAA
_E F 170.5
2
§ AEAE

8

Y 2 ¥ -/_',_E_\-\M‘xi.:.r‘ AE
| %
{vh Ly J ;ﬁ—o;‘ans

I AAEAT

phase |l

&
>

2 3 45086 789
20()

Fig. 3 (al Temperature-resclved powder X-ray diffractograms of PDI-Cg upon heating {leftl, The dashed lines indicate the transition temperatures
identified in the DSC measurement: Ty, = 465 Kand T, ., = 521 K. The color scale represents intensity variations. Crystal structures of PDI-Cy phase | (b)
and |l (¢} showing: the packing arrangemeant along the 10 columnar alignment (left) and the columnar stacking, including conformer descnptors (Fight)
Melecules located at the inversion center with a trans conformation are depicted in purple, while those in general positions with a cis conformation are
shawt in orange.

1 10 1 12

3/1.5

This article is licensed under a Creative Commons Atribution-NonCommercial 3.0 Unported Licence.

Open Access Article, Published on 04 June 20235, Downloaded on 6/6/2025 9:51:13 AM,

3)24 . y reee b)aa ’ .
phase | " i - I 296 phase V
214 T C ! 4 214 d
s ¢ gy -
< 48 4 .H‘ U <184 =
b L] £
E P82 E Cy
i TriEy H 4 ®
215 1§ 2 E 15
o b o
[} ¥« o
212 4 s N o424 -
3 ” rau Ly 3
E®) m M 1 ] € 94 by, -
| &
6 a e 61 :
@ eonammmm | s av,
3 1 i i PR 3 i
= 850 T T T T =~ 850 T
< 800 [ ;\.'u.f2~ < 8001 ]
5 750 Vi3 1 £ 7504 —
S i S R 3 ]
= 700] g ” = g 700
§ 650 A : | 4 '§ 650 E
5 600 . by 2 6004 = _?v B
E 550 : ; , — E 550 —a
100 200 300 400 500 600 o] 4 5
temperature (K) pressure (GPa)

Fig. 4 Temperature (a) and pressure (b) dependence of the unit-cell dimensions a. b, ¢ (top) and molecular volume (Vi = V/Z, bottom) of PDI-Ce
Estimated standard deviations (ESDs) are smaller than plotted symbols. The data at 173 K [squares) were taken from Madhu et al"® The unit-cell
parameters of phase Ul determined during the cooling cycle are marked with a lighter color. The data measured at 296 K is highlighted in blue, Lines
Joining the polnts are for guiding the eye only. The triclinke angles are plotted in Fig. S21 (ESIf)

§ Mater Chem C This journzl is © The Rayal Society of Chermistry 2025

79



This article is licensed under a Creative Commons Aftribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 June 2025, Downloaded on 6602025 9:51:13 AM.

e

Journal of Materials Chemistry C

2 44 .
v » [ ] dﬂ_: 3.40
42 1 - Pitch| =
T 7 = l3.35
] ] ® L 13
@ a ]
20 4 Roll |- 3,30 N
@ <
g - 3.25 E
- =
& l3.20
S 16
a L3.15
144 -3.10
hase |
12 4 3.05

L) L} L] T L] L T
50 100 150 200 250 300 350 400 450
temperature (K)

Wiew article Online

Paper
b)ay —— . . 345
ing F ® '
i T T e Pitch p
b ® .
424 ® .: | 3.40
i ®
o i i 335
g p» °® i
?20 i .. i :; F3.30
] & 1] <
5, *HE Fazs™
T 18 4 i g~
& at & l3.20
= 1 i
S 164 I :
a i | }3.15
) & ®  Roll
14 ¢4 e 310
phase| !IViphaseV d,n
12 ——1 : : 3.05
0 1 2 3 4 5
pressure (GPa)

Fig. 5 Temperature {a) and pressure (b) effects on the n-stacking of PDI-Cg molecules under pressure: orange and purple symbols represent the pitch
and roll angles and grey squares mark the distance between n-stacked molecuies {d,_).*" Inset: Graphical representation of P, R and d._.. The alid
substituents and H-atoms are skipped for clarity. The corresponding numerical values can be found in Tables 52 and 510 of the ESLY

molecules aligned along direction g in phase I can be
described by the pitch and roll inclinations relative to the
ideal cofacial r-stack, as reported by Curtis et al.®' In this
analysis, the piteh (F) angle corresponds to the displacement
caused by the shift of adjacent molecules along the
long molecular axis, whereas the roll (R) angle refers to the
relative shift between adjacent moleeules perpendicular to the
long axis of the molecule (or along its short molecular axis). As
the temperature increases in phase I, the P angle decreases
from 42.88(6)7 at 100 K to 42.31{4)" at 440 K, while the R angle
slightly increases from 20.49(7)° to 21.11(5)° over the
same temperature range (Fig. 5a). The distance between z-
stacked molecular planes (d, ) increases from 3.321(2) A at
100 K up to 3.4397(13) A at 440 K (Table 52, ESIY). The
calculated volumetric thermal expansion coefficient (xy) in
the 100-354 K range, is 162 x 107" K, which is close to the
typical value of 170 = 107" K~' observed for organic
compounds.”® However, between 368 K and 461 K, the oy
increases sharply, reaching 446 » 107" K ', which is nearly
three times the value observed in the previous temperature
range (see the ESIF for more details).

The phase transition from phase I to phase II fractures the
single crystals, which complicated the accurate determination
of high-temperature structures. Despite these difficulties, we
successfully solved the structure of phase 11 at 470 K, revealing
its triclinic symmetry of space group Pi. The unit-cell para-
meters of PDIC, phase Il closely resemble those of high-
temperature phase 11l of PDI-C; (a = 11.624 A, b = 11617 A,
c=17.415 A, » = 98.21°, / = 71.25", y = 116.06°, CSD refcode:
DICMUXN01) and its number of molecules in the unit eell (Z=23)
is the same.” These similarities extend to the molecular
packing and in PDI-Cg phase 11 one molecule lies at an inver-
sion center, while the other oceupies a general position, The
alkyl chains of the C-symmetric molecule are in trans confor-
mation (Le. they protrude to the opposite sides of PDI core),
whereas the alkyl chains in the molecule at general position are
cis (they protrude to the same side). The trans-molecule
adopts the AAEA conformation, while the cfs molecule has
AAAE and AFAE conformers (Fig. 3c). Within the columns,
every two parallel cis-molecules are followed by a trans-
molecule, whose perylene core is rotated by approximately 33°
about the column axis and slightly tilted relative to the

Table 1 Selected crystallographic data of PDI-Cg phases [, II, W, IV and V {cf. Tables 516 and 517 in ESI| for getails)

Umnit cell

pGPa)T (K)  Phase  a(A) b (4) < [A) 2(7) B 7 () VA% 22 de(A)

0.0001/298 1 4.7568(10)  8.5487(16) 17.576(2)  s1.678(14)  84.850(15)  83.169(16)  700.3(2) 1/0.5  3.3809(15)

0.0001/470 n 11.443(7) 11.988(8) 19.506(9)  96.05(5) 73.16(5) 114.90{6) 2323(3) 315 3.579(8)

0.0001/537 i TET6(2) 10.148(1) 21.559 (2)  84.35(2) #3.34(4) 90.52{3) 1665.5(3) 21 —

1.41/296 v 4.5308(1) 16.9532(3) 17.887(1) 66,484(3) 95.489(2) 96.287(1) 1250.21(8) 2N 3.2643(8)
3.2044(5)

1.95/296 v 4.4643(1) £.6151(1) 15.8664(8)  90.750(3) 92.236(3) a7.400(1) 604.46(3) 10,5 3.2049(6)
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eis=-molecules. This results in an alternating sequence of two
molecules ¢is, criss-cross mestacked to one molecule trans,
followed by two molecules cis, ete. Above 521 K, the strong
Teconstructive transition hampered our attempts to determine
the structure of PDI-Cg phase 111, The unit-cell parameters of
phase III are reported in Table 1.

PDI-C, under pressure

High-pressure single-crystal X-ray diffraction measurements
were performed on PDI-C; at room temperature, up to
4.61 GPa. The discontinuities in the unit-cell dimensions as
well as the doubling of parameter B at 1.22 GPa and its
subsequent halving at 1.52 GPa evidence two pressure-
induced phase transitions (Fig. 4b). Phase I is stable up to
1.05 GPa and then transforms to phase IV, which at 1.52 GPa
transforms to phase V. The high-pressure phases IV and V are
of the same triclinic space group type P1 as phases I, Il and I11.
In phases I and V, the asymmetric part of the unit cell
comprises half of the PDI-C; molecule, while 2" = 1 in phase
V. The crystallographic data are summarized in Table 1
and the crystal and experimental data are detailed in
Table 516 in ESL¥

The compression of the phase I significantly reduces the a
and ¢, dimensions, which is associated with decreased n-n
distances and deformations of the alkyl chains. The parameter
By is hardly affected by the pressure and upon the compression
to 0.73 GPa, it decreases by only —0.14%. Interestingly, at
1.05 GPa, just before the transition to phase IV, the b is
approximately +(.01% longer compared to its length at 0.1
MPa. These changes correlate with variations in the shortest
hydrogen bond CH,- --0,, which shortens from 2.4752(15) A at
0.1 MPa to 2.37(3) A at 0.73 GPa, hefore lengthening slightly to
2.39(2) A at 1.05 GPa. At 0.1 MPa, the Pangle is 42.53° and the R
angle is 20.75", The compression of phase 1 from 0.1 MPa to
1.05 GPa of PDI-Cg has a small impact on the P angle, reducing
it by only 0.33". In contrast, the changes of the R angle and n-r
stacking distance (d, ) are much more pronounced, The
compression to 1.05 GPa decreases the R angle by 1.75" and
shortens the d,, distance to 3.278(6) A from 3.3882(4) A
measured at 0.1 MPa (Fig. 5b).

The unit cell of phase IV clearly corresponds to that
of phase I, as evident from compression of parameters
(Fig. 4b) and the structural comparison presented in Fig. 6.
The nearly monotonic compression of @ reflects the gradual
contraction of m-n stacking distance between adjacent PDI-Cg
molecules within the stacks. The unit-cell vectors of phases |
(@, by, &) and IV (apy, By, cn) are related by the following

eqn (1):
ay -1 (1} 0 o]
by | = 0 =20 L
Ty i} =1 1 8]

Apart from doubling of the b parameter (by = 2b), the
transition from phase [ to IV leads to an abrupt reduction of

(1)
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Fig. & Lattice 01 MPa/i238 K Il

relations between phases |
(0.1 MPa/470 K), IV (141 GPa/296 K), and ¥V (155 GPa/296 K) in PDI-Cg
illustrated for maintained orientations of the n-stacked molecules; the
orange axes in phase IV indicate the corresponding directions in phases
| and V.

the ¢ parameter by —2.20%, which can be recalcu-
lated in relation to the ¢ parameter of phase I with the

eqn (2):

gy = \/"'I:\' + By /4 — vy cos sy (2)

The transformation to phase IV releases the structural strain
accumulated during compression by lowering the crystal sym-
metry and doubling the number of independent molecules. As
a result, due to confermational alternation of the n-hexyl
chains, the 2 in phase IV increases from 0.5 to 1. One of the
molecules retains C; symmetty, maintaining the AAAA confor-
mation of alkyl ¢hains, as observed before in phase 1, with 7y-74
torsion angles close to 1807, The other molecule adopts a
gauche' [ganche ™ (G'/G7) conformation, where 73 and 75 temain
near 180°, while 7, and 7, twist to approximately +60°. Conse-
quently, the conformers descriptors for two independent mole-
cules present in phase IV are AMA/AAAA and G'AG™AIGTAG A
(Fig, 7). The discrimination of molecules into two independent
conformers affects their mstacking in phase IV and signifi-
cantly impacts the elastic response of the crystal. The pressure-
induced deformation of the AAAA stacks follows the trends
observed in phase I, with the P angle decreasing by 0.71°, and
dyorn by 0L42% compared to their values at 1.05 GPa. Under the
same conditions, the R angle increases by 1.5°, The accommo-
dation of new conformers G'AG™A/G™AG'A requires the P angle
to increase by 1.73° and R angle to decrease by 0.93°%
compared to the AAAA conformer at 1.41 GPa. As a result, the
enhanced flexibility of G'AG™A/G™AG™A conformers allows for
more efficient packing and the d, . distance shorter by
1.84% compared to that between conformers AAAA at
1.41 GFa.

This jourmal is © The Royal Saciety of Chemistry 2025
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At 1.5 GPa, a drop in the parameter ¢, length and the
halving of the parameter by, mark another phase transition,
changing the unitcell vectors to resemble those of

phase I:
ay ~1 0 0 v
(h\l) b ( 0 —|f2 D) (bw) {3}
&y i} —|}J2 I (S

In phase V, the Z' number is reduced back to 0.5, and all
molecules adopt the G'AG™ A/GAG”A conformation [Fig. 7). As
the pressure increases from 1,74 to 4.61 GPa, the ay parameter
shortens by —4.12%, and ¢y by —3.62%, while parameter by is
hardly reduced (—0.48%). This unusual effect results from the
preserved characteristic motif of m-stacking into columns,
similarly as in phase I The G'AG A/G AG'A conformation
effectively accommodates compression, as evidenced by a neg-
ligible change in d,., distance up to 2.1 GPFa. Above this
pressure, d, . decreases significantly with compression, by
9.09% at 4.61 GPa compared to 0,1 MPa, The deformation of
the m-stacked columns in phase V becomes more pronounced,
with the Pangle increasing by 0.22° and the R angle decreasing
by 2.95" between 1.74 and 4.61 GPa (Table $10, ESIT).

Conclusions

We comprehensively investigated the solid-state phase transi-
tions of the semiconduetor PDI-Cy, employing a combination of
differential scanning calorimetry, hot-stage microscopy, and
Xeray diffraction under high pressure and various tempera-
tures, Our research highlights an unprecedented polymorphic
diversity of PDIHCs, identifying reversible transformations
between five distinct polymorphic forms. This includes two
high-temperature  polymorphs, previously observed only
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through DSC analysis, and two new high-pressure phases.
Notably, all identified polymorphs erystallize in the same
triclinic space-group type P1.

The transition from phase I to phase 11 involves a scissor-like
rotation of the perylene cores, accompanied by a significant
conformational rearrangement of the alkyl chains. However,
the structure retains its 1D columnar n-stacking and the inter-
digitation of the alkyl chains. PDI-Cy; phase 1l is isomorphic to
phase I1I of PDI-Cs. The close structural relationship is further
evidenced by similar mechano-responsive behaviour of crystals
upon cooling from phase 11 back to phase I, when single
crystals move, jump and reshape. Due to the reconstructive
phase transition, the structure of phase II could not be
determined; however, we were able to establish the unit-cell
parameters and characterize its thermal contraction upon cool-
ing. This significant thermal strain may hinder the spatial
rearrangement of molecules, leading to a high hysteresis upon
cooling as observed in the VT-PXRD.

The volume changes observed in PDI-Cq phase | on lowering
the temperature from 298 to 100 K, on average, correspond to
the compression from ambient pressure to ca. 0.5 GPa, ful-
filling pressure-temperature correspondence rule.™ Conversely,
in the temperature range from 100 to 440 K, the PDI-C, phase |
follows the rule of the inverse relation of the thermal expansion
and compressibility, exemplified by thermal expansion along
[z],%* which corresponds to the strangest compressibility in the
same direction. While the thermal phase transition from phase
1 to 11 is dominated by the rotation of the aromatic core, the
experimental and theoretical computations consistently indi-
cate that the conformational flexibility of the n-hexyl substitu-
ents at the imide pesition is the driving factor of pressure-
induced phase transitions. The stepwise emergence of confor-
mers G'AGA/GAG'A during compression in phase IV, where

J Mater Chem C
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half of the molecules preserve the conformation AAAA/AAAA,
while in phase V all molecules adopt the G'AG A/G AG'A
conformation, indicates that such conformational conversion
facilitates more efficient molecular packing and thus effectively
reduces the n-stacking distance by 9.09% between 0.1 MPa and
4.61 GPa.

Experimental methods

Crystallization

PDI-C; was purchased from Aldrich and used without addi-
tional purification. Single crystals of PDI-Cg were obtained
using a solvothermal reactor. The process involved preparing
a supersaturated solution of PDIC, in toluene, p-xylene,
CH,Cl;, or CHCLy, heating it to 453 K (or 373 K for chlorinated
solvents) overnight, and then gradually cooling it to room
temperature.

Differential scanning calorimetry (DSC)

The DSC measurement was performed with PerkinElmer Pyr-
isDiamond DSC-7 equipped with a PII intracooler, in N, atmo-
sphere and a scanning speed of 20 K min~Y, The temperatures
of phase transitions were determined using the method of
intersecting slope and baseline lines.

Hot-stage microscopy (HSM)

The 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 the temperature
control. The images were taken under polarized light to high-
light modifications in the crystals due to solid-state transition,
with a 40 magnification.

Variable-temperature single-crystal X-ray diffraction (V1-
SCXRD)

The single-crystal measurements were performed on Xealibur
diffractometers with microfocus sources (CuKs = 1.54178 A and
MoK = 0.71073 A) and an Oxford Cryojet attachment. For data
collection and processing, the CrysAlisPro software was
employed, The crystal structures were initially solved using
SHELXT and subsequently refined using SHELXL within the
Olex2 suite.*” " All non-H atoms were refined with anisotropic
thermal parameters. H atoms were located in the difference
Fourier map and from the molecular geometry. All crystal
structures were analysed and compared using the software
Mercury.” We conducted measurements at 100, 298, 440 and
470 K. Additionally, we determined the unit-cell parameters
between 450 and 465 K from quick-experiments. The final
crystal data are summarized in Table 1 and have been depos-
ited in the CCDC with numbers 2421994, 2422224, 2412030 and
24211301

Variable temperature X-ray powder diffraction (VI-PXRD)

VT-PXRD experiments were conducted in the 312-537 K range
at the ALBA Synchrotron and Powder Diffraction beamline
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BLO4-MSPD equipped with the High-throughput Position Sen-
sitive Detector (PSD) MYTHEN and an FMB Oxford hot air
blower. Indexing of the high-temperature phases was achieved
using a 30-second X-ray exposure, 4 = 0.41235(1) A, over the 26
range of 0.8°-15". Fig. 3a presenis the VI-FXRD patterns
obtained upon heating the material, while Fig. 59 (ESI1) con-
tains a temperature-resolved diffractogram collected during
cooling the PDI-Cy powder. Indexing of the PXRD data collected
at 499 K was hampered. However, we successfully indexed the
data collected at 537 K, which allowed the determination of the
triclinic primitive unit-cell parameters of high-temperature
polymorph 1 of PDI-C,. Furthermore, the data for PDI-C,
phase 111 at 537 K were refined using Pawley fitting in Topas-
Academic V5 (TOPAS).®® The final ecrystallographic data are
summarized in Table 1.

High-pressure single-crystal X-ray diffraction

All high-pressure experiments were conducted using a mod-
ified Merrill-Bassett diamond anvil cell (DAC) with diamond
anvils supported on steel discs.”” The diamond culets were
0.8 mm in diameter, The gasket was made of 0.3 mm thick
tungsten foil with spark-eroded holes 0.4 mm in diameter.
Strongly elongated thin plate crystals were prepared by
cutting them to the dimensions required for the experi-
mental chamber. The DAC chamber was loaded with the
single-crystal sample and a ruby chip. Daphne 0il 7575 was
used as the pressure-transmitting medium to maintain
hydrostatic conditions.”™”! Subsequently, the DAC was
closed and compressed. Pressure was generated by con-
trolled tightening of three screws. The experimental details
are shown in Fig. 520 of the ESL{ Pressure was calibrated
before and after the measurement using the ruby fluores-
cence method with the Photen Contrel spectrometer, afford-
ing an aceuracy of 0.02 GPa.”" Single-crystal X-ray
diffraction measurements were conducted on a 4d-circle
diffractometer equipped with a CCD detector and MoKax
X-ray source (4 = 0.71073 A} and with synchrotron radiation
(see below Synchrotron X-ray Diffraction Measurements for
details). The DAC chamber was centered using the gasket-
shadowing method.™ The CrysalisPro software (ver. 43.98a)
was used for the data collection, reduction and absorption
correction. The structures were solved with direct methods
using SHELXS and refined using least-squares methods with
SHELXL, all within the Olex2 software suite."™" Anisotropie
displacement parameters were applied to all non-hydrogen
atoms. The hydrogen atoms were initially identified through
different Fourier maps and recalculated based on the mole-
cular geometry after each refinement cycle. In-lab X-ray
diffraction measurements were conducted at pressures of
1.05, 1.74 and 2.41 GPa. Additionally, quick experiments
were carried out at 1,22, 1.33, 1.47, and 1.52 GPa, where only
the unit-cell parameters were determined. All reference
images collected during the diffraction measurements were
consistent, testifying that no transformations took place
during these experiments.
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Synchrotron X-ray diffraction measurements

X-ray diffraction measurements were performed at the Materi-
als Science beamline of the Swiss Light Source™ using synchro-
tron radiation of approx. 0.4920 A, focused and collimated to
150 pm [exact wavelengths were placed in Table 516, ESIT).
High-pressure diffraction data was collected for single crystals
of the PDI-Cy; systems placed in a DAC in a steel gasket
(thickness ~90 pm and a hole diameter 250 pm). A ruby
fluorescent method was used to determine pressure inside
the DAC. Daphne Oil 7575 was used as a pressure transmitting
medium. We conducted measurements at 0.1 MPa, 0.5, 0.73,
1.41, 1.95, 2.05, 2.74, 3.43, and 4.61 GPa. The final crystal data
from high-pressure measurements are summarized in
Table 1 (¢f. Table 816, ESIT) and have been deposited in CIF
format in the Cambridge Crystallographic Database with num-
bers CCDC 2412018-2412029 (from in-lab and synehrotron
measurements).t

Author contributions

Sample preparation: F. M., L. M., investigation and analysis of
high-pressure and high-temperature SCXRD: P. R,, 8. 5., M. A,,
F. M., A, K,; investigation and analysis of DSC, HSM, VT-FXRIx:
F. M., M. M., L. M,; theoretical investigation: M. A,; funding
acquisition: P. R., L. M., A, K; visualization: P. R., supervision:
5. 5, L. M., A K,; original draft preparation; P. R, 8. 5., L. M.,
A, K. review and editing: all authors, All the authors have given
their approval to the final version of the manuscript.

Data availability

Data for this article, Have been included as part of the ESI, T and
the erystallographic data for compound PDI-C has been depos-
ited at the CODC with numbers 2421994, 2422224, 2412030 and
2421130 (varied-temperature data) and 2412018-2412029 (high-
pressute data) and can be obtained in the form of CIF files from
https:/fwww.cede.cam.ac.uk/.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful to Dr Nicola Casati for providing access to the
synchrotron at PSI, Villigen. PR is grateful to the Polish
Ministrty of Education and Science (Diamentowy Grant
DI2019/0160/49) for their financial support.

Notes and references

1 S. Preet and 8. T. Smith, [. Cleaner Prod., 2024, 448, 141661,

2 X. Wang, X. Tian, X. Chen, L. Ren and C. Geng, Sol. Energy
Mater. Sol. Cells, 2022, 248, 111976.

3 W.Wu, Y. Liv and D. Zhu, Chem. Soc. Rev., 2010, 39, 1489-1502.

This journal 15 & The Roval Society of Chemistry 2025

84

4

=1

- -]

10

1

12

13

14

15

16

17
18

19

20

21

22

23

24

25

26

27

View Article Onllne

Paper

A, B. Koren, M. D. Curtis, A. H. Francis and J. W. Kampf,
I Am. Chem. Soc., 2003, 125, 5040-5050.

L. Zang, Y. Che and J. 8. Moore, Acc. Chem. Res., 2008, 41,
1596-1608.

S. Park, T. Kim, 5. Yoon, C. W. Koh, H. Y. Woo and H. J. Son,
Adv. Mater., 2020, 32, 1-29,

C. Wang, H. Dong, W. Hu, Y. Liu and D. Zhu, Chem. Rev.,
2012, 112, 2208-2267,

H. Dong, X. Fu, J. Liu, Z. Wang and W. Hu, Adv, Mater,,
2013, 25, 6158-6183.

P. Ratajezyvk, S. Sobezak, P, Woiny, A. Weislo, T. Poreba and
A, Katrusiak, J. Mater. Chem. C, 2023, 11, 11055-11065.

G. Zhang, F. R Lin, F. Qi, T. Heumiller, A. Distler,
H. . Egelhaaf, N. 1i, P. €. Y. Chow, C. J. Brabee, A. K. Y. Jen
and H. L. Yip, Chem. Rev., 2022, 122, 14180-14274.

Y. G. Zhen, H. L. Dong, L. Jiang and W. P. Hu, Chin, Chem.
Leit., 2016, 27, 1330-1338,

M. Mas-Torrent and C. Rovira, Chem. Rew., 2011, 111,
4833-4856.

M. Zambianchi, L. Favaretto, M. Durso, C. Bettni,
A. Zanelli, 1. Manet, M. Gazzano, L. Maini, D. Gentili,
S. Toffanin, F. Gallino, M. Muccini, M. Cavallini and
M. Melucci, J. Mater. Chem. C, 2015, 3, 121-131.

L. Maini, F. Gallino, M. Zambianchi, M. Durso, M. Gazzano,
K. Rubini, D, Gentili, I. Manet, M. Muccini, S. Toffanin,
M. Cavallini and M. Melucci, Chem. Commun., 2015, 51,
2033-2035.

. Liu, C. Li, 8 Niu, Y. Li, M. Hu, Q. Li, W. Zhu, X. Zhang,
H. Dong and W. Hu, f. Mater. Chem. C, 2019, 7, 5925-5930.
J. Bernstein, Polymorphism in molecular crystals, OxfordUni-
versity Press, New York, 2002,

H. Chung and Y. Diao, /. Mater. Chem. C, 2016, 4, 3915-3933.
Y. Diao, K. M. Lenn, W. Y. Lee, M. A. Blood-Forsythe, J. Xu,
Y. Mao, Y. Kim, J. A. Reinspach, 5. Park, A. Aspuru-Guzik,
G. Xue, P. Clancy, Z. Bao and 5. C. B. Mannsfeld, J. Am.
Chem. Soc., 2014, 136, 17046-17057,

C. Wang, Y. Yu, Z Chai, F. He, C. Wu, Y, Gong, M. Han, Q. Li
and Z. Li, Mater. Chem. Front., 2019, 3, 32-38.

P. Pandey, N. Demitri, L. Gigli, A. M. James, F. Devaux,
Y. H. Geerts, E. Modena and L. Maini, Cryst. Growth Des.,
2022, 22, 1680-1690.

I. de Oliveira Martins, F. Marin, E. Modena and L. Maini,
Faraday Discuss., 2022, 235, 490-507.

C. Cappuccino, L. Catalano, F. Marin, G. Dushag, G. Raj,
M. Rasras, R, Rezgui, M, Zambianchi, M. Melucci, P. Naumaov
and L. Maini, Cryst. Growth Des., 2020, 20, 884-891.

C. Cappuccine, 8. Canola, G. Montanari, S. G. Lopez,
§. Toffanin, M. Melucei, F. Negri and L. Maini, Cryst. Growth
Des., 2019, 19, 2594-2603.

G, R. Desiraju, Crystal engineering: the design of organic
solids, Elsevier Science Publishers B.V., Amsterdam, 1989,
C. Gag, X, Li, Y. Qu, R, Dai, Z, Wang, H. Li and Z. Zhang,
J. Phys. Chem. €, 2019, 123, 8731-8739.

E. V. Boldyreva, Acte Crystaliogr., Sect. A:Found. Crystallogr.,
2008, 64, 218-231.

A. Katrusiak, Cryst. Res. Technol., 1991, 26, 523-531.

L Mater Chem, C



This article is licensed under a Creative Commons Atiribution-NoswCommercial 3.0 Unported Licence.

Open Access Article. Published on 04 June 2025, Downloaded on 6/6/2025 9:51:13 AM.

Paper

8

29

30

31

a2

33

ad

35

36

vy

38

39

40

a1

42

43

a4

45

i6

47

48

49

50

31
52

53

Y. 5. Guan, Z. Zhang, J. Pan, Q. Yan and 5. Ren, /. Mater.
Chem. €, 2017, 5, 12338-12342.

M. Szafranski and A, Katrusiak, [. Phys. Chem. Lett., 2017, 8,
2496~-2506.

M. Szafranski and A, Katrusiak, [. Phys. Chem. Lett., 2016, 7,
3458-3466.

A. Datar, K. Balakrishnan and L. Zang, Chem. Commun.,
2013, 49, 6894-6896.

T. B. Singh, 5. Erten, 8. Gines, C. Zafer, G. Turkmen,
B. Kuhan, Y. Teoman, N, 5. Sariciftci and 5. Icli, Org
Electron,, 2006, 7, 480-489,

R. Centore, L. Ricciotti, A. Carella, A. Roviello, M. Causa,
M. Barra, F. Ciceullo and A, Cassinese, Org. Electron., 2012,
13, 2083-2093.

L. 1. Kuznetsova, A. A. Piryazev, D. V. Anokhin,
A. V. Mumyatoy, D. K. Susarova, D. A, Ilvanov and
P. A. Troshin, Org. Electron., 2018, 58, 257-262.

J. Mei, ¥. Diao, A. L. Appleton, L. Fang and Z. Bao, J. Ant.
Chem. Soc., 2013, 135, 6724-6746,

E. Kosma and M. Catellani, Dyes Pigm., 2013, 98,
160-179,

C. Li and H. Wonneberger, Adv. Mater., 2012, 24, 613-636.
W. 8. Shin, H. H. Jeong, M. K. Kim, S. H. Jin, M. R. Kim,
J. K. Lee, |. W, Lee and Y. 8. Gal, [. Mater. Chem., 2006, 16,
384-390.

C. Huang, 5. Barlow and 8. R. Marder, . Org Chem., 2011,
76, 2386-2407.

F. Marin, A, Zappi, D. Melucci and L. Maini, Mol Syst. Des.
Eng., 2023, 8, 500-515.

H. Langhals, 5. Demmig and T. Potrawa, J Prakt. Chem.,
1991, 333, 733-748,

A. J. McKerrow, E. Buncel and P. M. Kazmaier, Can. . Chem.,
1993, 71, 390-398.

M. Carmen Ruiz Delgado, E. G. Kim, D. A. Da Silva Filho and
J. L. Bredas, [ Am. Chem. Soc., 2010, 132, 3375-3387.

¥. Geng, H. Bin Li, 8. X. Wu and Z. M. Su, J. Mater. Chem.,
2012, 22, 20840-20851.

J. Pitchaimani, A. Kundu, 5. P, Anthony, D. Moon and
V. Madhu, ChemistrySelect, 2020, 5, 2070-2074,

E. Hadicke and F. Graser, Acta Crystallogr., 1986, 42,
189-195.

F. Marin, 5, Tombolesi, T. Salzillo, 0. Yaffe and L. Maini,
J. Mater. Chem. C, 2022, 10, 3089-8100,

P. Ratajezyk, A. Katrusiak, W. Bogdanowicz, K. A. Przybyl,
P. Krysiak, A. Kwak and A. Iwan, Mater. Adv., 2022, 3,
2697-2705.

K. Al Hogdanawicz, 8. Lalik, P, Ratajcz‘yk‘ A, Katrusiak,
P. Krysiak, A, I Pawlowska, M. Marzec and A. Twan, Sci,
Rep., 2023, 13, 13240,

W. shi, T. Deng, G. Wu, K. Hippalgaonkar, J. S. Wang and
S. W. Yang, Adv. Mater., 2019, 31, 1-8.

M. Knaapila and 5. Guha, Rep. Prog. Phys., 2016, 79, 066601.
5. Bergantin, M. Moret, G. Buth and F. P. A. Fabbiani,
J. Phys. Chem. , 2014, 118, 13476-13483.

R. Li, M. Wang, H. Zhao, Z. Bian, X. Wang, Y. Cheng and
W, Huang, J. Phys. Chem. Lett,, 2020, 11, 5896-5901.

\ Mater Chem, €

85

58

59

i)

61

62

63

64

Gh

67

B
69

70

71

72

73
74

73

76

Wiew Article Online

Journal of Materials Chemistry C

R. Thakuria, N. K. Nath and B. K. Saha, Cryst. Growth Des.,
2019, 19, 523-528.

A Polrolniczak, 8. Sobezak and A. Katrusiak, /. Mater. Chem. )
2023, 11, 16992-17002.

M. Dharmarwardana, R. P, Welch, 5. Kwon, V. K. Nguyen,
G. T. MeCandless, M. A. Omary and J. J. Gassensmith, Chem.
Commun., 2017, 53, 9890-9893,

M. Dharmarwardana, 8. Pakhira, B. P. Welch, C. Caicedo-
Marvaez, M. A. Luzuriaga, B. 5. Arimilli, G. T. McCandless,
B. Fahimi, J. L. Mendoza-Cortes and J. . Gassensmith, J. Am.
Chem. Soc., 2021, 143, 5951-5957.

F. Safari and A, Katrusiak, J. Fhys. Chem. C, 2021, 125,
23501-23509.

W. Zielinski and A, Katrusiak, Cryst. Growth Des., 2013, 13,
696-700.

A. Katrusiak, M. Rusek, M. Dusek, V. Petficek and
M. Szafranski, /. Phys. Chem. Lett., 2023, 14, 3111-3119.

M. D). Curtis, |. Cao and |, W, Kampf, J. Am. Chem. Soc,, 2004,
126, 4318-4328,

A, van der Lee and D. G. Dumitrescu, Chem. Sci., 2021, 12,
8537-B547.

M. Kaimierczak, E. Patvk-Kaimierczak and A. Katrusiak,
Cryst. Growth Des., 2021, 21, 2196-2204.

R. M. Hazen and L. W, Finger, Comparative Crystal Chem-
istry: Temperature, Pressure, Composition and the Variation of
Crystal Structure, Wiley, London, 1982,

5 G. M. Sheldrick, Acta Crystallogr. Sect. C Struct. Chem., 2015, 71,

3-8,

O. V. Dolomanov, L. ]. Bourhis, R. ]. Gildea, ]. A. K. Howard
and H. Puschmanm, J. Appl. Crystallogr., 2009, 42, 339-341.
C. F. MacRae, I. Sovago, §. ]. Cottrell, P. T. A. Galek,
P. McCabe, E. Pidcock, M. Platings, G. P. Shields,
J. 8. Stevens, M. Towler and P. A. Wood, [. Appl. Crystallagr.,
2020, 53, 226-235.

A. A Coelho, f. Appl. Crystallogr., 2018, 51, 210-21§,

L. Merrill and W. A. Bassett, Rev. Sci. Instrum., 1974, 45,
290-294.

. Stasko, J. Prehal, M. Klicpera, S. Aoki and K. Murata, High
Press, Res., 2020, 40, 525-536.

K. Murata and 8. Aoki, Rev. High Press. Sci. Technol/Koatsuryoku
No Kagaku Gifutsu, 2016, 26, 3-7.

G. J. Piermarini, S. Block, ]. D. Barnett and R. A. Forman,
JAppl. Phys., 1975, 46, 2774-2780,

H. K. Mao, J. Xu and P. M. Bell, J. Geoplys. Res, 1986, 91, 4673,
A, Budzianowski and A. Katrusiak, High-Pressure Crystal-
lographic, 2004, vol. 140, pp. 101-112.

G. M. Sheldrick, Acta ij,rsmﬂogr_, Sect. A:Found, C‘r],rsmfiogr_,
2008, 64, 112-122,

P. R Willmott, D. Meister, 5. ]. Leake, M. Lange,
A. Bergamaschi, M. Boge, M. Calvi, C. Cancellieri, N. Casati,
A Cervellino, €. Chen, C. David, U. Flechsig, F. Gozzo,
B, Henrich, 8 Jiggi-Spielmann, B. Jakob, L Kalichava,
P. Karvinen, J. Krempasky, A. Liideke, R. Liischer, 5. Maag,
C. Quitmann, M. L. Reinle-Schmite, T. Schmidt, B. Schmitt,
A Streun, L. Vartiainen, M. Viting, X. Wang and R. Wullschleger,
J. Synchrotron Rodiat,, 2013, 20, 667-682,

This jaurnal 15 € The | 3l Society of Chamistry 2025



Article A3

The odd-even alkyl chain effect on the structure and optoelectronic
properties of alkyl-substituted perylene diimide (PDI) derivatives at highly

strained environments

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

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

86



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

substituted perylene diimide (PDI) derivatives at highly strained environments

Paulina Ratajezyk, Szymon Sobczak, Michal Andrzejewski, Przemysiaw Wozny, Lucia Maini,

Andrzej Katrusiak

P. Ratajczyk, S. Sobczak. P. Wozny, A. Katrusiak
Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznanskiego 8, 61-614

Poznan, Poland

M. Andrzejewski

Paul Scherrer Institute, Forschungsstrasse 111, Villigen CH-5232, Switzerland

L. Maini
Department of Chemistry "G. Ciamician", University of Bologna, via Pietro Gobetti 83,
40129 Bologna, Italy

Funding: Polish Ministry of Education and Science (Diamentowy Grant DI2019/0160/49),
National Science Center of Poland (grant no. 2023/51/D/ST5/00579), IDUB program

(Initiative of Excellence - Research University)

Keywords: crystal structure, high pressure, perylene diimides, phase transitions, structure-

property relationships, UV-Vis and PL spectroscopies

When subjected to a highly strained environment, such as high pressure, perylene diimides N-
substituted with alkyl chains PDI-C, (r = 5-8) reveal a combination of structural and
optoelectronic responses directed by the odd-even alkyl chain effect. Their phase transitions
as well as absorption and emission properties have been systematically analyzed by
synchrotron and in-lab X-ray diffraction, UV-Vis, and photoluminescence spectroscopy,
complemented by theoretical calculations. Their packing interactions, dominated by m-

stacking and weak C-H:--O interactions, lead to strikingly similar crystal structures, all

1

hmtpsadd dedorgi 026434 chemisiv-2025-21c3 ORCID: hitpsdordid orgidO00-0002-3437-2852 Content nat peer-reviewsd by ChemRxiv, License: CC BY-NC-ND 4.0

87



belonging to the triclinic space group P1. Their distinct polymorphic behavior under high
pressure is regulated by the alkyl chain length and conformations, and at high temperatures by
the scissor-like opening and closing movement of parallel n-stacked molecules. The most
susceptible 1o external stimuli are the even-PDIs, PDI-Cs and PDI-Cs, which transform
between three phases under high pressure. Compression of m-stacking distances induces a
significant bathochromic shift in absorption and emission spectra, most prominently
redshifting the absorption edge in PDI-Cxs by 84.4 nm GPa'. These findings provide valuable
insights into the mechanism behind structure-property relations for one of the most promising
classes of organic semiconductors and underscore the role of the odd-even effect in organic
semiconductors combined with the potential of strain engineering for optimizing material

performance.
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L. Introduction
In recent years, the growing concern for environmental issues has led to a more intense search
for sustainable energy solutions derived from renewable sources.!"! Organic solar cells (OSCs)
stand out among the various photovoltaic technologies for their unique advantages, such as
affordability, light weight, excellent mechanical flexibility, low production costs, and the
ability to tune electronic energy levels through organic synthesis.* Despite significant
recent progress, the enhancement of power conversion efficiency (PCE) of organic
photovoltaics (OPVs) remains an ongoing challenge. The highest reported PCE of single-
Junction OSCs has surpassed 19 %, but this falls short compared to perovskite counterparts,
which have achieved an impressive PCE of more than 25 %.1%7! This significant efficiency
gap between OSCs and perovskite solar cells requires further attention and research efforts.
The properties of materials are fundamentally linked to their atomic structure,'™ The
development of X-ray crystallography revolutionized the understanding of these connections,
enabling the detailed investigation of structure-property relationships. Such insights are
essential for designing new materials with tailored functionalities. Over the years, this field
has witnessed significant growth, encompassing the study of a variety of physicochemical
properties, such as magnetism, electrical conductivity, and optical properties. By
manipulating thermodynamic conditions, such as pressure or temperature, it is possible to
tune a wide range of material properties in a controlled manner.”! In particular, applying high
pressure offers an efficient means of modifying crystal structures: it shortens interatomic
distances, alters bonding patterns and electronic orbitals, and shifts energy levels, thereby
opening new routes to enhance the performance of both organic and inorganic solids.!'"!"!
Moreover, pressure- and temperature-driven phase transitions often yield novel structures
with improved or entirely new functionalities—for instance, high pressure has been shown to
increase carrier mobility and photoconductivity in pentacene and rubrene crystals.!'*"*! Over
the past decade, compression has also been extensively employed to explore the structure-
property relations of various types of perovskites,!'"* ¥ One-, two-, and three-dimensional
halide perovskites have been studied upon compression, revealing a variety of novel
phenomena including pressure-induced phase transitions,!'""'" metallization,***'" band-gap
modulation,*?** enhanced photoluminescence (PL) intensity!'*?* and improved electric
conductivity.*®! Despite these advances, high-pressure studies on structure-property relations
of organic photovoltaic materials remain relatively rare.*™¥ providing an exciting

opportunity for further exploration and discovery.
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Perylene-3.4.9,10-tetracarboxylic acid diimides (PDIs) and their derivatives represent
a highly promising class of organic photovoltaic materials thanks to their strong electron-
accepting ability, efficient charge-transport propertics, and remarkable photo-, thermal-, and
chemical stability.?**" These properties make PDIs a viable alternative to fullerene-based n-
type semiconductors.”?! Beyond their intrinsic stability, PDIs exhibit strong light absorption in
the visible spectrum and can be readily modified through chemical substitution, making them
versatile building blocks for optoelectronic applications. The use of perylene materials in
0SCs was pioneered by Tang in 1986,°" and since then, PDIs have been extensively
investigated, with steady improvements in their efficiency.?! The physicochemical properties
of PDIs can be tuned through chemical modifications, such as the introduction of alkyl or aryl

[*2] with these modifications

substituents at the imide, bay, or ortho positions of the PDI core,
exerting a profound influence on the resulting molecular packing and structural variability,1*
Of particular relevance is the introduction of alkyl chains of varyving length, as a discrete
geometry of terminal methyl groups gives rise to pronounced differences in intermolecular
contacts, packing density, and long-range order, depending on whether the number of
methylene units in the side chain is odd or even.*! Even-numbered alkyl chains generally

[35.36

facilitate more compact and symmetric molecular packing,”>3% resulting in higher packing

densities,"” ! glevated melting points,*™%  changes in solubility,* and increased

3 whereas odd-numbered chains introduce local packing frustration and

crystallinity,|
disorder,3#4] often leading to less efficient intermolecular contacts and lower thermal
stability. This odd-even alternation, first recognized in simple n-alkanes and liquid crystals,
has since been demonstrated to have profound consequences for the structure and function of
advanced optoelectronic materials,***! including organic field-effect transistors, >+ self-
assembled monolayers,"" 5% and layered perovskite semiconductors.*'! In m-conjugated
systems, the odd—even effect has been shown to regulate not only crystal symmetry and phase
stability, but also electronic coupling, charge carrier mobility, and photophysical
response. #5353 For example, recent studies on fluoranthene-fused imide dimers have
revealed needle-like crystal morphology and higher crystallinity for derivatives with even-
numbered alkyl chains. Similarly, in 2,7-dialkyl-substituted BTBT derivatives with alkyl
chains of n = 5-10, the hole mobility in solution-processed field-effect transistors
systematically oscillates with side-chain length: even-numbered derivatives exhibit superior
mobility compared to odd-numbered ones, whereas for longer chains (n = 10), this trend is

reversed. 333!
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Although the odd-even effect of alkyl chains has been extensively documented in
simple n-alkanes, liquid erystals, and selected organic semiconductors, its explicit role in PDI
derivatives under conditions of high strain—such as elevated pressure and temperature—
remains largely unexplored. Previous studies have focused on individual PDIs or related
systems, but a systematic comparison linking alkyl chain parity to crystal packing, phase
stability, and optoelectronic responses under external stimuli is still lacking. This leaves an
important gap in understanding how subtle chemical modifications translate into structure—
property relationships in technologically relevant organic semiconductors,

In this study, we explore the odd-even effects at high pressure in a series of four
perylene diimide derivatives with alkyl substituents of varying lengths at the imide positions
(PDI-Cy, n = 5-8, Figure 1), namely N,V -dipentyl-3.4.9,10-perylenedicarboximide (PDI-Cs),
N, N'-dihexyl-3,4.9,10-perylenedicarboximide (PDI-Cs), N N'-diheptyl-3,4,9.10-
perylenedicarboximide (PDI-C7), and N N'-dioctyl-3,4.9,10-perylenedicarboximide (PDI-Cg).
The crystal structures of phase I (stable at room conditions) are already known for PDI-Cs, -
Ce., and -Cs. whereas that of of PDI-C5, is reported here for the first time. The structure of PDI-
Cs was originally characterized at room temperature by Hiidicke and Graser,"" later its
thermal expansion behavior and high-temperature polymorphs were investigated by Maini et
al.**1 Madhu et al. determined the crystal structures of PDI-Cs and PDI-Cg, together with their
absorption and fluorescence properties over the 353-523 K range.[*”! The high-pressure and
variable-temperature phase transition of PDI-C was subsequently investigated by us./®! The
crystal structure of PDI-Cy was first described by Xia et al. at 173 K.'!! followed by Okamoto
et al, at 298 K.'?! Troshin et al. conducted a systematic study on the PDI-C,, series (n = 4-12),
focusing on the influence of side-chain length and thermal annealing on the electrical
performance of organic field-effect transistors (OFETs) which highlighted the presence of
polymorphic phases at high temperature for the compounds.'**) While these prior studies have
contributed important insight, they have not addressed the role of subtle structural
phenomena—most notably, the so-called “odd-even effect”™—on the structure—property
relations in this family of organic semiconductors.

The present study significantly extends the investigation by correlating strain-induced
structural deformations with the alkyl-chain length and the resulting variations in optical
absorption and photoluminescence across all four PDIs. Our experimental methods include
high-pressure synchrotron and in-lab single-crystal X-ray diffraction, along with UV-Vis

absorption and PL spectroscopy.
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Figure 1. Molecular structures of the investigated N-substituted PDIs, abbreviated as: PDI-Cs

(a), PDI-Cs (b), PDI-C7 (c¢), and PDI-Cs (d).

2. Results and discussion

2.1. PDI-Cqn at room pressure

At ambient conditions (296 K. 0.1 MPa), all four perylene diimides (PDI-Cs, -Cs, -C5, and -
Cy) form isostructural crystals of the triclinic space group type P1, with comparable unit-cell
parameters and half of the PDI molecule in the asymmetric unit (Z° = (.5, Figure S1). The
PDI-C,, molecules are w-stacked in characteristic columns running along the [100] direction.
The m—n stacking distance (dy.) in the investigated series ranges from 3.361(8) A (in PDI-Cs)
to 3.3882(9) A (in PDI-Cq). In all cases, the neighboring n-stacked columns are stabilized by
weak C-H--O interactions. The perylene cores of the molecules are planar, while the alkyl
chains protrude out of the plane m the #rams configuration. To describe the chain
conformations, which depend on 3 to 6 torsion angles (r) depending on the chain length, we
adopt a simplified notation using letter descriptors: T (antiperiplanar, t = £150 to 1807), G*
(synclinal™, r =130 to 90°) and G* (synclinal, t=-30 10 -907), A™ (anticlinal®, =90 to 150°),
A (anticlinal' | = -90 to -150%), and C (symperiplanar, r= 0 to £30°%).

2.2. PDI-Cy at high pressure

Pressure-induced structural changes in PDI-C,, were investigated using single-crystal X-ray
diffraction (Figure 2). Additionally, the effects of pressure on the optoelectronic properties
were explored using UV-Vis absorption and photoluminescence spectroscopy, measured on
PDI-C, crystals compressed in a diamond anvil cell (DAC). Experimental details are provided

in the Supporting Information (SI).
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Figure 2. Temperature- and pressure-induced phase transitions in PDI-C,, (n = 5-8).

2.2.1 N,N'-Dipentyl-3,4,9,10-perylenedicarboximide (PDI-Cs)
The high-temperature investigations on PDI-Cs reported recently show that this material
undergoes two transitions to phases I and I at 385 and 494 K, respectively.[*l All three
polymorphs I, 11, and 111 erystallize in the triclinic space group P1 (CCDC numbers: 2127829-
212783 1). Our investigations also confirmed earlier reports that PDI-Cs decomposes before
melting, and therefore no melting point can be determined for this compound. ™

In phase 1 at room temperature, the PDI-Cs molecule is located at an inversion center
(2’ = 0.5) and the n-pentyl alkyl chains adopt an antiperiplanar-antiperiplanar-antiperiplanar
(TTT) conformation. The transition between phases [ and 11 induces minor structural changes,
primarily affecting the alkyl substituent conformation, from TTT/TTT to TA'AYTA'A", The
latter transformation to phase [l involves much more pronounced conformational changes
leading to an increase in Z’ from 0.5 to 1.5, In phase 111, one of the PDI-Cs molecules retains
its position at an inversion center with alkyl chains protruding in a trans contiguration. The
other molecule sits at the general position, which allows the release of compression strain by
modifying the alkyl chain configuration from frans to cis. Thus, in phase II1, the Ci-symmetric
trans-molecule adopts an A'A"AYA A'A” conformation, while the cis-molecule adopts the A~
AAYTG'T conformation.

High-pressure single-crystal X-ray diffraction measurements were performed on PDI-
Cs up to 3.84 GPa. Compression of phase I reveals that the most compressible unit-cell
parameters are @; and cx, primarily due to a reduction of the soft m-stacking distance and
deformation of the alkyl chains, respectively. These changes lead to more compact molecular
packing, as confirmed by a molecular volume (V) reduction of 11.50 % at 1.73 GPa.
Specifically, a), representing the centroid-to-centroid distance between adjacent PDI-Cs
molecules, decreases by 5.50 % while ¢1 by 4.94 %, while the least compressible A direction
contracts by only 1.72 % on compression to 1.73 GPa. At 2 GPa, a discontinuity in the unit-
cell parameters, accompanied by a notable reduction in Vi, indicates a phase transition to the
high-pressure phase IV (Figure 3a). Further compression of phase [V to 3.84 GPa reveals that

the largest relative reductions in the unit-cell parameters occur along the an- and ¢ directions,
7
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consistent with the behavior observed in phase I. However, the linear compressibilities along
these directions are notably smaller: ay is reduced by 3.23 %, and ¢y contracts by 3.07 %.
The by direction remains the least compressible, decreasing by only 0.43 % up to 3.84 GPa.
The considerably lower compressibility values suggest that the structure of phase IV is
characterized by a highly efficient packing arrangement, in which compression is absorbed
mainly through minor conformational adjustments rather than substantial decreases in
intermolecular separations. This interpretation is reinforced by the observed Fy reduetion of
about 5.5%, nearly half of that recorded for phase 1 under compression.

The monotonic compression of phase | enhances electrostatic interactions between
adjacent molecules. At 0.1 MPa, the electrostatic repulsion —CH(&") (6" HC- s
compensated mainly by dispersion and polarization energies, and the electrostatic energy even
is reduced by half between ambient pressure and (.66 GPa. Beyond this point, a subtle
transition as the alkyl chains adopt more favorable conformations. The antiperiplanar-
comformer rotates, and r = (N1-C13-C14-C15) lowers from 173(2)° to 145(3)° (Figure 56},
shifting it to an anticlinal conformation, while 72 and r; maintain values close to 180° As a
result, the conformation changes from TTT/TTT in phase I to A*TT/ATT in phase IV
(Figure 4a). Interestingly, after the transition, the trend of rising electrostatic energy resumes,
and at the maximum applied pressure of 3.84 GPa, the intermolecular distance approaches the
value observed under ambient conditions. This behavior indicates the possibility of additional
structural conversion, although likely beyond the hydrostatic limit of the pressure-transmitting
medium (PTM) employed in this study. On the other hand, the most stable part of the PDI-Cs
crystal structure is the PDI core, m-stacked through numerous interactions mvelving carbon
atoms and, after the transition, also through newly formed O:-O and N-:-O interactions
(Figure S22).

We also analyzed the packing of PDI-Cs in terms of pitch (P) and roll (R) inclinations
relative to an ideal cofacial n-stack (Figure 5).! The pitch angle describes the translation of
adjacent molecules in the direction of the long molecular axis, while the rolf angle along the
short molecular axis. In phase 1 of PDI-Cs at ambient pressure, the P angle is 42.0(3)°, the R
angle is 22.1(4)°, and the interplanar distance dx= is 3.360(8) A (Figure 5a and Table §7).
Compression to 1.73 GPa does not have a significantly influence on the P and R angles, but
the drx decreases by 5.5 Y. In contrast, the transition to phase IV involves conformational
rearrangements of the alkyl chains, lowering the P angle to 16.4(8)° and increasing the R
angle to 28.0(3)" at 2.17 GPa. Notably. the dxx separation expands to 3.217(8) A (vs. 3.174(9)

b

https:Afdol.org/10. 26434/ chemirn- 2025- 263 ORCID: hitps:forcd.org/0000-0002-3437-2852 Content not peer-reviewed by ChemRxly, License: CC BY-NC-ND 4.0

94



A at 1.73 GPa). Upon further compression to 3.84 GPa, the P and R angles remain unchanged,

while dx x decreases by only 2.8%, far less than in phase [. This suggests that n-stacking plays

a diminished role in accommodating strain within phase I'V.
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Figure 3. Pressure dependence of the unit-cell dimensions a, b, ¢ (top) and molecular volume

(Vi = VIZ, where I is the unit-cell volume and Z is the number of molecules in a unit cell,
bottom) for PDI-Cs (a), PDI-Cs (b), PDI-C7 (c), and PDI-Cs (d). The estimated standard

deviations (ESDs) are smaller than the plotted symbols. Unfilled symbaols represent data from

quick experiments in which only the unit-cell parameters were determined. Arrangements of
PDI-Cs (), -Ca (1), -C7 (g), and -Cg (h) molecules in the unit-cell along directions [100] with
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graphical representations of compressibility tensors for phases [ are shown on the right (cf.
Figures S7-89 and Tables S2-56 in Sl for details).

2.2.2 N,N'-Dihexyl-3.4,9,10-perylenedicarboximide (PDI-Cs)

Previous studies using DSC and X-ray diffraction at high pressure and varied temperatures
revealed the existence of five distinct phases of PDI-Cy!*" These include two high-
temperature phases II and II1, forming at 465 K and 521 K, as well as two high-pressure
phases IV and V. stable above 1.22 GPa and 1.50 GPa, respectively (Figure 3b). All phases,
-V, crystallize in the triclinic space group P1. It is also known that phase | remains stable
during cooling down to at least 100 K _[©]

The crystal structure of PDI-C;s phase [ closely resembles that of PDI-Cs phase 1—
exhibiting very similar unit-cell dimensions, with Z' = 0.5 in both cases. At high temperature,
phase | transforms into phase II, with Z" increasing from 0.5 in phase | to 1.5 in phase [l by
accommodating PDI-Cs molecules in both ¢is and trans conformations. Moreover, despite the
similarities between phases 1 and high-temperature phases 11 of PDI-Cs and 111 of PDI-Cs, the
mechanism of the phase transition appears to be similar. The conformations of the alkyl
chains in the trans PDI-Cy molecule are TTA'T/TTA'T, while in the eis molecule, the alkyl
chains can be denoted with TTTC/TA'TG. Above 521 K, a strong reconstructive transition
occurs, significantly impacting single-crystal quality, and hindering the structural
determination of phase 111

High-pressure single-crystal X-ray diffraction measurements on PDI-Ce up to 4.61
GPa reveal that the first phase transition occurs already at 1.22 GPa, indicating that much less
stress is required to induce the structural rearrangement of PDI-Cy phase I than in PDI-Cs
phase 1. Compression of PDI-C¢ phase 1, similarly to the compression of PDI-Cs, leads to the
most pronounced contractions of parameters @ and ¢, while & remains the least compressible
direction for both materials. The transition to high-pressure phase IV above 1.22 GPa doubles
the A axis and shrinks ¢ by 2.2 %, while @ continues decreasing with no noticeable anomaly at
the phase transition. Such changes arise from conformational change, switching from the
TITT/TTTT alkyl chain conformation to G TG T/GTG'T (Figure 4b). At 1.52 GPa, a new
discontinuity in the compressibility of the unit-cell dimensions appears. characterized by a
drop in ¢ and a halving of b, indicating another phase transition to phase V. Upon
transformation to phase V, the structural strain accumulated during compression is relieved by
lowering the erystal symmetry and changing the Z” to 0.5. As the pressure increases up to 4.61

GPa, parameter a, shortens by 4.41 % and parameter ¢, 1s contracted by 3.52 %, while b, 1s

10
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marginally reduced (0.38 %). Compared to PDI-Cs, pressure effects in PDI-Cgs have a weaker
impact on angle P, but much stronger on angle & (Figure 5b). Despite these differences, the

overall change in dr.» for PDI-Cs resembles that in PDI-Cs, reaching 9.1 % up to 3.5 GPa.
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/& = 110.5

r orrrrr PG
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L entorplerer
A - anticlinal

=74

phase Il

A =105
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PDI-C, )
TTTTTG
TTTTTG

n=5+

pressure (GPa)
Figure 4. Conformational changes in PDI-Cs (a). PDI-Cs (b), PDI-C7 (¢), PDI-Cs (d)
molecules observed in pressure-induced phases; (e) summarizes these conformational

variations across all PDI-Cy, phases.

2.2.3. N,NV'- Diheptyl-3,4,9,10-perylenedicarboximide (PDI-Cy)
The crystal structure of PDI-C; has not been previously reported. However, calorimetric
studies indicate that phase | remains stable up to 486 K. above which it undergoes a solid-
solid phase transition.™®1 A subsequent phase transition occurs at 518 K, followed by
melting at 658 K (Figure S12). These high-temperature solid phases will be labeled as phase
1T and I11, respectively.

At room conditions, PDI-C7 (phase I) crystallizes in triclinic space group P1, with the
molecule lying on an inversion center (Z° = 0.5). At 296 K/0.1 MPa, all methylene groups in

11
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alkyl moiety are bonded in antiperiplnar-antiperiplanar fashion, except for the terminal
methyl group which displays positional disorder with site occupancy factors of 0.596(14) and
0.404(14). The torsion angles involving the terminal carbons (rs) are £78.8(8)° and =153(1)°,

respectively. Thus, the n-heptyl substituent is disordered between the TTTTG™ and TTTTT
conformations. With increasing pressure, the disorder disappears at 0.50 GPa, and rs becomes
175.1(9)°, indicating the TTTTT conformers (Figure 4¢). This structural as well as
conformational change allows phase I to remain stable up to at least 1.84 GPa. The influence
of low temperature is much less pronounced than the effect of compression and the disorder
of the terminal methyl group is preserved down to 100 K (Figure S11).

The compression of phase | is strongly anisotropic. Initially, from 0.1 MPa to 0.35
GPa, the ¢ parameter exhibits the most substantial contraction. Above 0.5 GPa. when the
disorder is extinguished, a more uniform contraction of all unit-cell parameters is observed.
Specifically, from (.50 GPa to 1.84 GPa, the arv, brv, and crv parameters decrease by 2.21 %,
1.97 %, and 1.89 %. respectively, and Vi, decreases by 5.58 %. At 0.1 MPa, the P and R
angles of PDI-Cy are 43.42(3)® and 21.41(4)°, respectively, and they hardly change with
increasing pressure. The dr. distance decreases by 5.6 % over the pressure range from 0.1
MPa to 1.84 GPa, at a similar rate as in PDI-Cs and PDI-Cs. Based on these results, we
anticipate that PDI-C; undergoes an isostructural transition between disordered phase [ and
ordered phase V. It is possible that the transition proceeds through the supercritical region
with no sharp boundary between phases. Compression above 2 GPa deteriorated the quality of

PDI-C7 measurements, preventing the collection of single-crystalline data at higher pressures.

2.2.4. N,V'-Dioctyl-3,4,9,10-perylenedicarboximide (PDI-Cs)
Previously reported calorimetric studies revealed that PDI-Cg undergoes a phase transition at
497 K to a high-temperature phase labelled as phase IL!**! High-pressure single-crystal X-ray
diffraction experiments on PDI-Cs, performed at room temperature up to 2.28 GPa (Figure
3d). revealed two pressure-induced phase transitions: at 0.61 GPa to phase 1] and at 1.50 GPa
to phase IV, marked by abrupt changes in molecular volume and unit-cell parameters. All
identified phases of PDI-Cs, like in PDI-Cs, -Cs, and -Cs, crystallize in triclinic space group
type P1. Notably, the transition to phase III occurs at a much lower pressure than in PDI-Ca
and PDI-Cs, indicating a significant tole of the alkyl substituents conformation in
compensating the compression strain. The transition to phase IV increases the 2 from 0.5 to |

and, analogously to the transformation between phases I and IV observed in PDI-Cy, a

12
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doubling of parameter &, Further compression beyond 2.5 GPa led to a deterioration in PDI-
Cy measurements quality, as also observed in PDI-C5.

In phase I, where the alkyl chains adopt an TTTTTT/TTTTTT conformation, the Vi
decreases significantly from 814.05(8) A? at 0.1 MPa to 766.80(16) A® at 0.40 GPa. This
reduction of Vi by 5.8 % is primarily driven by the compression of unit-cell parameters a; and
¢1. which decrease by 3.1 % and 4.2 %, respectively. Interestingly, compression to 0.40 GPa
leads to elongation of the by axis by 1.7 % (K = -37.6 TPa™!, Table S6). This counterintuitive
effect. known as negative linear compressibility (NLC),[%?! differs significantly from the
behaviour observed in other alkyl-substituted PDIs, however a similar effect has also been
reported for another member of the PDI family, phenyl substituted perylene diimide PTCDI-
Ph (K = -6.1 TPa™'; pressure range 0-0.78 GPa).”"] The transition to phase I1l has the most

pronounced effect on the terminal methyl group, which adopts 7o = £72.8(7)°, altering the

:

TTTOH T TTTTI Tha acmeteeaceibi i, ol
L1iwg 1Ll ivd. e vl JlJI 'bblUllll)" i

-
-
i-
i

parameter ¢y undergoes a pronounced contraction. Conformational changes in phase IV are
associated with an increase in Z' from 0.5 to 1, where one alkyl chain maintains the
TITTTG' conformation, and the opposite alkyl chain adopts a G'TGTTG conformation
(Figure 4d).

At 0.1 MPa, the P and R angles of PDI-Cs are 42.70(3)° and 20.38(4)°, respectively,
similar to those observed for other investigated PDI-C,. Up to 1.5 GPa, compression only
slightly affects the P angle. However, in phase IV, the P angle becomes wider indicating
sliding of molecules along the longer molecular axis. The R angle shows more pronounced
pressure induced changes: it decreases by 3.21° in phase | (from 0.1 MPa to 0.4 GPa),
increases by 2.83° during the phase I to 1 transition. then decreases by 1.38° within phase 11,
followed by a further decrease of 1.96° during the transition from phase I to IV, The dux
decreases by 4.94 % overall between 0.1 MPa and 1.57 GPa.
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Figure 5. n-Stacking parameters of molecules PDI-Cs (a), PDI-Cs (b), PDI-C7 (c), PDI-Cs (d)
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and (f), where the m-stacked molecules are projected along their shortest and longest in-plane
axes, while alkyl substituents and H atoms are omitted for clarity. Where not indicated, the

ESDs are smaller than the plotted symbols.
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2.3. Optoelectronic responses of PDI-Cx
To investigate the pressure-induced changes of the band-gap energy (Ey). we performed UV-
Vis absorption spectroscopy experiments on solid PDI-Cs, PDI-Cq, PDI-Cy, and PDI-Cy under
compression up to -4 GPa and following decompression. All four PDI-C, exhibit a
progressive redshift in their absorption spectra with increasing pressure, causing the PDI-C,
films to darken visibly from red to black (Figure 6). These redshifts are fully reversible upon
pressure release, with the films returning to their original color. The pressure dependence of
the F, is shown in Figure 7.

At ambient conditions, the absorption edges for PDI-Cs, -Cg, -C7, and -Cx are 636, 664,
625, and 634 nm, respectively, corresponding to the F, of approximately 1.95, 1.87, 1.99, and
1.96 eV (Table S10-813). The E; of PDI-Cs exhibits a monotonic decrease at a rate of
approximately 0.14 eV GPa' up to 2.08 GPa. Following a phase transition, a small
discontinuity in the E. is observed. with the decrease continuing at a slightly reduced rate of
0.12 eV GPa'l, PDI-Cqs shows a consistent linear decrease in the £ at a rate of 0.13 eV GPa’!
across the measured pressure range (0.1 MPa to 3.46 GPa). PDI-C; displays an initial rapid
decrease at 0.18 ¢V GPa'!, followed by a drop at 0.70 GPa, and a subsequent decrease at (.12
eV GPa. This discontinuity oceurs in the pressure region where the ordering of C7 chains is
observed. The pressure-induced £, behavior of PDI-Cr deviates from the trend observed for
its analogs PDI-Cs, -Cg, and -Cs (Figure 7). Finally, PDI-Cs exhibits a linear decrease in the E,
throughout the compression cycle at a rate of 0.17 eV GPa’'. Of the four studied derivatives,
PDI1-Cx demonstrates the largest overall change in E;, with a total decrease of approximately

0.69 eV up to 3.82 GPa.
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Figure 6. Pressure evolution of the absorption spectra of PDI-Cs (a), PDI-Cs (b), PDI-C5 (c).

and PDI-Cg (d). Corresponding images of thin-film samples under increasing pressure (top)

and upon pressure release (bottom) are shown below the respective plots.
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Figure 7. Pressure dependence of band-gap energy £, for PDI-C:, PDI-Cs, PDI-C5, and PDI-
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respectively. Inset: Frontier molecular orbitals (HOMO and LUMO) of the studied PDI
derivatives. The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) are predominantly localized on the PDI core, illustrating the main

chromophoric unit responsible for the optical properties. AE refers to HOMO-LUMO gap.

According to our quantum-mechanical caleulations, the HOMO-LUMO gap for the
investigated PDI molecules with varying alkyl chain lengths is approximately 2.52 eV (Figure
7 and Table S14). It is important to emphasize that these calculations were performed for
isolated molecules in the gas phase and, as such. inherently neglect key factors present in
condensed phases, including intermolecular interactions, crystal packing effects, and
dielectric sereening from the surrounding medium. These factors can significantly modulate
the energies of frontier orbitals and thus alter the HOMO-LUMO gap. In order to bypass this
limitation, additional calculations in CrystalExplorer were performed to provide an analysis of
intermolecular interactions (Figure S20 and Table S16, 517). Nevertheless, the calculated
values are consistent with previously reported HOMO-LUMO gaps for related PDI
derivatives, which typically fall within the range of 2.0 to 2.5 ¢V, depending on the specific
nature and length of the substituents as well as the electronic environment.*") In our study, the
alkyl chains attached to the PDI core funetion primarily as solubilizing groups. Similarly, our
results indicate that while variations in alkyl chain length and conformation in PDI derivatives
strongly affect physicochemical properties such as solubility, molecular packing. and possibly

thermal stability, they do not substantially alter the electronic structure of the PDI
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chromophore or its optical absorption profile. This distinction aligns well with the literature
on both chlorophyll and organic dyes, where peripheral alkyl substituents modulate material
processing and intermolecular interactions without significantly perturbing the intrinsic
electronic transitions governing light absorption. For example, studies on PDIs and related
rylene dyes consistently report that substituents improve solubility and crystalline order but
leave m-n* transitions localized on the core largely unchanged. Likewise, work on chlorophyll
analogues underscores the minor role of the phytol tail in electronic excitation, emphasizing

its contribution to environment-induced modulation instead of intrinsic spectral shifts.

2.4. High-pressure photoluminescence (PL)
We investigated the PL properties of PDI-Cs, -Cy, -C», and -Cs materials under both ambient

and high-pressure conditions. We observed that the relative intensity of the emission and
hain {Figure 8. Fo
excitation spectra for the emission band at & = 700 nm exhibit a broad band in the 220-500
nm range, while the emission spectra show a broad red -NIR band (600-850 nm) upon
excitation at . = 370 nm. At ambient pressure, the excitation band maximum shifts depending
on the alkyl chain length: 360 nm for PDI-Cs, 368 nm for PDI-Cg, 373 nm for PDI-Cs, and
370 nm for PDI-Cs. A similar trend is observed for the emission band maxima, which occur at
703 nm for PDI-Cs, 696 nm for PDI-Cs, 685 nm for PDI-Cs5, and 689 nm for PDI-Cs,

indicating a chain-length-dependent modulation of the PL characteristics,
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Figure 8. Emission and excitation spectra for the PDI-C,, materials at ambient conditions.
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Subsequently, the PL properties of the PDI-C, excited with the 4 = 450 nm diode were
examined up to ~5 GPa using DAC. All investigated materials exhibited a broad emission
band in the NIR spectral range (Figure 9). The initial shift of the emission band maximum
observed in the DAC can be attributed to the influence of the pressure-transmitting medium.
Compression of PDI-Cs phase | causes a small decrease in PL intensity (Figure S14a). After
the transition to phase IV, the emission band remains almost constant, but overall the
integrated PL intensity increases, likely due to band broadening—i.e.. the full width at half
maximum (FWHM) increases with pressure (Figure S17a). Spectral shifts observed in phase
IV significantly exceed the changes in the PL spectrum observed in phase I, reaching 8.9 and
6.1 nm GPa™, respectively (Figure S16a). The band centroid was caleulated using a quadratic
polynomial fit (i.e.. a second-order polynomial function) as described in Equation 1:

y=ax®+bx+c (1)

where @ is 0.48, b is 5.31 and ¢ is 777.44, and R* is 0.999. Based on the fitted function, we

have calculated the relative sensitivity (S;) for the band shift parameter using Equation 2:
1|dd
S = um%Il5 )

where & is the band centroid position and p is the pressure value. For PDI-Cs, the emission
band shifted by =40 nm across the pressure range with sensitivity increasing from 0.70 %
GPa™! at 0.05 GPa to 1.25 % GPa ™" at 5.29 GPa. Notably, PDI-Cs was the only derivative
exhibiting stable luminescence intensity coupled with an increase in relative sensitivity over

the investigated pressure range.
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Figure 9. Normalized emission spectra of PDI-Cs (a), PDI-C; (b), PDI-C5 (c), and PDI-Cx (d)

during the compression cyeles.

The longer alkyl chain in PDI-Cs causes more prominent pressure effects in the
emission spectra, The PL intensity for PDI-Cy in phases I and TV is only negligibly affected
by compression, but after the transition to phase V, the PL intensity increases markedly
(Figure 514b). The emission band maximum shifis by 29.5 nm, resulting in the polynomial
function (Equation 1) with parameters ¢ = —0.27, b =721, and ¢ = 762.70. The 5; decreased
from 0.85 % GPa™' to = 0.61 % GPa™' at 5.28 GPa (Equation 2). Phase transitions do not
affect the spectral shift of the emission band, which assumes 5.75 nm GPa™! (Figure $16b), but
the FWHM increases in phases | and 1V, reaching its maximum at 2.5 GPa in phase V.

For PDI-C+, the luminescence intensity decreased monotonically up to 1 GPa, when

the transition to phase IV occurs, This phase transition pressure is shifted compared to that
20
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determined by structural investigations, likely due to the faster compression rates employed
during luminescence measurements. Above this pressure, the intensity declined gradually up
to =4 GGPa, accompanied by significant band broadening. The redshift of the PL band of PDI-
Cy is almost linear from 745 to ~780 nm (Ak = 47 nm) at 5.03 GPa, following the quadratic
function (Equation 1) with parameters @ = —0.76, 5 = 14.70, and ¢ = 737.45. The sensitivity
(S:) decreased from 1.90 % GPa' to 0.89 % GPa ', while the FWHM remained nearly
constant. The phase transition point between phases I and IV can be detected only as a small
deviation of the PL intensity (Figure S14c).

The transitions between phases I, I1I, and IV of PDI-Cs are not reflected in the PL
intensity (Figure S14d). It gradually decreases until the complete transition to phase IV, after
which the PL intensity starts to increase above 3.4 GPa. The rate of spectral shift changes
from 12 nm GPa™' up to 2.8 GPa to 7.6 nm GPa™' at higher pressure. In PDI-Cs, the FWHM of
the emission band is useful for the detection of different phases. In contrast to other
parameters, it is constant for phase I then decreases drastically during compression of phase
Il and increases when phase TV is compressed (Figure S17d). PDI-Cx displays the most
pronounced redshift in emission spectra, consistent with its absorption behavior, with a total
shift of 51.1 nm between 0.1 MPa and 4.99 GPa (Figure 10), fitting the polynomial (Equation
1} with ¢ = —0.66, b = 14,10, and ¢ = 767.68, The sensitivity decreased linearly from 1.82 %

GPa ' at ambient pressure to 0.91 % GPa™'

at 5 GPa (Equation 2). Figure 10 shows that
longer alkyl substituents induce a greater redshift in the emission spectra. However, PDI-Cy is

an exception, exhibiting the smallest observed shift.
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Figure 10. Pressure-induced PL bandshift for PDI-Cs, -C, -Cr, and -Cs.
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2.5. The odd-even effect in PDI-C. series

We have observed an odd-even effect in the PDI-C,, series, manifested in several ways.
For the even-n alkyl derivatives, two pressure-induced phase transitions are observed,
whereas odd-n alkyl chains exhibit only a single transition (Figure 2a). The even-n alkyls are
conformationally more flexible under pressure, while the odd-n chains remain relatively rigid
(Figure 2b). In the even-n alkyls, the syaclinal conformers appear at higher pressures, whereas
they are absent in the odd-n chains. Notably, in PDI-Cy, the synclingl conformations are
present in the disordered ambient phase but disappear under elevated pressure. A direct
consequence of this behavior is that up to 2 GPa, the volume is more compressed for even-n
analogues than for odd ones (Figure 11). The small linear compressibility along & of PDI-Cs
and the negative linear compressibility of PDI-Cyx contrasts with the larger linear
compressibilities along » in PDI-Cs and PDI-Cy; also, PDI-Cs and PDI-C- elongate along b at
the transitions to higher-pressure phases, whereas in PDI-Cs and PDI-Cg the transitions result
in jumpwise shortening of the b parameter. This behaviour is consistent with the stronger
effect of pressure on the even alkyl substituents, which stronger compensate the effect of the
external stimuli. Moreover, the odd-even effect is also reflected in the m—m stacking distance
at ambient pressure, with dy being longer for the even-n alkyls and shorter for the odd ones
(the inset in Figure 12a). In contrast, the pressure-induced shifts of the absorption edge and
PL bands did not reveal any discernible odd-even effect. It is plausible that the odd-even
effects in the PDI-C, series arise from the position of the terminal methyl, either sticking out
or closer to the molecular planes, respectively. Consequently, the even-n alkyl substituents are

more prone to yield under compression.
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Figure 11. Molecular volumes (Vu) of PDI-C, extracted from single-crystal measurments

plotted as a function of pressure up to 2 GPa.
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2.6. Comparative structural analysis in the PDI-C, series

From our systematic studies on the PDI-C,, (n = 5-8) series, several conclusions can be drawn
about structural transformations as a function of temperature and pressure. The most apparent
systematic changes are:

e For all the PDI-C, compounds, the n-stacking distance is reduced with the average rate
of 0.08 A GPa™'; for PDI-Cs, the dr.x distance abruptly increases by nearly 0.04 A at
the phase transition (2.17 GPa), whereas for PDI-Cs it decreases by 0.06 A at 1.41
GPa (Figure 12a);

s All PDI-C, compounds assume the all-T conformation in phase I; an exception is the
disordered conformation of PDI-C7 in phase 1, including the all-T conformer as the
minor disorder component; the pressure-induced transformations lead to other
conformers (Figure 4¢),

s Pressure influences the arrangement of w-stacks; while it has a minimal effect on the
displacement of adjacent molecules along their long molecular axis, measured by the
relatively stable angle P. Pressure effect on the displacement along the short molecular
axis is more pronounced and angle R decreases toward the ideal cofacial n-stacking
arrangement. However, PDI-Cs exempts from this trend, by significantly decreasing
angle P by 26° and increasing angle R by 7° at the transition to phase IV at 2,17 GPa;

e Changes in dagcorrelate with changes in angle R: they both decrease with increasing
pressure, e.g. in PDI-Ce, the decrease in angle R mirrors that of dyy conversely, in
PDI-Cs, the unexpected increase in R angles coincides with an increase in den;

e The increasing alkyl-chain length correlates with lower pressures and higher
temperatures required for the transitions to occur — for example, phase I of PDI-Cs is
destabilized at 2.17 GPa, of PDI-Cs at 1.22 GPa and of PDI-Cg at 0.61 GPa: an
exception is observed for PDI-Cs, where the alkyl chains gradually order below 0.50
GPa, without detectible phase-transition anomaly.

e As expected, the m-stacking distance dyp; correlates with the band gap energy Ey;
Figure 12 shows the distance dy.r a5 a function of pressure and the £, values as a

function of dy; distances in the PDI-C,, series.

The compressibility of the crystals visualized by the graphical representation of the
compressibility tensors in Figures 3(e-h) consistently indicates the smallest compression
along the CH---O bonded m-stacking columns in all the PDI-Cs — PDI-Ci crystals,

respectively, in their phase L. In phase I of PDI-Cs, the crystals exhibit the negative linear
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compressibility, which can be connected to the largest absorption of the external stimuli by
the longest alkyl chains in this compound. This trend of the least-compressed unit-cells
parameters b (parallel to the n-stacked columns) continues also in the high-pressure phases.
The small or even negative compressions along £ correlate with the reduction of the roll R
angles in PDI-Cs, PDI-Cs and PDI-Cg (Figure 5). In other words, the molecular cores
gradually become more parallel to the (100) plane, or more perpendicular to the m-stacking
columns, which counteracts the compression along the b direction. Noteworthy, the reduction
in the rell angle is the largest in PDI-Cg, consistently with the direction of the negative linear
compressibility. However, in PDI-C», the R angle exemps from this trend and it somewhat
increases with pressure for the only measurement performed within the exceptionally narrow
phase 1. On one hand, this increased R angle in phase | of PDI-C5 crystal corresponds to its
compressibility considerably larger than those in PDI-Cs, PDI-Cy and PDI-C; (Figure 3). On
the other hand, the increased R angle in phase I of PDI-Cs and its still highest stiffness along b
shows that the compression of the PDI derivatives is a complex process involving multiple

strutural parameters.

a b
J340 T T 33 T ° T )20 T T T T T T '._
1.9 PDI-C .
3351 ' 3.38 @ Sl S, ® e o
z PDI-C, -
330_§ ® Saw e | 18]PDC, & e ® |
. &~ "% =17 e Wl
— 325 4 - N Z ' 9 L
'.?_:_ ’ L ] 435 =5 :
= -’. I3 7 &1 g16- .
‘6320.. " chain length, n . 'E L
* . 1.5 @ E
3.15 @ E
1.4 4 . :
PDI-C .
3.104 el E
PDI-C, ® 1.3 1 1
®
PDI-C,
3.05 T T T T 1.2 T T T T 4 T
0 1 2 3 4 S5 3.05 310 315 320 3.25 3.30 335 340
pressure (GPa) Oy (A)

Figure 12. (a) m-n stacking distance (dx ) as a function of pressure for PDI-C,. Inset: dey at
0.1 MPa for PDI-C, with n = 5-8. (b) £ as a function of dr.» for PDI-C..

3. Conclusion

This study clucidates the polymorphic behavior and solid-state phase transitions of four N-
substituted alkyl chain perylene diimides (PDI-C,, n = 5-8). All identified phases consistently
exhibit a triclinic space group type P1 across a broad range of temperatures and pressures.
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Among the studied PDIs, PDI-C¢ displays the richest polymorphism with five distinct
crystalline phases. At ambient conditions, all PDI-C, crystallize in an isostructural
arrangement. The ecrystal of PDI-C; is the least prone to transformations, exhibiting only
changes of its #-heptyl disorder. All pressure-induced structural transformations in PDI-Cy, &
= 5-8, are primarily attributed to deformations within the alkyl chains, directly influencing the
intermolecular interactions and packing. Under high pressure, no scisors-like transformations
previously reported for the high-temperature phase [l in PDI-Cs, and in phase Il in PDI-Cs,
have been observed. The pressure-dependent optical studies revealed significant redshifts in
absorption and emission spectra, such as a remarkable shift of 303 nm for PDI-Cg absorption
between 0.1 MPa and 3.54 GPa. Modifications in the length and conformation of the alkyl
chains do not significantly affeet the shape and spatial distribution of the frontier molecular
arbitals (HOMO and LUMO). The electronic density of these arbitals remains predominantly
localized on the PDI core, indicating that the alkyl substituents act mainly as steric and
solubilizing groups without substantially perturbing the core’s electronic structure. This
observation allows us to conclude that the optical and electronic properties associated with the
frontier orbitals are governed primarily by the PDI chromophore itself, and not by the
peripheral alkyl chains. PL spectroscopic analysis further confirms this conclusion and
enabled us to precise detection of pressure-induced phase transitions m PDI denvatives,
particularly through band broadening caused by energy-level splitting and altered m-n
interactions in high-pressure phases. Among the PDI-Cy, series, PDI-Cs emerges as the most
promising candidate for optical manometry due to its stable luminescence intensity, strong
pressure response, and uniquely increasing relative sensitivity as a function of pressure. By
combining the high-pressure diffraction and optical data, we established a clear correlation
between structural modifications and optical responses. These findings advance our
understanding of PDI behavior under extreme conditions, demonstrating the efficacy of

pressure as a powerful tool to precisely tune the optical and structural properties of materials.

[CCDC #H44#H# contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.]
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The odd-even alkyl chain effect on the structure and optoelectronic properties of alkyl-

substituted perylene diimide (PDI) derivatives at highly strained environments

PDI-CiHza+1 (denoted PDI-C,, # = 5-8) exhibit remarkable polymorphic diversity under high
pressure and high temperature, transforming within the same space-group type P1. The alkyl-
chain length correlates with the temperature and reversly correlates with the pressure of phase

transitions.
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Mechanical and thermal strains in organic photovoltaic layers depos-
ited on poly(ethylene terephthalate) (PET) and glass substrates and the
resulting effect on the bandgap energy have been determined for the
organic charge-transfer polymer PTBY. Its strong bathochromic shift
of the absorption spectra under pressure also depends on the layer
preparation method. The effects of different solvents and PTB7 con-
centrations on agglomerate formation were also studied. A perfect
linear dependence of the concentration vs. absorbance was observed
up to 181 = 1077 M for chlorobenzene or o-dichlorobenzene
solution, The thermal image monitoring of the current response at
an increasing potential showed a linear current-to-voltage tendency,
indicating that the conductive behaviour of the polymer depends on
the substrate used in PET/ITO/PTB7/Ag/ITO/PET and glass/ITO/PTB?/
Ag/ITO/glass devices. The PTBY layer on the PET/ITO substrate dis-
plays superior mechanical properties suitable for flexible photovoltaic
panels exposed to strain and deformations.

Introduction

New photovoltaic (PV) materials are intensively sought for
operation, efficiency, and performance improvement, as well
as for improving the mechanieal properties and resistance to
damage, Such materials would enable wider applications of
photovoltaic cells, a goal that is directly connected to environ-
mental protection. While most of the currently available photo-
voltaic panels are based on silicon technologies as well as other
covalent and ionic materials, organic compounds offer signifi-
cant advantages, such as a low production cost, easy processing
(e.g., the formation of thin layers through painting or spraying
any-shaped surfaces), practically infinite means of chemical
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maodifications aimed at improving the efficiency, durability,
and good elastic performance for applications in flexible
screens, panels and cloth.! The organic polymer flexible panels
are light, cheap to produce and easily disposed of.

At present, organic/polymer solar cells are being widely inves-
tigated in a few main directions: (i) the application of new poly-
mers, copolymers or small compounds in the active layer of PV
devices,” (ii) the application of graphene, graphene oxide, their
chemical modifications, carbon nanotubes, fullerenes and non-
fullerenes, and their derivatives either as an active layer or as an
interlayer in PV devices,” ™ (iii} the application of new polymers
or graphene as flexible substrates in PV devices'™ " and (iv) the
application of new polymers as hole transporting layers (HTLs),
instead of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), in PV devices,™"”

To censtruct the active layer in polymer photovoltaic
devices, poly(3-hexylthiophene) (P3HT) and poly[N-9"-hep-
tadecanyl-2,7-carbazole-glt-5,5-(4",7'-di-2-thienyl-2",1',3"-benzo-
thiadiazole]] (PCDTHET) have been widely investigated as donor
materials. Theoretical studies from 2008 predicted “realistically
achievable" power conversion efficiency (PCE) values of ca. 15%
for fully optimized donor-acceptor bulk heterojunction (BH])
organic solar cells, ™ The basic questions to be addressed centre
on the relationships between the chemical and physical com-
positions of interlayer materials and their energetic and elec-
trical properties on nanometre length scales, often in
environments with the complexity of the working solar cell
platform,

Most recently, various strategies have been used for optimiz-
ing the organic/polymeric solar cells; eg: (i) in order to
manipulate the molecular interactions of the binary blend,
environmentally friendly solvents were used as the third com-
ponent of the active layer;*' (ii] efficient deposition techniques
for perovskites and charge transport layers such as doctor-blade
coating, slot-die coating, screen printing, and spray deposition
strategies contributed to the significant development of large-
area perovskite solar modules;** (iii) small-molecule donor-
acceptor mixtures were used as stable device architectures

Mater Adv.
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without intermediate electrode layers;™ [iv) a broad family of
organoboron small molecular donors/acceptors and organo-
boron polymer donors/acceptors became an important class
of organic photovoltaic materials;” (v) the stability of organie
solar cells was significantly increased wia material design,
device engineering of the active layers, employing an inverted
geometry, optimizing the buffer layers, and using stable elec-
trodes and encapsulation materials;” (vi) several printing tech-
niques improved the production of large-area flexible
transparent conductive films (TCFs)* (vii) novel nanomater-
ials were designed and developed, including carbon nanotubes,
graphene and their composites, which are now the main
materials for flexible and transparent thin-film electro-
des;"7*>* and (viii) radioactive sources were used to generate
photenic light in seintillators as converters of ionizing radia-
tion to electricity in photovoltaie cells.™

Poly([4,8-bis[(2-ethylhexyljoxy]benzo[1,2-0:4,5-b Jdithio-phene-
2, 6-diyl][ 3-fluoro-2{( 2-ethylhexyl joxy]carbonyl]thieno  [3,4-blthio-
phenediyl] (PTB7) (Fig. 1} presently gives some of the highest
reported efficiencies (PCE = 8.92%) for PTB7:PC,;BM BH] solar
cells in the presence of 3.0 v 1,8-diiodooctane (DI0] and 1 wits
polystyrene (PS).** For the inverted architecture indium tin oxide
(IT0)/poly((9,5-bis(3"-(N,N-dimethylamino)propyl}-2, 7-fluorene)-
alt-2,7-(9,9-dioctylfluorene)] (PFN)/PTB7:PCsqBM/Mo0y/Al, the
power conversion efficiency was found to be 9.15% (for stan-
dard BH] solar cell ITO/PEDOT:PSS/PIBT:PC,BM/PFN/Ca,
PCE = 8.24%).%° However, this efficiency is still far from the
theoretical value of PCE, which is equal to 15%. One of the
proposed ways to achieve or even exceed the theoretical value of
PCE is the construction of tandem perovskite cells with TTO/SnO,/
CsPbLBr/PAHT/ MoO:/Ag/PFN-Br/PTE?-Th:IEICO-4F/MoOs/Ag archi-
tectures containing poly([2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-
by3,3-h]dithiophene}{3-fluoro-2[(2-ethylhexyl jcarbonylthienof3,4-
blthiophenediyl}) (PTB7-Th) as a component of the hole trans-
porting material (HTM) layer with PCE = 17.24%.%"

Murray et al. described the ITO/HTL/PTB7:PC; BM/LIF/Al
architecture for polymer solar cells, where graphene oxide
(GO) or PEDOT:PSS was used as the HTL.” Devices with GO
exhibited a PCE equal to 7.5%, indicating a 5-fold enhancement
in the thermal aging lifetime and a 20-fold enhancement in the

Hsy

HaC

HyC

Fig.1 Molecular structure of PTBY.
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humid ambient lifetime versus analogous PEDOT:PSS-based
devices.

It should be emphasized that polymer solar cells based only
on PTBY are utilized in the inverted device with the ITO/ZnOf
PTB7/Mo0O,/Ag architecture, and the PCE value is only 0.14%,
indicating almost no photovoltaic performance.® For solar
cells with an active layer based on PTB7:PCBM or PTBT7:
PC;, BM:DIO, the PCE values are 4.74% and 7.41%, respectively.

In addition to modifying the solar cell architecture, scien-
tists are studying the selected electrochemical parameters of
PTB7:PC.,BM in detail to understand the differences in behav-
iour of this mixture compared to PIHT:PCBEM. For example,
Park et @l discovered that, at the PTB7:PCxBM interface, the
interface dipole and band bending were not observed due to
their identical charge neutrality levels. On the other hand, a
large interfacial dipole was observed at the B3HT:PC, BM
interface. 1t was found that the photovoltaie energy zaps (EPVG)
were 1.10 eV and 0.90 eV for PTB7:PC,,BM and P3HT:PC,,BM,
respectively, inducing a larger open-circuit voltage in
PTB7:PC=BM than that in P3HT:PC:BM.™ Jin et al investi-
gated the transient THz conductivities of PTB7 and P3HT
blended with PC;,BM using ultrafast THz spectroscopy.™ They
demonstrated that the carrer—carrier interactions at higher
density play a significant role in decreasing the charge carrier
mobility in PTB7:PCy;BM. Transient absorption spectroscopy
of PTBT:PC;, BM blends containing a broad range of acceptor
contents (0.01-50% by weight)™ showed that with the increase
in the polaron signal PC; BM concentrations of more than
10%, most polarons are generated within 200 fs, while for lower
acceptor concentrations, the polaron signal increases gradually
over ~1 ps, with most polarons generated after 200 fs,

Detailed studies on the selected properties of PTB7 led to
new solutions for improving the charge mability and morphol-
ogy of PTB7. For example, Savikhin et al studied the effect of
high-temperature annealing on the properties of PTB? and
PTB7:fullerene blends and revealed that annealing at a moder-
ate temperature (260 “C) improves the PTB7 morphology and
aptoelectronic properties.*® Although high-temperature anneal-
ing (290 °C) also improves the morphology, it caused poorer
optoelectronic properties as an effect of aliphatic side chain
maodification in PTBR7, increased electronic disorder and
decreased mobility. It was found that solar irradiation modifies
the chemical structure of PTB7 and affects the device
photostability.

Kettle ef al studied the chemical degradation of PTB7 by
X-ray photoelectron spectroscopy (XPS)Y and demonstrated
that PTB7 seems to be essentially unstable when illuminated
in air. XPS studies were used to confirm that the rapid photo-
degradation process occurs due to changes in the chemical
structure of PTB7. The transient magnetic field effects of
photoexcitation in PTB? were studied by Huynh et al ™

Among the considerable number of techniques employed
for studying solar cell properties in recent years, high-pressure
techniques have been used to reveal the impressive potential of
photovoltaics based on perovskites.™'® Pressure is a funda-
mental thermodynamic variable that can induce a variety of

£ 2022 Tha Author(s). Published by the Royal Society of Chemistry
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structural changes, such as phase transitions,”” Jahn-Teller
interplay with the lattice strain,”™ and amorphization.”"
Generally, high-pressure studies are ideal for understanding
the structure-property relationship,™ as they provide funda-
mental insight into the structural, optoelectronic, and mag-
netic properties of materials and thus can guide the design of
new photovoltaic materials with desired properties. An impor-
tant feature of photovoltaic materials, generally used in the
form of thin and thick layers, is the effect of strain on the
absorption and current-generation efficiency. Strain can be
generated in the layer-deposition process due to the laver-
substrate interactions, as governed by the different multilayer
thermal expansions in photovoltaic panels, the bending strain
in flexible devices and other effects in the production process
and specific applications in different environments, Further-
maore, the operation of solar cells occurs with significant
temperature changes that can amplify stress, which may com-
pletely alter the structure and optoelectronic properties of the
materials, affecting their performance. Nowadays, strain engi-
neering is increasingly used to tailor optoelectronic fune-
tionalities.** To our knowledge, no pressure effects have
been described for the absorption edge of organie photovoltaic
materials. Therefore, we have undertaken this study on the
photovoltaic polymer PTB7. Apart from the photovoltaic per-
formance, we also continue to be interested in finding new
materials for pressure sensors, Our present study ineludes the
effects of solvents and additives on the morphological, optical,
mechanical and electrical behaviours of the created FTB7 laver.
We have shown that the FTB7-based panels endow flexible and
adaptive multilaver systems offering sufficient performance of
the bulk and interfaces for their operation under the strain
required in flexible, wearable and exposed products under
extreme conditions. Such a performance can result not only
from high stretchability, but also from autonomous self-
healing capabilities.

Results and discussion

The solubility of PTB7 was assessed through ultrasonication for
60 minutes with 1.0 mg of the sample and 1 mL of the solvent
in a vial. Then, the vials were put aside for another 60 minutes,
and the observations were noted. These tests showed good
solubility in chlorinated solvents such as dichloroethane,
dichloromethane and o-dichlorobenzene (0-DCB). Since PTB7
is a polymeric material, it requires more time to fully dissolve;
hence, we left the compound overnight, and the ultrasonication
was repeated.

U¥-vis in solution

First, a UV-vis study was performed for the solutions in chlor-
obenzene (CB) and o-DCB. The basic spectra in CB and 0-DCB
at a concentration of 6.62 »x 107" mg mL™" displayed a typical
PTB? shape with very similar absorption maxima for both
solutions (Fig. 2). In the spectra, there are three main bands
with maxima at 300, 621, and 680 nm.

5 2022 The Authoris). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis spectra of PTE? in chlorobenzene and o-dichlorobenzene,

To establish the possible agglomerate formation depending
on the type of solvent, we investigated a wide range of concen-
trations (Fig. 3), from 5.3 % 107 % to 2,56 % 107" M [6.67 % 1077
to 3.22 x 107" mg mL "), within the limit of 2.1 absorbance
units, Following the changes in spectra, the ratios of the
integrated intensities of the bands at 621 and 680 nm were
compared, We found that the normalized signal for 680 nm
reflected a change in the proportion from 1.21:1/1.19:1 to
nearly 1.10:1/1.06:1 for chlorobenzene/o-chlorobenzene.
According to Zhang et al, this direction of change is due to

1t
Cancantration (M)

i’ P

Comcantratise [M]
Fig. 3 WV-vis spectra of PTBY in [a) CB and (b} o-DCB for selected
concentrations from 5.30 » 10 to 281 » 1077 M. The calibration curve
based on UV-vis absocrbance spectra recorded on single bands at ic)
&80 nem (d} and 629 nm for different concentrations of PTRT in CB and
o-DCB,

el
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the reduced polymer ordered aggregation in solution that
oceurs upon increasing the concentration.™ In our study,
disordered aggregation was observed for concentrations above
1.B1 » 1077 M (2.28 = 107° mg mL "), which was evident for
the solution in ¢-DCB. Thus, an almost perfect linear depen-
dence of the concentration vs. absorbance was observed up to
1.81 % 1077 M (2.28 x 107 mg mL ") for both solvents, with
only a small discrepancy for the CB solution, This shows that
the dipole-moment change from 1.54 D (CE) to 2.14 D (0-DCE)
influences the in-solution aggregation ordering of the PTH?
polymer, resulting in a stronger disorder at higher concentra-
tions. This relationship indicates that the dipole moment of
solvent molecules has a similar effect on aggregation as the
addition of DIO to the CB solution,™

High-pressure spectroscopy

UV-vis spectra of the solid-state PTB7 layers were obtained
using a Merrill-Bassett diamond-anvil cell (DAC] equipped with
diamond anvils [IA. The PTB7 layers were deposited on the
diamond culet through three methods:

(i} The PTBY layer deposited by uniaxial compression: after
placing a small amount of the sample on the diamond culet, it
was strongly pressed from above by a thick glass plate until it
fused into a uniform layer (Fig. 4d).

(i} The PTB7Y layer deposited by solvent evaporation: a drop
of the PTB7 solution in dichloromethane, chlorobenzene or 1,

032 6Py

BUER amon)

i
Rongy At G JHESE

e wd wa M WM WA we ww  wm  tw ma
Wiassangth [nm)

Waralanegth (nm}

Fig. 4 High-pressure absorbance spectra of FTB? measured for fa) a
splution of PTEY in dichloromethane {the sample was lguid up to
1.25 GPa, when dichloromethans freezes at 296 K),*%? (b) a PTB7 layer
on one culet, formed upon evaporation of dichloromethane, {(ch the same
layer as in (b), but on two diamend culets, and (d) a layer pressed on ane
culet.
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Fig. 5 High-pressure absorbance spectra of FTBT layers prepared from
the solutions after the evaporation of the following solvents: (a) CB,
o) o-DCA, Il a CB-DID mixture, and [d) an o-DCE-DIO mixture, The
concentration of each solution was 10 mg mL™,

2-dichlorobenzene was placed on the culet, and the layer was
formed after solvent evaporation (Fig. 4b, ¢ and 5).

(iii) The PTB7 layer deposited by the solution under high
pressures: the solution of PTB? in dichloromethane was loaded
into the DAC chamber, and the layer was formed as a precipi-
tate after increasing the pressure (Fig. 4a).

When measuring the absorbance spectrum of PTB7 dis-
solved in dichloromethane above the freezing pressure of
dichloromethane (above 1.25 GPa), a clear jump-like increase
was observed in the absorbance (Fig. 4a). This jump is asso-
ciated with the precipitation of small grains of PTB7 extruded
from dichloromethane upon erystallization. The erystallization
of the solvent in the DAC chamber is clearly visible through the
microscope, but this process significantly increases the scatter-
ing of the probing-beam light on the tiny grains of PTB7
dispersed in the sample. We also observed this effect for other
freezing solutions.

The UV-vis spectra measured in the DAC for PTB7 layers
prepared using different methods (i-iii) display similar strong
bathochromic pressure effects (Fig. 6). The absorption edges up
to 5 GPa are shifted by approximately 25 nm GPa™" in the range
700-870 nm. It is a characteristic of all speetra series that, in
the initial increased pressure ranges up to approximately 1 GPa,
the absorption edge shift is linearly dependent on pressure.
Then, above 1 GPa, di/dp gradually decreases, and above 4 GPa,
da/dp is several times smaller compared to that in the range
from 0.1 MPa to 1 GPa.

This finding correlates with the tendency of PTB7 to form
aggregates, which are known to cause red absorption.” " In a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. & The absorption edge as a function of pressure, depending on the
PTE7 preparation method. As described in the plot. the different colours
refer to the data in Fig. 4 and 5.

photoluminescence study, Hedley ef al revealed that small
nanoaggregates of polymer chains can enhance the red absorp-
tion range above 600 nm, which they connected to micro-
aggregation,™

Scanning electron microscopy (SEM) images were recorded
to inspect the homogeneity of the prepared lavers: (i) PTBY
powder compressed into the culet (Fig. 52a in the ESIt) and (ii)
a layer formed by evaporation of dichloromethane (Fig. 52b in
the ESIT). The SEM images allowed us to determine that the
thickness of the layer formed by pressing the powdered product
into the diamond was approximately 15 pm. The PIB7 layers
formed wia solvent evaporation were much thinner, The SEM
micrographs show that the surface of the PTB7 layers formed by
powder compression is homogenous and uniform, whereas the
layers formed by dichloromethane evaporation consist of small
patches with gaps and cracks that cause various patterns of
defects in the deposited film.

X-ray powder diffraction (XRD) measurements (Fig. 53 in the
ESIF) were used to confirm that both samples (i) prepared by
pressing PTB7 and (i) obtained by evaporating the solvent were
amorphous,

The heat generated by the electric current in a through-plane
thin layer was registered through thermal imaging. The experi-
ment includes thermographic images that were each registered
at the end of 3 minute intervals, when a stable state was
reached for a constant current and temperature. To assess
the electrical and thermal behaviours of PTB? compounds,
the change in the thermal signature was registered while
applying an external potential. Two devices were constructed
with the following configurations: (a) glass/ITO/PTBT /Ag/ITO/
glass and (b) PET/ITO/PTBT/Ag/ITOPET. These configurations
differ based on the glass and PET substrates, In both devices,
the thin PTB7 layvers display nearly linear current-to-voltage
dependences (Fig. 7), which confirms that the polymer is an
electric conductor. The electric resistance of glass-supported

© 2022 The Author(s). Published by the Royal Society of Chemistry

122

Views Article Online

Communication

(a) )
i i
) i . | 1y
am | '-|E I
o . | .
e S | : |
L E Z S 1
E i, . o EE vl g |
& . i E; : |
™ 3 P - }
. 1 . “a
i S l ]
o 1} e
Pro = woel
apiriprzrme” e ® L
T rd a8 e 8w O 1 @33 48 4T &8
Voitage (¥ Wehisge V)

Fig. 7 Electric current [blackl and temperature (redi as a function of
applied voltage for devices composed of (a) glass/TO/PTBI Ag/TO/glass
and (b} PET/ITC/PTEZ Ag/ITO/PET.

PTB7 was 178.5 02 and that of PET-supported PTB7 was 119.1 €1,
The difference is related to the pixeled glass support giving a
longer conductive pathway than in the case of the PET/ITO
support. However, for PET-supported PTB?, the lower resis-
tance resulted in a larger current, causing a higher tempera-
ture, which in turn led to a drastic decline in the current above
6 W/136 "C. Nevertheless, high temperatures observed in the
thermal images suggest the progressive degradation of the
device, although at a lower pace.

The thermal response, culminating at approximately 53 “C
for glass devices and at 136 °C for PET-supported PTB7 devices,
shows an approximate logarithmic dependence on the vaoltage.
For the flexible support, a higher temperature affects the
organic layers and reduces their performance. According to
the thermal images (Fig. 8), the edges of the device are most
affected and overheated compared to the other regions. Defects
located along the edges are most likely the cause of overheating
and subsequent degradation of the PIB7 layers. In the present form,
the PET-supported deviee performs well up to approximately 5 V.

Thermally induced pressure effect on the energy gap in PTB?

The thermal expansion of the PTB7 layers can generate com-
pression due to the smaller thermal expansion of the substrate.
The pressure (Ap) required to compensate for the difference in
the dimensions of the PTE? layer and the glass substrate can be
assessed using the formula Ap = AL-K/3, where K is the
difference between the bulk moduli of PTB7 and glass and AL
is the difference in the linear dimensions of the PTB7 layer and
the glass substrate. These approximate calculations result in £,
changes of 10 * eV K%, Thus, a temperature change of 100 K
would result in the narrowing of the PTB7 bandgap by 0.1 eV in
the glass substrate device.

Mechanical properties

An important property of materials that are used to build elastic
organic devices is their resistance to mechanical deformations.
We have studied the mechanical properties of samples com-
posed of a layered structure of poly(ethylene-terephthalate)
[PET), indium-tin oxide (ITO) and PTB7. We prepared the
devices by coating single and double layers of PTB7 through
the spin coating technique. The samples were 0.17 mm thick.

Mater Adv
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PTB7-Glass

PTB7-PET

Fig. 8 Tnermal images for glass/ITOYPFTET/AQAITO/glass and PETATO/
PTE7 Ag/ITOVPET devices.

The selected mechanical properties of these devices are sum-

marized in Fig. 9 and Table 81 in the ESLT The devices break
under the average stress values of 93(#] MPa for the single-layer
and 155(8) MPa for the double-layer PTB7 versions. The maxi-
mum elongations before breaking, equal to ALy /E, »* 100%,
were (113 = 38)% and (111 = 14)% for single and double layers
of PTE7, respectively.

The correlation between the stretching foree and elongation
(Fig. 10) drastically differs for the single- and double-coated
PET/ITO samples in the multilayer substrate devices. For all
samples, the tests revealed both elastic and plastic behaviours,

(a) (b)

[ PETITOPTET [singln bayer)
(50 PETATO/PTET [doabls layar|

[ PETATOPTET faingle Layer]
PETITCPTET [dessbeln luyer)

150 —
i

B
0 I ]
; ‘
N R e T e T
Samphe

Fig. 9 {al Stress at break and {b) elongation at break for PET/ITO/FTET
single layer (samples no. 1-4) and double layer (no. 5-9) devices.
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Fig. 10 Stretching force values as a function of elongation for PETATOY
PTB7 single layer (samples 1-4) and double layer (5-9) devices.

with the transition reaching approximately 2 mm elongation
(approximately 0.8% of the initial length) at a force of approx.
135 N (79 MPa), consistent with the elastic properties of the
PET/ITO support. After reaching the transition, the PTB7 single-
coated samples became fully plastic and elongated until they
broke with a negligible increase in the applied force. The plastic
deformations of the samples with double-layer PTB7 clearly
differed from those with the single layer. The force-elongation
dependence for double-layer PTB7 deviated from the typical
plastic behaviour due to the effect of the approximately 100 N
force enhancement that oceurred before reaching the break
point. This shows that the double layer of PTB7 adds an elastic
component to the typical plastic behaviour, increasing the
value of the applied force and the value of the stress at the
breaking point. The PTR? double layer reduced the breaking-
point elongation to an average value of 29.3 mm (samples 5-9)
compared to an average value of 37 mm for the PTB? single-
layer samples 2 and 4. This change is connected to the higher
values of the stretching foree and the breaking point for the
PTB? double-layer samples (on average 250 N) compared to the
PTE7 single-layer samples (150 N). However, the PTB7 single-
layer samples 1 and 3 broke at the lowest elongation values af
19 and 25 mm, respectively. In the case of the 5th sample, a
slight deviation from the normal behaviour was attributed to
the imperfection of the PET/ITO support probably caused by
the cutting process.

Experimental

Materials

Poly[[4,8-bis[[2-cthylhexyl)oxy|benzo[1,2-bx4, 55 Wdithiophene-2, 6-diy]]
[3-Auoro-2-{(2ethyThexyljcarbonyljthieno[3 4bjthiophenediyl]), com-
monly abbreviated as PTB7, was purchased from Ossila Ltd (Shef-
field, UK). Solvents and 1,8-diiodooctane (DIO) were of reagent grade
and were obtained from Aldrich Chemical Co. (Saint Louis,
MO, USA).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Methods

High-pressure experiments were performed using a Merrill-
Bassett diamond-anvil cell (DAC)* medified by mounting the
diamond anvils directly on steel backing supports with conical
windows. The gasket was made of 0.1 mm thick tungsten foil or
steel with sparked-eroded holes of 0.4 to 0.5 mm in diameter.
The gaskets were preindented to 0.05 mm. The pressure was
calibrated using the ruby fluorescence method.***" The
ultraviolet-visible (Uv-vis) spectra of PTB7 at high pressure
were recorded using Jasco V=650 and Jasco V-770 spectrophoto-
meters adapted for using a DAC. The absorbance was mea-
sured at a scan speed of 200 nm min "' in the 350-1100 nm or
350-900 nm range. In compression experiments, the pressure-
transmitting medium was glycerol.

The basic transmission UV-vis spectra of PTB7 in solution
were acquired using an A360 UV-Vis spectrophotometer (AOR
Instruments, Shanghai, China) with an interval of 0.2 nm and
medium scan speed in the range of 200 nm to 800 nm.

Scanning electron microscopy (SEM) images for the two
layers, (i) PTB? powder compressed into the culet and (ii)
formed by evaporation of dichloromethane, were investigated
using a Zeiss EVO 40 scanning electron microscope.

The PIB7 sample and the sample after evaporation of 1,
2-dichlororobenzene were characterized under ambient condi-
tions by X-ray powder diffraction (XRD). A Bruker AXS D8
diffractometer equipped with a Johansson monochromator
selecting the Cu Kal line was used (4 = 1.54060 A), Silicon
single-crystal plates were used as the sample cuvette to reduce
the background.

The thermal behaviour was observed upon the application of
a potential using a thermographic camera [VIGOcam v50, VIGO
System S. A., Ozarow Mazowiecki, Poland) and a multichannel
potentiostat-galvanostat (PGStat  Autolab M101, Metrohm,
Barendrecht, Nederland) as described in detail elsewhere."”
The samples were prepared through the spin casting method
with the PTB7 solution (10 mg mL ™" in chlorobenzene) on IT0-
coated PET or the glass support (900 rpm, 30 s). Additionally, to
improve the electric contact, a layer of silver paste was used to
bind the electrode separated from the sample.

The mechanical properties (tensile strain) were investigated
using an Instron 33R4469 (Instron, Norwood, MA, USA) testing
machine with a load cell of 5 kN, and the results were registered
using the Bluehill 3.0 software (Instron, Norwood, MA, USA).
The PTB7 solution (10 mg mL ™" in chlorobenzene) was spun
cast (900 rpm, 30 s)on a5 = 5 cm’ ITO-coated PET support. For
mechanical tests, 5 » 1 cm® plates were used.

Conclusions

We have performed complex experiments aimed at determining
the performance of PTE? layers in flexible photovoltaic devices
using both glass and PET substrates. The PTB7 polymer, an
efficient donor material for photovoltaic devices, displays a
bathochromic shift in the absorption edge and £, energy gap
narrowing under high pressure, both in solution and in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solid srate. Different concentrations of PTB7 dissolved in
chlorobenzene and o-chlorobenzene and solid layers prepared
through different methods were investigated, The disordered
arrangement of polymer agglomerates starts at concentrations
above 1.81 % 1077 M (2.28 » 10> mg mL™") and is more
evident for the o-DCBE solution due to the higher dipole
moment of o-DCB molecules. The high pressure measurements
for the films formed by evaporating the solutions in dichloro-
methane, chlorobenzene and e-dichlorobenzene, both without
and with the addition of DIO, demonstrate that the redshift in
the range of 740-880 nm is approximately 25 nm GPa~'. Both
spectroscopic studies in the UV-vis range provided evidence of
PTE7 ordering and two-step aggregation, In solution, only the
concentration-dependent disordering of the polymers was
observed, whereas the pressure-induced aggregation appears
more favourable for disordering macroscopic aggregates and
polymeric side-chain aggregation (nanoaggregation), which
more efficiently compensate for the external force. Both the
PET- and glass-supported PTB7 layers have similar electrical
conductivities and performances up to & V. However, for higher
current, the PET-supported samples degrade at locations start-
ing from point defects when the temperature reaches 140 "C.
The mechanical performance of the flexible PET/ITO support is
nearly identical for single- and double PTB7 layers in the elastic
region up to 0.8% elongation. However, this performance
shows significant differences in both the plastic defor-
mation and breaking peint values of 93.1 + 7.9 MPa and
155.4 -+ 7.9 MPa, respectively. This result demonstrates that
the resistance to mechanical and electrical damage can be
substantially improved by depositing additional layers. How-
ever, the number of layers does not affect the elastic region of
the stress-strain behaviour.
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