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ABSTRACT

My Ph.D. project was focused on the investigation of the polymorphism of crystalline molecular
material for organic semiconductor applications at non-ambient conditions, and the solid-state
characterization and crystal structure determination of the different polymorphic forms. In particular,
this research project has tackled the investigation and characterization of the polymorphism of

perylene diimides (PDIs) derivatives at high temperatures and pressures.

In the framework of molecular organic semiconductors, PDIs are a well-known family of promising
n-type materials due to their commercial availability, low costs, excellent chemical, thermal, and
photostability, high electron affinity, strong absorption in the visible region, low LUMO energies,
generally good air-stability, and good charge transport properties. Furthermore, their electronic,
optical, and charge transport properties can be tuned over a wide range via functionalization. The
combination of these properties makes PDIs promising candidates for several applications such as
OFETs, OPV cells, laser dye, sensors, bioimaging, etc. PDIs are also studied for low-temperature

thermoelectric generator applications.

Among PDIs, N,N’-dialkyl-3,4,9,10-perylendiimide (PDI-Cn) are commercially available they are
known to be highly thermally stable compounds and to exhibit solid-state transitions with
temperature. Despite the extensive literature on the investigation of PDI-Cn properties as
semiconductors, less is known about their polymorphism and even though the presence of their

thermal transitions is reported, they were not investigated in detail.

Herein I present the full thermal characterization of PDI-CS5 by a combination of differential scanning
calorimetry, variable temperature X-ray diffraction, hot-stage microscopy, and variable temperature
Raman spectroscopy (in collaboration with Dr. Tommaso Salzillo). We identified two high-
temperature polymorphs, form II and form III; we determined their crystal structure from synchrotron
powder data, and we investigated the thermal expansion of the different PDI-C5. Furthermore, a

solvate form of PDI-CS is also reported and characterized.

Here I report also the thorough thermal characterization by differential scanning calorimetry, variable
temperature X-ray diffraction, and hot-stage microscopy of PDI-C6, -C7, and -C8. We determined
the crystal structure of PDI-C7 form I, which was not previously reported, and we identified PDI-C6,
C7, and C8 high-temperature polymorphs. Despite our efforts, it was not possible to solve their crystal
structures due to the high degree of freedom and the low intensity of the diffracted peaks at high
angles due to the elevated temperature of the data collections. We investigated the thermal expansion

also in the case of PDI-C6, -C7, and -C8. Together with their thermal characterization, to further
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understand PDI-Cn’s polymorphism and the role of different interactions in the crystal packing, |
report the study of PDI-Cn high-pressure polymorphism via pressure-dependent UV-Vis absorption
spectroscopy and high-pressure Single Crystal X-ray diffraction, although the latter only for PDI-C5
and -C6 (in collaboration with prof. Andrej Katrusiak).

Furthermore, I report the use of a clustering method based on a combination of self-organizing maps
(SOM) and principal component analysis (PCA) as a data-driven approach to classify different nt-
stacking arrangements of PDI derivatives with different types and positions of the substituents into
families of similar crystal packing. This investigation was carried out in collaboration with Dr.

Alessandro Zappi, who performed the SOM and PCA analysis.

Besides my main project, here I also report two works in which I contributed with the structure-
property analysis at non-ambient conditions. The first regards the structural investigation of the water
loss in Pt- and Pd- based vapochromic potassium/lithium salts upon temperature, in collaboration
with Dr. Rocco Caliandro from IC-CNR of Bari. The second, in collaboration with Dr. Chiara
Cappuccino from the Molecular Crystal Engineering group of Bologna, regards the investigation of
structure-mechanical property relationships in polymorphs of C4-NT3N, a thienopyrrolyldione end-
capped oligothiophene.



CHAPTER 1: INTRODUCTION

ORGANIC SEMICONDUCTORS

The advent of the technology based on semiconducting material and, in particular, the invention and
development of metal-oxide-semiconductor field-effect transistors (MOS-FETs) and integrated
circuits (microprocessors) caused a revolution that has changed our world and our everyday lives.
Nowadays, semiconductors are adopted in almost all modern electronics such as displays, computers,
telephones, etc. and for such reason, they become virtually indispensable for daily life.! The impact
of semiconductors in our lives is once more reflected in the global chip shortage crisis that the world
is facing in which the demand for semiconductor chips is greater than the supply, resulted also as one
of the consequences of the recent pandemic for COVID, has dramatically influenced the trades and
prices affecting several industrial sectors.? Moreover, since the discovery of their applications, the
field of semiconductors has seen a continuously growing demand for increasingly efficient and
performing materials and devices involving considerable effort in research and development in both
academic and industry. The semiconductor technology is still mostly based on inorganic materials,
and among them, silicon is the most widely used in electronic devices thanks to the combination of
cost, performance, and stability; these factors together with the well-established processes of
fabrication makes silicon the best choice wherever it can be applied.’ Nevertheless, the evolution of
technology always seeks novel materials with improved performances, and as such organic

semiconductors emerged as a vibrant field of research.

Thanks to the work of Shirakawa et al. on polyacetylene* which led to the 2000 Nobel Prize in
Chemistry for ‘‘“The discovery and development of conductive polymers’’, the research and
development in the field of organic electronics spanning chemistry, physics, materials science,
engineering, and technology have exploded due to the potential use of organic semiconducting

materials as a low-cost alternative to silicon, fuelled by both academic and industrial interest.>

In terms of sheer performance, silicon is continuing to dominate the scene of semiconductors and it
may be too early to consider organic semiconductors as its competitors; however, even if transport
efficiency is usually less favorable than their silicon counterparts,’ the organic semiconductors brings
great promises thanks to their potential advantages over the inorganic ones such as low cost of
materials and fabrication also including the possibility of low-temperature solution processability via
printing technologies (e.g. spin coating, stamping, inkjet printing),®!° low weight and mechanical
flexibility that could result in ultra-lightweight flexible devices, and the possibility to finely tune the

material properties by modifying their chemical structure and/or the crystal packing.>*



Thanks to their potential advantages, currently organic semiconductors are widely used in various
organic electronic devices such as organic light-emitting diodes (OLED),'"!? organic field-effect
transistors (OFET),!*"!5 and organic photovoltaic cells (OPV).!*"'8 OLEDs are devices that emit light
when the current is passed through and consist of different layers of different materials. The stack of
layers can be very thin and has many variations, including flexible and/or transparent materials, and
are currently applied in displays.'” OFETs are devices consisting of an organic semiconducting layer,
a gate insulator layer, and three terminals (drain, source, and gate electrodes). Instead of competing
with conventional silicon technologies, they find niche applications in low-performance radio-
frequency technologies, sensors, as well as in integrated optoelectronic devices, such as switching
elements in displays.'>* OPVs utilize the photovoltaic effect to convert light into electricity; in
comparison to traditional silicon-based solar cells, organic solar cells hold the promise to be produced

at much lower costs and thus render much shorter payback times possible.!'®

In contrast to inorganic semiconductors as silicon, where charge transport occurs in highly
delocalized bands, charge transport in organic semiconductors is more complex. Organic
semiconductors possess discrete ‘‘energy levels’’ consisting of molecular orbitals, thus charge
transport depends on the ability of the charge carriers to pass from one molecule to another. Charge
transport in organic semiconductors is influenced by many factors (including molecular packing,
disorder, presence of impurities, temperature, electric field, charge-carrier density, size/molecular
weight, and pressure) and can occurs through charge hopping or though band-like charge transport.
Band-like transport in organic semiconductors involves shallower bands compared to their inorganic
counterparts and is more common in crystalline materials at low temperatures. The different nature
of charge transport, intrinsic or band-like for traditional and hopping for organic semiconductors,
results from the different strength of interaction within the solid; in inorganic semiconductors, the
atoms are held together by strong covalent or ionic bonds resulting in strong interactions of the
overlapping atomic orbitals, whereas the solid-state structure of organic semiconductors is based on
weak interactions, typically van der Waals, hydrogen-bonding, and n-m interactions, between
neighboring molecules or polymer chains.'*2%?! Given the nature of interactions in organic materials,
charge delocalization can only occur along with the conjugated backbone of a single molecule or
between the m-orbitals of adjacent molecules; therefore, the charge transport in organic materials is
closely related to bonding orbitals and quantum mechanical wavefunction overlap, namely, the
energy levels of the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular

orbital (LUMO) and the energy bandgap between the HOMO and LUMO energy levels (AEg).”-*!



Organic semiconductors can be broadly classified into two categories: small molecules or oligomers
and polymer. Molecular organic semiconductors are attractive because they can be efficiently
purified, and their ability to form ordered structures has enabled high charge mobilities; on the other
hand, polymers are advantageous for large-area device fabrication and can be utilized as blends of
various components performing different functionalities.?? For both polymeric and molecular organic
semiconductors, the various materials that have been designed over the years preferentially transport
holes or electrons, thus they are further classified accordingly as hole transporter (or p-type) and as
electron transporter (n-type) respectively. In most instances, this distinction does not rely on the actual
ability of the materials to transport charges (i.e., on the actual values of charge mobilities) but rather
reflects the ease of charge injection from electrodes traditionally used in devices. In that context, the
material is considered p-type when its ionization energy closely matches the Fermi level of the
electrode material, whereas is considered n-type when its electron affinity matches the Fermi level of
the electrode. Nevertheless, ambipolar transport (i.e., the ability to transport both electrons and holes)
has now been reported for several organic semiconductors.” Some examples of p-type organic
semiconductors are poly(3-hexylthiophene) (P3HT),?® thieno[3,2-b]thiophene polymers,* and
poly[9,9-dioctylfluorene-co-bithiophene] (F8T2)? as polymers and oligoacenes such as pentacene,?¢

7 and thienoacenes, such as [1]benzothieno[3,2-

oligothiophenes such as dihexylsexithiophene,?
b][1]benzothiophene (BTBT)?® as small molecules; on the other hand, some examples of n-type
organic semiconductors are thiophene - naphthalene diimide and thiophene - perylene diimide co-

2930 a5 polymeric materials and fullerenes,’! rylene diimides such as naphthalene (NDI) and

polymers
perylene (PDI) diimides,*? and oligothiophenes such as quinoimethane terthiophene (QM3T)** or
perfluoropentacene,> in which the molecular energy levels have been tuned by substitution with
electron-withdrawing groups like cyano, perfluoroalkyl/aryl, and alkyl/arylcarbonyl, as molecular
organic semiconductors.'>3° In general, the development of high-performance n-type semiconductors
significantly lag behind p-type; in particular, the vulnerability of the n-type charge carrier to air
conditions (air stability) is one of the major hurdles that limits the achievement of excellent n-type
semiconductor materials, although design strategies for improved materials with better air stabilities
has been developed, such as the introduction of strong electron-withdrawing substituents to the nt-
conjugated core or formation of dense solid-state packing to create kinetic barriers to slow down the

diffusion of ambient oxidants into the active channel area.!3>737

The organic semiconductors and the above-mentioned devices share a common trait: in all instances,
their performance critically depends on the efficiency with which charge carriers (electrons and/or
holes), either injected into the organic semiconductors from the electrodes or generated within the

material, move within the m-conjugated materials; hence charge carrier mobility is the key
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characteristic that describes the performances and the charge transport properties of semiconductors.
The charge carrier mobility depends on intrinsic properties of the material (such as molecular
structure and packing), extrinsic properties (such as the nature of defects and their concentration),

and external parameters (such as electric field and temperature).>?

One of the advantages of using small molecules is their ability to form ordered structures, and hence
the possibility to obtain crystalline material. In this regard, crystals, and in particular single crystals,
are particularly beneficial for revealing the intrinsic properties of organic semiconductors.? First,
from crystal it is possible to have information about the crystal packing, which comprises the packing
motif, molecular conformations and arrangement, and intermolecular interactions within the crystals;
second, single crystals are generally free of grain boundaries and have long-range periodic order as
well as minimal traps and defects which makes them extremely useful tools to probe fundamental
information of exciton and charge carrier dynamics. Furthermore, for small-molecule organic
semiconductors, long-range intramolecular delocalization is not likely, and as a consequence, the
charge transport in these systems is largely determined by the packing of the molecules, the molecular
arrangement, and the intermolecular interactions. Therefore, understanding the molecular packing
features is beneficial for both the design and synthesis of organic semiconductors and understanding

the structure-property relationship and the limits of charge transport.?!

In organic semiconductor crystals, the molecular packing motifs should have strong and long-range
intermolecular interactions (C—H- - ‘xt, m-m, etc.) in order to have efficient charge transport. The typical
packing motifs in organic semiconductor crystals, which are herringbone, lamellar packing with one-
dimensional (1D) n-mt stacking lamellar packing with two-dimensional (2D), are summarized in

Figure 1.

a) b) c)
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Figure 1. Typical crystal packings in organic crystalline semiconductors: a) herringbone (refcode PENCEN); b) lamellar motif with
1D n-n stacking (refcode GILFUD); ¢) lamellar motif with 2D n-x stacking (refcode FEHROA). Hydrogen atoms omitted for clarity.

Of these three kinds of packing mode, the 1D n-w stacking is believed to be the most efficient one for

transporting charge carriers, as they allow delocalization of the m-electrons across all the aligned -



orbitals of the molecules. However, a well-defined 1D n-stacking motif might not always be the best
choice: it may result in larger dynamic fluctuations of the electronic couplings and site energies along
the n-mt direction, namely dynamic disorders in intermolecular couplings and energies, leading to less
efficient charge transfers. In contrast, 2D m-stacking motifs (as the one in Figure 1c¢) may be more

promising to achieve high electron transport performance.>®>°

In conclusion, understanding and controlling the crystal packing is fundamental for the development,
design, and synthesis of organic semiconductors and to investigate and get insight into the structure-

property relationship both at an experimental and theoretical level.



STRUCTURE-PROPERTY RELATIONSHIP

Understanding the structure-properties relationship of materials is one of the key factors for an
efficient design of new compounds with tailor-made properties and it is relevant to many fields in
science and technology. In particular, the ability to direct the assembly of molecules into crystalline
materials with targeted properties is a central goal of the active research field of crystal engineering;
however, a deep understanding of the structure-properties relationship required to do so is yet to be
achieved. Nevertheless, structural correlation with the properties of crystalline solids has witnessed

remarkable growth in recent years from both an experimental and theoretical point of view.*’

In this framework, a thorough knowledge of X-ray crystallography is indeed necessary to understand
the solid-state structure of crystalline materials and subsequently the molecular assembly, together
with a robust perception about the intermolecular interactions in play (comprising hydrogen bonding,
- interactions, and halogen bonding) for effective design of solids with tailored properties.?* To
date, researchers have dedicated significant efforts to uncover the correlation between structure and
properties of solid materials, exploring a wide range of different properties and applications. Some
examples are: the exploration of crystallochromism, i.e. the dependence of solid-state color on crystal

41-43

packing which has direct application in the pigment developments; mechanical properties, with

brittle, plastic, and elastic crystal for development of novel soft, flexible, and functional materials;**

47 of course also semiconducting properties and charge transport behavior;?!344 gas separation and

50,51

small molecules recognition, for applications as sensors; magnetic properties;>> and so on.

For organic molecules, a typical strategy to systematically probe into structure-property relationship
might involve, for instance, a systematic variation in the model or type of substitution on one part of
the molecule in order to test particular hypotheses and behaviors. In this way, it is possible to reduce
the structural involved variables and to isolate the few structural parameters which play the most

important role in determining the particular property under investigation.*’

In the field of organic semiconductors, a lot of effort has been made in both experimental and
theoretical insight into optoelectronic properties investigating the effects of different substituents on
the material performance for a deeper understanding of the relationship among the molecular packing
motifs, intermolecular interactions, and properties of molecular materials for efficient design of
crystalline material for specific applications.?>#*>*5 At the same time, driven by experimental
insight and thanks to advances in computational power, remarkable growth has been achieved in
computational methods to understand structure-properties of organic semiconductors, to evaluate the
potential energy surfaces; *>’ to map relationships between stacking geometry, binding energy, and

electronic coupling;®® and to screen the effect of several different molecular functionalizations in the
10



material’s properties from a computational point of view.>>** Such computational approaches are
highly attractive for guiding materials discovery as a means of identifying the most promising
synthetic targets and, therefore, reducing experimental effort spent on materials with poor

properties.®

Variations in substituents lead to perturbations in the electronic structure of the target molecule, and
they do often result in changes in structure which can be unwanted. In such cases, it is difficult to
ascertain if the changes in properties are correlated directly with the changes in the structure or the
molecule. Nevertheless, the existence of polymorphic forms provides a unique opportunity for the
investigation of structure-property relationships, since, in a polymorphic system, differences in

properties must be due to differences in structure.*’

Thanks to the advances in computational power and the development of smart algorithms in the field
of machine learning and artificial intelligence, novel computational approaches are now able to take
into account the entire crystal structure, and thus also polymorphism, to investigate the structure-
property relationship and to discover and design of OSCs materials with interesting properties.®! The
two main computational approaches in the field of organic semiconductors are multiscale approaches
and data-driven searches. Multiscale approaches combine different methods and models for
computing the reorganization energies, the electronic couplings, and for evaluating the disorder
effects®' =% and can be integrated with crystal structure prediction (CSP) to screen for interesting
packing arrangements.%*% Data-driven searches make use of the high amount of data present in
databases such as the Cambridge Structural Database (CSD) to carry out large scale screening
strategies to predict the semiconducting properties of materials from various computable descriptors

and thus to explore their structure-property relationships.!-¢7-6?

From their discovery, huge efforts have been paid in investigating optoelectronic properties and
structure-property relationship of molecular semiconductors, however, besides some exceptions as
pentacene, often the information and knowledge about polymorphism and solid-state transition of
these materials are insufficient and although the presence of polymorphs is quite common only a very
low number of crystal structures of different polymorphic forms have been reported and fully
characterized. Experimental detailed investigation of organic semiconductor’s polymorphism is
important also to guide computational insight into their structure-property relationship to design and
discover novel materials with improved properties.®! Furthermore, besides further information about
molecular packing features and interactions in play, investigating the relationship between
polymorphic forms in terms of solid-state transitions dynamic at a microscopic and macroscopic

level, can lead to access and understanding several interesting functional properties such as

11



70,71 72,73

vapochromic,’®”! mechanochromic,’>”® and thermochromic behavior,’*”* thermomechanical’® and

77,78

thermosalient behavior,””’® and other functional properties in the framework of dynamic and adaptive

molecular crystals as potential materials for future applications.”
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POLYMORPHISM

Polymorphism (Greek: poly = many, morph = form) specifying the diversity of nature, is a term used
in many disciplines. In chemistry, polymorphism denotes the existence of different forms or
crystallized structures of a solid substance having different stabilities but with the same stoichiometry.
It is a well-known, natural phenomenon common to both organic and inorganic compounds and is
present in almost all scientific disciplines involving solid materials.® In the case of organic materials,
the first example of a polymorphic organic compound was benzamide, which was identified and
studied by Liebig and Wohler in 1832%! by simple observation under the microscope. A recent
example of the phenomenon of polymorphism of organic molecules has been reported by Maini’s
group, where four different crystal forms of NTA (2,2'-(5,5'-(ethyne-1,2-diyl)bis(thiophene-5,2-
diyl))bis(5-hexyl-4H-thieno[2,3-c]pyrrole-4,6(5H)-dione)) shows different crystal habits and

colours.??

Figure 2. Different polymorphs of NTA taken by optical microscopy, transmitted light on the left and under UV light (365 nm) on the
right; (a) structural formula of NTA, (b) phase I, (c) phase II, (d) phase III, (¢) phase IV (courtesy of the paper, Cryst. Growth Des.
2019, 19, 2594-2603).

In the past, the investigation of polymorphism was mainly based on simple techniques such as melting
point and identification of color and shape, also thanks to the development of the polarizing
microscope. The development of structural crystallography caused in the early decades of the
twentieth century, a decline of interest in structural polymorphism for two main reasons: first, for
many years carrying out a crystal structure determination was a major task and thus solving the crystal
structure of another crystal form of the same molecule often was not justified; second, structures with

13



disorder or that did not grow into ‘‘good’’ single crystals, presented major challenges for the
crystallographer and were often abandoned. Therefore, although some key contributions to the subject

were made in the late 60s and 70s,%>84

a significant communal interest in the subject did not occur
until the early 90s.8%84 It is worth noting that at that time there were no computers and the crystal
structure was determined to know the connectivity and the geometry of the molecule. Only later, with
the possibility to visualize the structure, interactions among molecules and crystal packing gained

much more attention.

Nowadays, thanks also to the relative ease and decreasing cost in time and money carrying out crystal
structure determinations, the use of X-ray crystallography plays a major role in the investigation of
polymorphism. Furthermore, besides crystallography, a wide variety of techniques for the
identification and characterization of polymorphic systems is used, such as hot-stage microscopy
(HSM), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), infrared
spectroscopy (IR), Raman spectroscopy, solid-state nuclear magnetic resonance spectroscopy
(ssNMR), atomic force spectroscopy (AFM) and scanning tunneling microscopy (STM), transmission

electron microscopy (TEM), etc.’°

To understand the formation of polymorphic phases and relationships between polymorphism it is
important to take into account thermodynamics and kinetics. In terms of thermodynamics, one of the
key questions regarding polymorphic systems is the relative stability of the various crystal
modifications at different T and eventually different P and the changes in thermodynamic
relationships accompanying phase changes. The molecular packing is the result of the minimization
of lattice energy through the cooperative effect of n-n stacking, electrostatic interactions, dispersion
interaction, and others; different polymorphs are the result of different relative minima that the
molecular compound can reach. Of course, the relative stability of polymorphs depends on their free
energies, the most stable form having the lowest free energy. In this respect, it is often useful to
represent polymorphic systems with energy vs temperature diagrams; the utility of these diagrams is
that they contain a great deal of information in a compact form and provide a one page visual and
readily interpretable summary of what can be complex interrelationships among polymorphic

modifications.*0-80:85-86

Generally, polymorphic forms can be in either an enantiotropic or a monotropic relationship; the
typical phase diagrams of an enantiotropic and a monotropic dimorphic system are shown in Figure
3. Depending on whether the thermodynamic transition point (Tpy1), defined by the point at which

Gr and G cross, falls at a temperature below the melting point of the lower melting form

14



(enantiotropic polymorphic system); or the free energy curves do not cross at a temperature below

the two melting points (monotropic polymorphic system).5%-8

Energy
Energy

LI |
mpy mpg

1
Tpum mp; mpy
Temperature [K] Temperature [K]

Figure 3. Energy vs temperature (E/T) diagrams of a dimorphic system. G is the Gibbs free energy and H is the enthalpy. These
diagrams represent the situation for a) an enantiotropic system and b) a monotropic system.%

As already mentioned, the most stable form, namely the thermodynamic form, has the lowest free
energy among all the different forms. For this reason, those forms which are less stable will be
energetically driven to transform into the most stable form. Nevertheless, kinetic factors may prevent

the transformation and kinetic or metastable forms can be achieved instead.30-86-38

Systematic variation of the crystallization conditions can be used in order to search for polymorphs,
such polymorph screening experiments are common especially for pharmaceutical compounds. Once
identified the different polymorphic forms, through proper control of crystallization conditions it is

possible to selectively obtain or prevent the crystallization of a particular polymorph 30-848588

Two main physical variables governing polymorphism are temperature and pressure. However, the
bigger experimental challenges of pressure-dependent investigations compared with temperature-
dependent ones make the latter more popular, especially in organic crystals. The identification and
investigation of polymorphic systems, in particular in the field of organic molecular crystals, is
typically tackled by varying crystallization techniques, concentrations, solvents, or temperature, and
as such, energy/temperature diagrams are more popular for organic molecular polymorphic systems
compared to the pressure/temperature ones.**3%35 Nevertheless, different crystal forms can also be
obtained by varying pressure. In this respect, thanks to its development in the last decades, nowadays
high-pressure crystallography represents a powerful technique that can be routinely applied in
laboratories to investigate the variation of pressure as a new thermodynamic dimension to crystal-

structure analyses, and indeed to polymorphism.®-!

Combination of pressure, temperature, and crystallographic studies can lead to a detailed
understanding of the structural basis of the phase diagram and the mechanisms of the phase
transitions, and carrying out those measurements at a variety of temperatures and pressures carries
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great potential for the study of polymorphic systems and their utilization for structure-property

relationship5,80,84,90—95

As previously mentioned, the importance of polymorphism derives from the fact that the crystalline
structure has a major impact on the solid-state properties of materials, and hence different polymorphs
often have distinct physical properties such as the crystal habits, melting point, solubility, electronic,
optical, and mechanical properties, and from the fact that polymorphic systems provide a unique
opportunity for the investigation of structure-property relationship. As well as other organic
compounds, also molecular organic semiconductors exhibit polymorphism, and since small changes
in the molecular packing can alter the & orbital overlap and the HOMO and LUMO energies affecting
the charge transport and optoelectronic properties, understanding and controlling their polymorphism
is fundamental. Consequently, efforts have been made to control molecular packing for improving
charge-transport and photophysical properties of organic semiconductors via chemical
functionalization and modifications, via control of the crystallization process, and post-deposition

processing .27
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PERYLENE DIIMIDES

In the framework of organic semiconductors, to achieve good performance n-type materials must
have high electron affinity to facilitate either injection from contacting electrodes or exciton
separation; good intermolecular m-orbital overlap for high mobility; good air-stability.>!® Among
the n-type materials, perylene diimides (PDIs) derivatives are undoubtedly a family of exceptional
and versatile n-type semiconductors for optoelectronic applications due to their commercial
availability, low costs, excellent chemical, thermal, and photostability, high electron affinity, strong
absorption in the visible region, low LUMO energies, generally good air-stability, and good charge
transport properties. Furthermore, their electronic, optical, and charge transport properties can be
tuned over a wide range via functionalization.!7!830:5410L102 The combination of these properties
makes PDIs promising candidates for several applications such as OFETs,!3"133%* OPV cells,!¢"!8

103,104

laser dye, sensors,'® bioimaging,'” etc. PDIs are also studied for low-temperature

thermoelectric generator applications.'%’

Before becoming interesting as organic semiconductors, PDIs have been an object of research for
more than 100 years as a group of high-performance industrial organic pigments, which are currently
used in fibers application and industrial paints.*>!® One of the most important features of these
materials in their application as commercial paint pigments that makes PDIs a family of well-known
organic pigments is their crystallochromy (i.e., the dependence of color on crystal packing).
Crystallochromy of PDIs covers a variety of colors in the solid-state from orange to red, to maroon,
and black and it was investigated in-depth, both experimentally and theoretically, for a large number
of end functionalized PDI single crystals already in the 1980s and early 1990s. These works by
investigating the effect of structure on the pigment’s color demonstrated that the intermolecular
packing greatly affects their optical properties. In particular, an empirical model to correlate
absorption maxima with the m-m contact area between stacked molecules was developed, and
theoretically, it was found a strong correlation between crystal color and displacement along the long-

417431091 1y addition to the model, the nature of the optical

(x) and short-axes (y) of the perylene core.
properties with respect to the electronic structure has been investigated by Jin Mizuguchi et al., whom
also describes the different color properties of PR149 polymorphs.!'?"!!> Besides their application as
industrial pigments, in the past 20 years the interest in PDI, as well as other dyes and pigments, moved

from traditional colorant toward application as functional solid-state material.'®!1¢

Thanks to their planar structure and their peripherical carbonyl oxygen atoms, PDIs typically arrange
to form n-m stacking interactions between molecules, which generally promotes efficient charge

transport in the solid-state. Like other molecular organic semiconductors, substitution can vary
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greatly the extent of intermolecular m-orbital overlap among PDI derivatives, and thus can make a
significant effect on the solubility, optical and electrochemical properties, crystal packing, and

structural morphology.z1’39’42’59’101’1 11,117

In particular, the perylene diimide core has ten
functionalizable positions: the N,N” positions which are known as the imide-; the 1,6,7,12 positions
known as the bay-; and the 2,5,8,11 positions known as the ortho-positions (Figure 4). These
numerous positions for introducing functional groups are the reason for the popularity of PDIs,
making them versatile for tailoring the properties for specific applications.’*!"! In general,
substitution at imide-position maintains the planarity of the perylene aromatic core, and can
effectively tune solubility, aggregation, and solid-state molecular packing, but shows only limited
effects on the molecular-level optical and electronic properties of PDIs. #1111 O the other hand,
optical and electronic properties of PDIs can be significantly modified via substitution at the perylene
core in the bay- and ortho-positions. Substitution at bay-position, besides affecting the optical and
electronic properties of the material, may lead to the twisting of the two naphthalene half units in
PDIs due to steric effects; however, large geometric distortions of the core may weaken the
intermolecular -7 overlap and thus may be detrimental for charge carrier mobilities.”->*101:104 Lastly,
ortho-functionalization creates the possibility to modify the optoelectronic properties while at the

same time retaining the planarity of the perylene core.!°"!''” The adjustment of the PDI properties can

be achieved through combinations of imide-, bay- and ortho- functionalization.

Ortho

Figure 4. Chemical structure of a generic PDI shows the different substitutions positions: imide-positions highlighted in green, bay-
positions in red, and ortho-positions in blue.

The numerous advantages of PDIs as n-type material together with a long history of research on PDIs
makes them highly valuable as model systems to investigate and understand the relationship among
the molecular packing motifs, intermolecular interactions, and properties of molecular materials for
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efficient design of crystalline material for specific applications. After the pioneer works on
crystallochromy, a lot of effort has been made in the experimental and theoretical insight into
optoelectronic properties of PDIs for a deeper understanding of their structure-properties relationship.
For instance, Fink et al. and Zhao et al. evaluated the potential energy surfaces (PES) for the ground
state of PDI dimers as a function of the shift along the x- and y-axes of the perylene core and as a
function of the rotation (@) between co-facially stacked dimers, and they evaluated excitation energies
of PDI crystal structures;*®>” Vura-Weis et al. mapped the relationships between stacking geometry,
binding energy and electronic coupling for dimers of 20 PDI derivatives based on density functional
theory (DFT);>® Delgado et al. investigated the effect of the type, number and position of the
substituents on charge-transport properties of 30 imide-substituted PDIs and 7 bay- and bay/imide-
substituted PDIs;* Geng et al. investigated the influence of substituents on different positions (ortho,
bay, and imide) of 17 PDI derivatives on their packing, intermolecular interactions, and electronic
properties.* Furthermore, several other works, both experimental and theoretical, have been
published on PDI derivatives investigating the effects of different substituents on the material
performance in specific applications, for example, the use of linear chains,'?>!?! fluorinated chains,'*

121,123,124

or branched chains in imide position, the use of cyano substituent,'”> halogenated

126 104,127

substituents, - or other substituents at the core.

Despite the numerous studies and investigations on PDI derivatives, less is known about their
polymorphic  behavior, which comprises numerous thermally induced solid-state
transitions.>=%!1%128 It is well known that thermal treatment such as thermal annealing, can be
effective in the case of PDIs since can dramatically improve crystallinity and performance in devices,
as a consequence of molecular rearrangement induced by temperature, which gives more energy to
the molecules to migrate. Furthermore, considering their excellent thermal stability allows thermal
treatment to be performed even above 200°C, thermal annealing can be performed at a high
temperature in the case of PDIs, in some cases also thermally induced solid-state transition can occur
and must be considered.'”!3* However, despite thermal treatments are a common process in

134 often the effects in the material

fabrication and optimization of devices, as also reported for PDIs,
are not thoroughly investigated, and the thermal annealing could bring to unexpected and undesired
phase transition that depends not only on temperature, but also on size and morphology, and affects

the final device performance.

Besides temperature, investigating high-pressure PDIs behavior could be beneficial to improve the
understanding of the intermolecular interactions and packing motifs of PDIs and in general organic

semiconductors. Furthermore, combining high-pressure structural measurement with pressure-
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dependent electrical transport measurement would allow a more precise understanding of the role of
intermolecular interactions on the optoelectronic properties, shedding further light on the transport
mechanisms responsible for charge mobility in organic materials and their structure-property
relationship. In the future, it could open the path towards novel functionalities and application

technologies of these materials.”®!3>7138

In conclusion, the investigation of the structural behavior at non-ambient conditions of PDIs
(temperature and pressure) can drive towards improved knowledge on their polymorphism, crystal
packing, and intermolecular interactions in play, which would be beneficial for the design of novel

high-performance n-type materials.
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CHAPTER 2: PROJECT OVERVIEW

The aim of my Ph.D. project was the investigation of the polymorphism of molecular organic
semiconductor material at non-ambient conditions and the solid-state characterization and crystal

structure determination of the different polymorphic forms.

The first months of my Ph.D. research were not dedicated to the main project, instead, it concerned
two different topics in the framework of structure-property investigation and non-ambient
measurements. During these projects, I acquired the crystallographic skills and solid-state
characterization competencies which were fundamentals for my thesis. The first topic was the solid-
state characterization of Pt- and Pd- based vapochromic crystals in collaboration with Dr. Rocco
Caliandro from IC-CNR of Bari. These hydrated potassium/lithium salts exhibit a change in color
upon heating, and they transform back into the original color upon absorption of water molecules
from the environment. The challenging characterization of these vapochromic transitions was carried
out by a combination of techniques, such as Single Crystal X-ray diffraction, variable temperature X-
ray powder diffraction, and pair distribution function, to underline the structural changes that the
material undergoes with water loss upon heating (see Chapter 3). The second topic was the
investigation of structure—mechanical property relationships in polymorphs of C4-NT3N, a
thienopyrrolyldione end-capped oligothiophene that displays ambipolar n-type charge transport and
electroluminescence, in collaboration with Dr. Chiara Cappuccino from the Molecular Crystal
Engineering group of Bologna. In this project, the different mechanical properties of the two
polymorphs were discussed and related to the different structural arrangements and the thermal

behavior, and the enantiotropic relationship of the polymorphs was investigated (see Chapter 4).

The main part of my Ph.D. project was dedicated to the investigation and solid-state characterization
of the polymorphism of a series of N,N’-dialkyl-3,4,9,10-perylendiimide (PDI-Cn, withn =5, 6, 7,
8) at ambient and non-ambient conditions, with a particular focus in their thermal behavior. The PDI-
Cn are well-known commercially available n-type molecular organic semiconductors and pigments
and have potential applications in organic electronics like OFETs and OPVs. These molecules are
known to transform into different crystalline forms upon thermal treatments but no information on
the structures has been reported yet and the high-temperature characterization is fragmented and
contradictory. To study their behavior at high temperatures I submitted a proposal (ID proposal
2020094632) to ALBA synchrotron for the BLO4-MSPD beamline and I was able to collect the data
during the spring of 2021.
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This series of PDI-Cn was also chosen to understand the role played by alkyl chains in the crystal
packing and polymorphism of these materials since the introduction of side chains as alkyl chains is

commonly employed to improve solubility and processability.

Out of the four PDI-Cn investigated, the high-temperature polymorphism of N,N’-dipentyl-3,4,9,10-
perylendiimide (PDI-C5) was particularly interesting and challenging. For this reason, the thorough
investigation of the polymorphs of PDI-C5 was carried out by a combination of the techniques
available at the department such as DSC, HSM, and X-ray diffraction variable temperature Raman
spectroscopy in collaboration with dr. Tommaso Salzillo (Weizmann Institute) The results are

reported and discussed separately from the other PDI-Cn in Chapter 5.

Given the high degree of polymorphism observed for PDI-Cn with temperature, for understanding
further the structural characteristics, as intermolecular interactions and packing motifs, and
polymorphism of PDI-Cn, we decided to study their behavior at high-pressure. To do so, thanks to
the Marco Polo project, I had the opportunity to spend four months (May-July 2021) in the group of
Prof. Andrzej Katrusiak at the Uniwersytet im. Adama Mickiewicza in Poznan, Poland. During my
stay in Poland, I performed various pressure-dependent UV-Vis absorption spectroscopy and high-
pressure Single Crystal X-ray diffraction on the different PDI-Cn. Although for lack of time, these
experiments have not yet been completed for all PDI-Cn, the preliminary results of PDI-Cn

polymorphism at high temperature and pressure are reported in Chapter 6.

In the last part of my Ph.D. research project, we made use of the large amount of PDI derivatives
crystal structure data present in the CSD database to investigate the crystal packing arrangements of
PDI derivatives with different types and positions of the substituents to test a clustering method based
on a combination of self-organizing maps (SOM) and principal component analysis (PCA) as a data-
driven approach to classify different n-stacking arrangements of PDIs. The aim was to identify
families of similar stacking arrangements among PDIs through the use of packing descriptors, which
could then be used to describe newly solved crystal structures of PDI derivatives, and to give
guidelines for predicting the most likely packing family depending on substituents used (see Chapter
7). This part of the project was carried out in collaboration with Dr. Alessandro Zappi, who performed

the SOM and PCA analysis.
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CHAPTER 3: STRUCTURAL INSIGHTS INTO THE
VAPOCHROMIC BEHAVIOR OF Pt- AND Pd- BASED
COMPOUNDS

The present work was a part of a project in collaboration with Dr. Rocco Caliandro from IC-CNR in
Bari. It was focused on the solid-state characterization of crystals of Pt- and Pd- hydrated
potassium/lithium salts that exhibit vapochromic behavior, i.e., they exhibit a change in color upon
heating due to loss of hydration water, and they transform back into the original color upon absorption

of water molecules from the environment.

My contribution to this project was the structure determination and refinement by single crystal X-
ray diffraction of [K(H20)][Pt(ppy)(CN):], carried out with Dr. Aurelia Falcicchio, and the variable
temperature X-ray powder diffraction to relate the color transition to changes in the diffraction pattern
and the decrease in sample crystallinity. Our results, combined with results from other techniques
such as in situ pair distribution function, thermogravimetric analysis, X-ray absorption spectroscopy,
and UV-vis spectroscopy, were fundamental to tackle the challenging characterization of these
vapochromic transitions and to underline the structural changes that the material undergoes with water

loss upon heating.
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ABSTRACT

Anionic complexes having vapochromic behavior are investigated: [K(H.O)][M(ppy)(CN).],
[K(H.O)][M(bzq)(CN).], and [Li(H,O),][Pt(bzq)(CN).], where ppy = 2-phenylpyridinate, bzq = 7,8-
benzoquinolate, and M = Pt(II) or Pd(II). These hydrated potassium/lithium salts exhibit a change in
color upon being heated to 380 K, and they transform back into the original color upon absorption of
water molecules from the environment. The challenging characterization of their structure in the
vapochromic transition has been carried out by combining several experimental techniques, despite
the availability of partially ordered and/or impure crystalline material. Room-temperature single-
crystal and powder X-ray diffraction investigation revealed that [K(H.O)][Pt(ppy)(CN).] crystallizes

in the Pbca space group and is isostructural to [K(H.O)][Pd(ppy)(CN).]. Variable-temperature
37



powder X-ray diffraction allowed the color transition to be related to changes in the diffraction pattern
and the decrease in sample crystallinity. Water loss, monitored by thermogravimetric analysis, occurs
in two stages, well separated for potassium Pt compounds and strongly overlapped for potassium Pd
compounds. The local structure of potassium compounds was monitored by in situ pair distribution
function (PDF) measurements, which highlighted changes in the intermolecular distances due to a
rearrangement of the crystal packing upon vapochromic transition. A reaction coordinate describing
the structural changes was extracted for each compound by multivariate analysis applied to PDF data.
It contributed to the study of the kinetics of the structural changes related to the vapochromic
transition, revealing its dependence on the transition metal ion. Instead, the ligand influences the
critical temperature, higher for ppy than for bzq, and the inclination of the molecular planes with
respect to the unit cell planes, higher for bzq than for ppy. The first stage of water loss triggers a unit
cell contraction, determined by the increase in the b axis length and the decrease in the a (for ppy)
or ¢ (for bzq) axis lengths. Consequent interplane distance variations and in-plane roto-translations
weaken the m-stacking of the room-temperature structure and modify the distances and angles of
Pt(I1)/Pd(IT) chains. The curve describing the intermolecular Pt(Il)/Pd(II) distances as a function of
temperature, validated by X-ray absorption spectroscopy, was found to reproduce the coordinate

reaction determined by the model-free analysis.
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CHAPTER 4: STRUCTURE-MECHANICAL RELATIONSHIPS IN
POLYMORPHS OF AN ORGANIC SEMICONDUCTOR (C4-NT3N)

The present work was a part of a project carried out by Dr. Chiara Cappuccino from the Molecular
Crystal Engineering group of Bologna. It was focused on the investigation of structure-mechanical
property relationships in polymorphs of C4-NT3N, a thienopyrrolyldione end-capped oligothiophene

that displays ambipolar n-type charge transport and electroluminescence.

My contribution to this project was limited to the investigation of the thermal behavior of the a and
B polymorphs of C4-NT4N, in particular the hot-stage microscopy experiments and their correlation
with the DSC results. The thermal characterization of C4-NT4N highlighted that the o and  forms
are enantiotropically related, with a the stable phase at room temperature, while the 3 the stable form

at high-temperature.

The different mechanical properties of the two polymorphs were characterized and related to the
different crystal packing and intermolecular interactions by Dr. Chiara Cappuccino and Dr. Luca
Catalano (from New York University Abu Dhabi). The a polymorph, characterized by one-
dimensional strong interactions and weak hydrogen bonds between the columns, displays elastic
deformation; whereas the B polymorph, characterized by two-dimensional layer packing with very

weak interlayer interactions and without interdigitation of the alkyl chains, displays plastic behavior.
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ABSTRACT

Understanding of polymorphism of organic semiconducting materials is the key to structural control
of their electrical and mechanical properties. Motivated by the ambipolar n-type charge transport and
electroluminescence of thienopyrrolyldione end-capped oligothiophenes, here we studied the
propensity of one representative to crystallize as different polymorphs which display distinctly
different mechanically properties. The crystal structures of the two polymorphs (denoted “a” and “B”)
of the material, 2,2'-(2,2'-thiophene-5,5'-diyl)bis(5-butyl-5H-thieno[2,3-c]pyrrole-4,6)-dione (C4-
NT3N), were determined. In the o phase, the molecules interact strongly by m-stacking, forming

columns which are bonded via C—-H—O and chalcogen bonds, and this packing is consistent with the
40



elastic behavior observed with the crystals. Instead, the B phase has the molecules aligned along their
core forming layers. While the molecules interact strongly within the layers, they are practically
unbound between the layers. The presence of slip planes in this form explains the plastic deformation
induced by applying a force perpendicular to the (001). The thermal behavior and the enantiotropic

relationship of the polymorphs are reported.
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CHAPTER 5: THOROUGH INVESTIGATION ON THE HIGH-
TEMPERATURE POLYMORPHISM OF DIPENTYL-
PERYLENEDIIMIDE: THERMAL EXPANSION VS
POLYMORPHIC TRANSITION.

The present work is focused on the high-temperature polymorphism of N,N’-dipentyl-
perylenediimide (PDI-C5); out of the four PDI-Cn investigated, PDI-C5 high-temperature
polymorphism was particularly interesting and challenging and for this reason was reported and

discussed separately.

In this work, we used a combination of differential scanning calorimetry, variable temperature X-ray
diffraction, hot-stage microscopy, and variable temperature Raman spectroscopy to investigate the
thermal behavior and polymorphism of PDI-C5. We identified two high-temperature polymorphs,
form II and form III and we determined their crystal structure from synchrotron powder data.
Furthermore, we investigated the thermal expansion of the different PDI-C5. We also reported and
characterized a solvate form of PDI-C5. The variable temperature Raman spectroscopy measurements

were carried out by Dr. Tommaso Salzillo from Weizmann Institute.
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ABSTRACT

N,N’-dipentyl-3,4,9,10-perylendiimide (PDI-C5) is an organic semiconducting material which has
been extensively investigated as model compound for its optoelectronic properties. It is known to be
highly thermally stable, that it exhibits solid-state transitions with temperature and that thermal
treatments lead to an improvement in its performance in devices. Here we report a full thermal
characterization of PDI-C5 by combination of differential scanning calorimetry, variable temperature
X-ray diffraction, hot stage microscopy, and variable temperature Raman spectroscopy. We identified
two high temperature polymorphs, form II and form III, which form respectively at 112 °C and at 221
°C and we determined their crystal structure from powder data. Form II is completely reversible upon
cooling with low hysteresis, while form III revealed a different thermal behaviour upon cooling
depending on the technique and crystal size. The crystal structure’s features of the different
polymorphs are discussed and compared, and we looked into the role of the perylene core and alkyl
chains during solid-state transitions. The thermal expansion principal axis of PDI-C5 crystal forms is
reported showing that all the reported forms possess negative thermal expansion (X1) and large

positive thermal expansion (X3) which are correlated to thermal behaviour observed.
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CHAPTER 6: EXPLORING POLYMORPHIC LANDSCAPE OF
PDI-Cn AT VARIABLE TEMPERATURE AND PRESSURE

High pressure measurements were carried out at Uniwersytet im. Adama Mickiewicza, in Poznan,
Poland during my abroad period in collaboration with Prof. Andrzej Katrusiak, Dr. Szymon Sobczak,

and Paulina Ratajczyk.
INTRODUCTION

The identification and investigation of polymorphic systems, in particular in the field of organic
molecular crystals, is usually tackled by varying crystallization techniques, concentrations, solvents,
or temperature. However, different crystal forms can also be obtained by varying another fundamental
physical variable, pressure. Thanks to the development of high-pressure techniques in the last
decades, nowadays they can be routinely applied in laboratories to analyze the structure-properties

relationship of crystalline materials, and indeed to investigate their polymorphism.'

In the field of organic semiconductors (OSCs), the possibility to understand and control crystal
polymorphism is of fundamental importance, as the crystalline structure has a major impact on the
properties of materials. Thus, for example, a small change in the molecular packing can lead to
dramatic variations in optoelectronic and charge-transport properties. Therefore, the polymorphism

of functional materials strongly influences the possible technological applications.>®

In the framework of OSCs, perylene-3,4,9,10-tetracarboxydiimides, also known as perylene diimides
(PDIs), are a well-known family of promising n-type materials because of their commercial
availability, low costs, high electron affinity, low LUMO energies, and good charge transport
properties; moreover, they also display excellent chemical-, thermal-, photo-, as well as good air-

stability and strong absorption in the visible light region.’!* Due to their properties, PDIs possess

14-16 17,18

several potential applications such as organic field-effect transistors, organic photovoltaics,
laser dye," pigments,”® etc. As well as other OSC systems, functionalization can greatly influence
the final properties of PDIs such as solubility, optical and electrochemical properties, crystal packing,
and structural morphology. Among others, the introduction of side chains as alkyl chains is a common
procedure used to improve solubility and processability of PDIs and to obtain new functional

materials.>13-21-22

This work is focused on the investigation of the polymorphism of a series of four N,N'-dialkyl-PDIs
(PDI-Cn) functionalized in a symmetric fashion with alkyl chains of different lengths (CS5, C6, C7,

and C8). In particular, in this study, we tackle the identification and investigation of PDI-Cn
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polymorphs at non-ambient conditions (i.e., at high temperature and pressure). These materials are
known to display several solid-solid transitions upon heating;*>** however, the characteristics of these
transitions have yet not been studied in detail. Furthermore, to our knowledge, no information about
their behavior at high-pressure has ever been investigated. Lastly, the investigation of the structural
behavior at non-ambient conditions of PDIs with different alkyl chains allows us to look into the role

played by alkyl chains in the crystal packing and the polymorphism of these materials.
RESULTS AND DISCUSSION

Polymorph screening

Several crystallization methods from solution (solvent evaporation, triple-layer crystallization,
solvothermal processes, fast precipitation) were used to obtain different crystal forms of PDI-Cn and
good crystals for single crystal X-ray diffraction measurements. Out of these methods, solvothermal
crystallization resulted the most efficient to produce single crystals, also because of the poor solubility
of PDI-Cn (less than 1 mg/mL in the used solvents) which hindered the efficiency of the other
methods. All crystallizations resulted in the formation of PDI-Cn form I (the crystal form of the
commercial material) except PDI-C5 whose solvate crystals were obtained as already reported ( add

ref submitted)

The crystal structures of PDI-C5 form I, PDI-C6 form I, and PDI-C8 form I, which are their form
stable at r.t., were found in the CSD (refcodes: DICMUX, TIXTUS, and GILFUD respectively). On
the other hand, no structural model was found for PDI-C7 in the database, thus the crystal structure
of PDI-C7 form I was solved from single crystal X-ray diffraction (SCXRD) at room temperature.
Furthermore, the PDI-C6 crystal structure was solved at room temperature to better compare it with

the other PDI-Cn. Table 1 summarizes the relevant crystallographic data for all the structures.

Crystal structure of PDI-C7 form I. The crystal structure of PDI-C7 form I is triclinic, space group
P-1, and cell parameters a = 4.8287(4) A; b = 8.3567(7) A; ¢ = 19.320(2) A; a = 79.591(7) °; B =
88.669(7) °; v = 81.655(7) °; volume = 758.6 A3, with the molecule lying on an inversion centre, and
hence half molecule in the asymmetric unit (Z’= 0.5). The perylene core of the molecule is planar,
while the heptyl alkyl chains are almost perpendicular to the perylene plane, the alkyl carbon atoms
are in staggered conformation, beside the terminal carbon atom which is statically disordered in two
positions, one in staggered and one in gauche conformation, with 50% probability each. The torsional
angle of the terminal carbon in the two positions is 161.50 © for the staggered position and 83.29 °

for the gauche one. The PDI molecules are arranged one above the other connected via n—m
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interactions, forming columns along the [1 0 0] direction. The neighboring columns of PDI molecules

are linked together through n-stacking and weak C-H---O interactions.

Figure 1. Crystal structure of PDI-C7 a) form I with highlighted in red and blue the two possible disordered positions; b) form I viewed

along a-axis.

Table 1. Crystal structure parameters of PDI-Cn form 1.

PDI-C5 PDI-C6 PDI-C7 PDI-C8
SG P1 P1 P1 P1
a(A) 4.7542) 4.757(1) 4.8287(4) 4.7647(2)
b (A) 8.479(4) 8.549(2) 8.3567(7) 8.5099(3)
c(A) 16.30(1) 17.576(2) 19.320(2) 20.2613(6)
o (°) 86.88(5) 81.68(1) 79.591(7) 85.332(2)
B () 83.50(5) 84.85(2) 88.669(7) 89.683(2)
v (°) 83.63(4) 83.17(2) 81.655(7) 82.285(3)
V (A% 648.1 700.3 758.6 811.4
Z 1 1 1 1
z 0.5 0.5 0.5 0.5
Density (g/cm’) 1.36 1.325 1.284 1.258
T (K) 298 298 298 298
R 6.3 7.2 7.5 5.1

By comparing the crystal structure of PDI-C7 with the known crystal structure of the other PDI-Cn,
we observed that they are indeed very similar. All the PDI-Cn crystal structures were solved as
triclinic, space group P-1, with half-molecule in the asymmetric unit (Z’ = 0.5); the crystal packing
of the PDI-Cn is characterized by a one-dimensional lamellar packing motif, with molecules arranged
in columns along the [1 0 0] direction characterized by strong n-n stacking interactions between the
perylene cores. Different columns are linked to the neighboring columns via n-r stacking interactions
and weak C-H---O interactions. The overall result is a layered structure in which rigid aromatic core
regions alternate with alkyl chain regions (Figure 2). The crystal structure of PDI-C7 differs from the
others for the presence of disorder in the terminal carbon atoms of the alkyl chains discussed

previously; the PDI-Cn besides PDI-C7 shows alkyl chains in all staggered conformation.
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Figure 2. Packing motif in PDI-C5 crystal structure: a) columnar arrangement of n-stacked molecules with the arrow indicating the
direction of - stacking interactions (alkyl chains omitted for clarity); b) lamellar packing formed by alternated layers of alkyl chains
and aromatic cores. Hydrogens are omitted for the sake of clarity.

The overall similarity of these structures is also reflected in their unit cell parameters, in particular of
their a- and b-axis. The a-axis corresponds to the stacking vector (SV), which is the distance between
the centroids of two closed stacked molecules,® and it is almost the same for PDI-C5, PDI-C6, and
PDI-C8, and slightly higher for PDI-C7. The b-axis correspond to the distance between two
neighboring columns of stacked molecules, which is still similar but changes slightly more (from
8.3567 A to 8.549 A) among the structure compared to SV, with PDI-C7 displaying the lowest value
and PDI-C6 the highest value. The interplanar distance (dz.x) between the perylene core involved in
n-stack is characteristic of closed stacking m-m interaction in all the PDI-Cn, varying from 3.337 A of
PDI-C5 to 3.361 A of PDI-C6. Furthermore, even if we look at their pitch (P) and roll (R) angles,
which are the molecular slipping along the long and short molecular axis,?® they are very similar
among the structures; with P having values between 42.6 ° for PDI-C6 and 43.7 for PDI-C7, and R
with values between 20.3 © for PDI-C8 and 21.6 ° for PDI-C6. All these parameters indicate that the
perylene cores among the PDI-Cn crystal packings arrange in the same way. To further examine the
PDI-Cn packing similarities, the Search on Crystal Packing Similarity tool of the software Mercury?°
of the CCDC package was used with a cluster of 18 molecules. This tool allows comparing multiple
structures of the same compound or similar molecules, giving as results the number of molecules in
common, together with the root mean square (RMS) deviation in distance and a similarity measure
of the simulated powder patterns of the structures. Using PDI-C5 as reference structure, each PDI-Cn
showed 9 out of 18 molecules in common, the other 9 molecules were missed matches because
separated by alkyl chains of different lengths. The best RMS was found for PDI-C6, with a 0.066 A
deviation, second was PDI-C8 with a 0.151 A deviation, and lastly, the PDI-C7 with a 0.28 A
deviation, indicating that PDI-C7 is the least similar structure among all, most likely a consequence
of its chain conformation. When the PXRD similarity is considered, as expected the PDI-C6 is the
most similar (0.96) to PDI-C5, then PDI-C7 (0.88), and the PDI-CS8 the least similar one (0.86). The
overlay of the form I crystal structure of PDI-Cn used to calculate the crystal packing similarity is

shown in Figure 3.
47



d

.

N\

\ \ \
\ A\

a) b)

7

NS

‘
g
LA AN
\

.

Figure 3. Crystal packing similarity showing the overlay of the different PDI-Cn crystal structures. PDI-C5 is blue, PDI-C6 is green,
PDI-C7 in orange, and PDI-C8 in red. a) Structure overlay viewed along [100] direction; b) Structure overlay viewed along the long
molecular axis.

PDI-Cn at High-Temperature

The thermal characterization of the PDI-Cn to investigate their high-temperature polymorphism was
carried out by a combination of thermogravimetric analysis, differential scanning calorimetry,

variable temperature X-ray diffraction, and hot-stage microscopy.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) of PDI-Cn shows that they are stable up to 400°C, displaying the
high thermal stability that characterizes these materials (see Figure S1-4 in SI).

Differential Scanning Calorimetry

PDI-Cn were analyzed by Differential Scanning Calorimetry (DSC) to highlight phase transitions that
occur with temperature. Besides PDI-C5 behavior that was extensively explained in our previous
work,?” all PDI-Cn displays solid-solid phase transitions with temperature highlighting the presence
of high temperature (HT) polymorphism. However, it was not possible to isolate the HT polymorphs
at room temperature (RT), because these solid-solid transitions are reversible upon cooling (see
Figure 4). The samples were heated until 380-395 °C, just before decomposition and in PDI-C7 and
PDI-CS8 a reversible peak was observed in the range 360-390°C. Whereas during the VTXRPD the
samples decompose at a temperature higher than 300°C, we will not further discuss the transition at

a temperature higher than 300°C.
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Figure 4. DSC curves of the PDI-Cn; red curves correspond to heating steps, whereas blue curves correspond to cooling steps. The
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temperature and enthalpy of transition observed are listed in Table 2.

Table 2 summarizes the solid-state transition observed in the DSC curves in Figure 4.

Table 2. Transitions of PDI-Cn observed by DSC upon heating and cooling.

Cycle Transition T (°C) AH (kJ mol™)
1% Heating 1211 112 2.8
1st Cooling I->1 109 -2.8
PDI-C5 e >0 112 2.1
2" Heating 1> 1l 221 8.8
2" Cooling N ->I1+11 162 -1.8
PDI-C6 Heating 1211 197 16.2
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11> 111 255 4.4

Coolin I > 11 207 -4.4

e n>1 130 -19.3

Heatin 121 213 24.1

PDLCT e 11> 111 237 0.66
Coolin I > 11 232 -0.85

e n>1 180 -25.3

Heating 1>1 220 24.7

PDI-C8 Cooling MI->1 198 -26.6

Hot-stage Microscopy

The thermal behavior of PDI-C,, was investigated also with Hot-Stage Microscopy (HSM), to observe

the macroscopic changes that occur in the crystals upon heating.

PDI-Cé6. Single crystals of PDI-Cs were heated up to 280 °C, to observe the macroscopic changes

correlated to the transitions into from II and form III (see Figure 5).

HEATING

COOLING

Figure 5. HSM of PDI-C6 crystals: a) 30 °C start of experiment; b) 205 °C after the I - II transition occurs; ¢) 270 °C after the 1T >
III transition occurs, then the cooling was started; d) 180 °C during cooling; e) 114 °C the reverse transition to form I occurs, although
is not possible to separate the reverse transition of form II and form III; f) 50 °C end of cooling. The red bar indicating the scale
correspond to 100 pm.

Upon heating, the transition I->II occurs at around 200 °C as expected from DSC (Figure 5b) with
clearly visible changes, whereas the II = III transition, which occurs between 250 and 265 °C, causes
only slight changes in the crystal shape (Figure 5¢). Upon cooling, no changes are observed until
114°C when the crystals undergo a rapid solid-solid transition which is characterized by a clearly
visible transition front that propagates throughout the crystal coupled with a dramatic shape change
that makes the crystals move on the stage; such behavior is typically associated to martensitic-like
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transitions exhibiting thermosalient behavior.?® ! Considering that at 114°C form I is the stable form
and only one solid-state transition is observed, we presume that the transition observed is form II1->1.

A similar martensitic-like transition upon cooling was also observed in the case of PDI-C5.?’

PDI-C7. Single crystals of PDI-C7 were heated up to 280 °C, to observe the macroscopic changes

correlated to the transition into from II and form III (see Figure 6).

HEATING

COOLING

Figure 6. HSM of PDI-C7 crystals: a) 30 °C start of experiment; b) 212 °C beginning of the I = 1II transition; ¢) 215°C the transition
is complete; d) 275 °C no further macroscopic changes that could be addressed to the IT - TII phase were observed, the cooling was
started; ¢) 102 °C the IT - I reverse transition occurs; f) 50 °C end of cooling. The red bar indicating the scale correspond to 100 pm.

Upon heating, the transition I-II occurs at 212°C as expected from DSC (Figure 6b, c¢), whereas no
significant changes were observed that could be correlated with the II = III transition. Upon cooling
the reverse transition of form II to form I occurs at 102 °C (Figure 6f) a dramatically lower
temperature compared to DSC. The transitions, especially upon cooling, cause crystal breaking and

fragmentation.

PDI-C8. Single crystals of PDI-C8 were heated up to 260 °C, to observe the macroscopic changes

correlated to the transition to from II (see Figure 7).
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HEATING

Figure 7. HSM of PDI-C8 crystals: a) 30 °C start of experiment; b) 223 °C beginning of the I - 1II transition; ¢) 230°C the transition
is complete; d) 250 °C the cooling was started; ¢) 187 °C the II = I reverse transition occurs; f) 50 °C end of cooling. The red bar
indicating the scale correspond to 100 um.

Upon heating, the transition I-II occurs at 223 °C as expected from DSC (Figure 7b), and upon cooling
the reverse transition occurs as at 187 °C (Figure 7f), slightly lower temperature compared to DSC.
The transitions, especially upon cooling, cause crystal breaking and fragmentation, as observed for

PDI-C8.

Variable temperature X-ray powder diffraction

In order to investigate the structural changes that occur during transitions, variable temperature X-
ray powder diffraction (VITXRPD) experiments were carried out at ALBA Synchrotron on all the
PDI-Cn.

PDI-C6. The VTXRPD patterns of PDI-C6 upon heating and cooling are reported in Figure 8. This
experiment highlights the structural changes that occur with the solid-state transitions observed in
DSC. Upon heating, a phase transition ascribable to the I = Il transition is observed between 180 and
205 °C, while a second transition ascribable to I = III transition is observed between 225 and 255
°C. Upon cooling, we observe that form III tends to convert back to form I when cooled below 140
°C. The scenario in VITXRD is in some way different from those observed in DSC. In VTXRD a
higher hysteresis of the reverse transitions was observed with respect to the DSC curve. Furthermore,
in VTXRD we cannot distinguish the III = II and the II - I transition as in DSC; in addition, the
transition to form I is not completed at RT, highlighted by some peaks of the HT forms that are still

present at the end of the cooling step. This slightly different behavior is probably the result of the
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different sample preparation (the powder was further ground for XRD measurements) and from
different environmental conditions (N2 purge during DSC measurement). Lastly, PDI-C6 VTXRD
highlights a severe shift of the diffracted peaks due to thermal expansion as observed for PDI-CS5.

Heating Cooling

260 260

Form Il

240 240

220 220

200 200

180 180

160 160

140 140

120 120

Temperature (°C)
Temperature (°C)

80 80

40 40

26 (°)

Figure 8. VTXRPD experiment of PDI-Cs upon heating (left) and cooling (right). Upon heating, drastic changes in the pattern can be
observed between 180 and 205 °C ascribable to the transition from form I to form II; then, changes in the pattern can be observed also
between 225 °C and 255 °C, where a second solid-solid transition ascribable to the formation of form III occurs. Upon cooling, form
III tends to convert back to form I below 140 °C, showing high hysteresis of the transition. In this case, it was not possible to separate
the IIT > II and the IT - I transitions; furthermore, the transition to form I is not completed at RT and some peaks of HT forms are
still present after cooling. Intensity is plotted in square root scale for the sake of clarity.

PDI-C7. The VTXRPD patterns of PDI-C7 upon heating and cooling are reported in Figure 9. This
experiment highlights the structural changes that occur with the solid-state transitions observed in
DSC. Upon heating, a first solid-state transition ascribable to the I = II phase transition is observed
between 190 and 215 °C, while a second transition ascribable to the II = III transition is observed
between 225 and 240 °C, these temperatures correlate with the ones observed in DSC. Upon cooling,
we observe that the two transitions observed in heating are reversible and distinguishable; in fact, the
transition ascribable to the III = 1II is observed below 225 °C, with small hysteresis, slightly higher
to the hysteresis observed in DSC, while the transition ascribable to the IT = I transition is observed
below 140 °C, with a high hysteresis of transition. However, the hysteresis observed for II = 1
transition in VTXRD is considerably higher compared to the one observed in DSC (about 35 °C),
which probably result from the different sample preparation (the powder was further ground for XRD
measurements) and from different environmental conditions (N> purge during DSC measurement).
The severe shift of the diffracted peaks due to thermal expansion was observed also in the PDI-C7

VTXRD case.
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Figure 9. VTXRPD experiment of PDI-C7 upon heating (left) and cooling (right). Upon heating, drastic changes in the pattern can be
observed between 190 and 215 °C where the transition ascribable to the transition from form I to form II lies; then, small changes in
the pattern can be observed between 225 °C and 240 °C, where a second solid-solid transition ascribable to the formation of form III
occurs. Upon cooling, form III converts back to form II below 225 °C, showing low hysteresis of the II = III transition, while the II
-> I transition occurs below 145 °C with a higher hysteresis. Intensity is plotted in square root scale for the sake of clarity.

PDI-C8. The VTXRPD patterns of PDI-C8 upon heating and cooling are reported in Figure 10. This
experiment highlights the structural changes that occur with the solid-state transitions observed in
DSC. Upon heating, a solid-state transition ascribable to the I = II phase transition is observed
between 200 and 224 °C, in accord with DSC. Upon cooling, the I = I transition is observed below
140 °C, highlighting a high hysteresis of the reverse transition. Even in the PDI-CS8 case, the hysteresis
observed in VTXRD is considerably higher compared to the one observed in DSC (about 50 °C),
which probably result from the different sample preparation (the powder was further ground for XRD
measurements) and from different environmental conditions (N> purge during DSC measurement).
Furthermore, as well as in other PDI-Cn cases, a severe shift of the diffracted peaks due to thermal

expansion was observed in VTXRPD.
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Heating Cooling
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Figure 10. VTXRPD experiment of PDI-Cs upon heating (left) and cooling (right). Upon heating, drastic changes in the pattern can be
observed between 200 and 224 °C ascribable to the transition from form I to form II. Upon cooling, form II converts back to form I
below 140 °C, showing high hysteresis of the transition. Intensity is plotted in square root scale for the sake of clarity.

High-Temperature polymorphs indexing

Even though it was not possible to isolate the HT forms at RT due to reverse transition, after assessing
the temperature at which the transitions to HT polymorphs occur, we collected the PXRD of each HT
polymorph in isothermal conditions in the temperature range of its stability. Despite the high
temperature at which the PDI-Cn HT polymorphs data are available in this way, we attempted to
index and solve their crystal structure from powder to have more information on the changes these
materials undergo with temperature, as we did in our previous work on PDI-C5.2” However, despite
our efforts, we were able to only index some of their unit cells. The high temperature of the collection
(over 200 °C) and probably the high level of disorder present in the crystal at these temperatures
hindered the feasibility of the structure solution. The cell parameters of the indexed phases are

reported in Table 3.

As commonly used, the cell found are validated by comparing the molecular volume. Since the
patterns are collected at high temperatures and since these materials present high thermal expansion,
we expect considerably higher volumes compared to the ones observed at RT. Therefore, the
accepted volumes are higher and the densities lower than the structures collected at RT. All the
indexed unit cells were found in a triclinic space group. From our knowledge of PDI-Cn and
considering the molecules are symmetrically functionalized, we expect triclinic cells to be P-1,

although the confirmation of the space group can be obtained only by the structure determination.
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PDI-C6 shows two transitions upon heating at 197 °C and 255 °C. Therefore, we collected and
indexed the patterns at 226 °C for form II and 265 °C for form III, the temperature at which we

assessed that the transition was completed.

PDI-C6 form II 226 °C. Despite several indexing attempts on this pattern, it was not possible to

define unambiguously a unit cell; only Z > 2 with P-1 space group cells.

PDI-C6 form III 265 °C. We were able to successfully index PDI-C6 form III using TOPAS. The
unit cell found has a volume of 1659 A3, which agrees with 2 molecules in the cell, corresponding to
aZ =2, which results ina Z’ = 1 for a P-1 space group, and an estimated density of 1.12 g/cm®. Unit
cell parameters refined using Pawley refinement, are reported in Table 3. The Pawley refinement of
PDI-C6 at 265 °C, displaying the experimental and calculated pattern together with the difference

pattern is shown in Figure S5.

PDI-C7 shows two transitions upon heating at 213 °C and 237°C. Therefore, we collected and
indexed the patterns at 218 °C for form II and 255 °C for form III, the temperature at which we

assessed that the transitions were completed.

PDI-C7 form II 218 °C. We were able to successfully index PDI-C7 form II at 218 °C using EXPO
software.>? The unit cell found has a volume of 2455 A3, which agrees with 3 molecules in the cell,
corresponding to a Z = 3, which results in a Z’ =1.5 for a P-1 space group (similar to C5 form III
case), and estimated density of 1.19 g/cm®. The unit cell parameters refined using Pawley refinement
in TOPAS, are reported in Table 3. The Pawley refinement of PDI-C7 form Il at 218 °C, showing the

experimental and calculated pattern together with the difference pattern is shown in Figure S6.

PDI-C7 form III 255 °C. We were able to successfully index PDI-C7 form III at 255 °C using
TOPAS. The unit cell found has a volume of 1774 A3, which agrees with 2 molecules in the cell,
corresponding to a Z = 2, which results in a Z’ =1 for a P-1 space group, and an estimated density of
1.10 g/cm®. The unit cell parameters refined using Pawley refinement in TOPAS, are reported in
Table 3. The Pawley refinement of PDI-C7 form III at 255 °C, showing the experimental and

calculated pattern together with the difference pattern is shown in Figure S7.

PDI-C8 shows a transition upon heating at 217 °C. Therefore, we collect and index the patterns at
224 °C. By observing the VITXRPD of PDI-C8, we observed that even after this transition was
completed, some changes in the pattern were observed when the temperature was further increased,

which comprises mainly the appearance of two peaks at small 26 values.

PDI-C8 form II 224 °C. We were able to successfully index PDI-C8 form II at 224 °C using EXPO

software, however, two peaks were omitted with the unit cell found. The intensity of the unindexed
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peaks (0.806 and 1.660 of 20) increases upon further increasing the temperature and suggests the
possible presence of another phase. The unit cell found has a volume of 1880 A, which agrees with
2 molecules in the cell, corresponding to a Z =2, which results in a Z’ =1 for a P-1 space group, and
an estimated density of 1.09 g/cm®. The unit cell parameters refined using Pawley refinement in
TOPAS, are reported in Table 3. The Pawley refinement of PDI-C7 form III at 255 °C, showing the

experimental and calculated pattern together with the difference pattern is shown in Figure S8.

Table 3. Cell parameters of the indexed HT polymorphs of PDI-Cn refined by Pawley refinement.

PDI-C6 PDI-C7 PDI-C8
Temperature (°C) 265 218 255 224
Form 111 11 111 11
SG P1 P1 P1 P1
a(A) 7.681(3) 10.790(9) 7.696(2) 7.738(1)
b (A) 10.130(1) 11.067(5) 10.088(1) 9.979(2)
c(A) 21.504(2) 23.202(4) 23.117(2) 24.783(3)
a (A) 84.47(2) 94.03(5) 81.86(2) 83.92(2)
B (A) 85.11(5) 97.84(5) 86.73(3) 81.17(2)
v (A) 90.46(4) 115.35(5) 89.86(3) 88.96(2)
V (A 1659 2455 1774 1880
Z 2 3 2 2
7 1 1.5 1 1
Density (g/cm®) 1.12 1.19 1.10 1.09
Rwp 4.65 4.09 4.17 3.79
Rp 3.13 2.63 2.50 2.62

Interestingly, the indexed unit cells of PDI-C6 form III, PDI-C7 form III, and PDI-C8 form II have
some common traits, in a similar way to what was observed with the cell parameters of form I of the
three materials. The a- and b-axis are again quite similar, while the c-axis is longer in the case of
longer chains. However, without the crystal structure is not possible to further discuss these crystal

forms.

Thermal Expansion

As before mentioned, a severe shift of the diffracted peaks due to thermal expansion was observed in
VTXRPD. For this reason, we performed a sequential Rietveld refinement on PDI-Cn form I, to
observe the variation of its crystal structure parameters with temperature and to investigate the
thermal expansion of these materials. Then, after obtaining the crystal structure parameters at variable
temperature from Rietveld refinement over PDI-Cn XRD data, we used the software PASCal
(Principal Axis Strain Calculations)* to quantify the observed thermal expansion effect on PDI-Cn
form I. From variable temperature lattice parameter data as input, PASCal calculates in linear
approximation and returns as output the principal axis expansivities, the orientation of the principal
axes relative to the crystallographic axes, and the expansivity indicatrix. The expansivity indicatrix

is the visual representation of the material’s thermal expansivity tensor and is constructed as a
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smoothly varying surface centered at the unit-cell origin, where the distance between the surface and
the origin in each direction is equal to the magnitude of a (linear thermal expansion coefficient) in

that direction.

Starting from the results obtained with sequential Rietveld refinement over PDI-C6 VTXRPD
patterns (Figure 11), it is clear that above 180 °C the transition to form II occurs since the Ry rapidly
increases above that temperature, indicating a worsening of the match between calculated and
experimental pattern. Furthermore, the volume increases rapidly with temperature, indicating once

again the high thermal expansion of this material.
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Figure 11. Sequential Rietveld refinement of PDI-C6 form I, variation of unit cell parameters in the temperature range 30 — 205 °C. a)
a-axis with T; b) b-axis with T; ¢) c-axis with T; d) a with T; e) B with T; f) y with T; g) volume with T; h) Rwp with T. The discontinuity
in the trend of unit cell parameter with temperature, which indicates the transition to form II, is observed above 180 °C.

The crystal structure parameters of PDI-C6 form I at different temperatures obtained by Rietveld

refinement were then used to investigate the thermal expansion of this material with PASCal.
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Linear coefficients of thermal expansion and corresponding principal axes determined for PDI-C6

form I are listed in Table 4 and the relative expansivity indicatrix is shown in Figure 12.

Table 4. Linear thermal expansion coefficients along the corresponding principal axes and volumetric thermal expansion coefficient
calculated using PASCal for PDI-C6 form I in the range of temperature between 38 and 176 °C; a, b, c gives the orientation of the
principal axis with respect to the unit cell axes.

Axes i [10° K] co [10°K] a b c
Xi 203 9 -0.7457 0.6481 0.1544
X2 192 8 0.9552 0.2941 -0.0330
X; 416 13 0.5518 -0.5750 0.6040
vV 400 11
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Figure 12. Expansivity indicatrix of PDI-Cs form I determined using the PASCal program, showing the spatial orientation of positive
(red) and negative (blue) thermal expansion.

PDI-C6 form I shows a large NTE (negative thermal expansion) along the principal axis X1, which is
probably to compensate for the large positive thermal expansion along the X> and X3 principal axis.
The overall effect is a large thermal expansion ay of about 400 MK! (the mean value for volumetric
thermal expansion of organic compounds is av = 168.6 MK™!, with a standard deviation c of 72.5
MK 1);3* therefore, in the range of temperature investigated (38 — 176 °C), the overall volume increase
is about 5.4 % of the initial volume. This large thermal expansion effect is reflected in the observed

shift of the diffracted peaks with temperature.

Second, from the results obtained with sequential Rietveld refinement over PDI-C7 VTXRPD
patterns (Figure 13), it is clear that above 190 °C the transition occurs since the Ry, rapidly increases
above that temperature, indicating a worsening of the match between calculated and experimental
pattern. Furthermore, the volume increases rapidly with temperature, indicating once again the high

thermal expansion of this material.
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in the trend of unit cell parameter with temperature, which indicates the transition to form II, is observed above 190 °C.

The crystal structure parameters at different temperatures obtained by Rietveld refinement were then

used to investigate the thermal expansion of this material with PASCal.

225

Linear coefficients of thermal expansion and corresponding principal axes determined for PDI-C7

form I are listed in Table 5 and the relative expansivity indicatrix is shown in Figure 14.

Table 5. Linear thermal expansion coefficients along the corresponding principal axes and volumetric thermal expansion coefficient
calculated using PASCal for PDI-C7 form I in the range of temperature between 30 and 191 °C; a, b, c gives the orientation of the

principal axis with respect to the unit cell axes.

Axes a;i [10° K] co [10° K] a b c
X1 -113 4 -0.9534 0.2690 0.1366
Xz 118 9 0.4297 0.8954 -0.1167
X3 411 5 0.9212 -0.1256 0.3683
\4 414 4
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Figure 14. Expansivity indicatrix of PDI-C7 form I determined using the PASCal program, showing the spatial orientation of positive
(red) and negative (blue) thermal expansion.

PDI-C7 form I shows a large NTE (negative thermal expansion) along the principal axis X1, which is
probably to compensate for the large positive thermal expansion along the X> and X3 principal axis.
The overall effect is a large thermal expansion ay > 400 MK!, which means that in the range of
temperature investigated (30 — 191 °C) the overall volume increase is about 6.5% of the initial
volume. This large thermal expansion effect is reflected in the observed shift of the diffracted peaks

with temperature.

Lastly, from the results obtained with sequential Rietveld refinement over PDI-C8 VTXRPD patterns
(Figure 15), it is clear that above 200 °C the transition occurs since the Ry, rapidly increases above
that temperature, indicating a worsening of the match between calculated and experimental pattern.
Furthermore, the volume increases rapidly with temperature, indicating once again the high thermal

expansion of this material.
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Figure 15. Sequential Rietveld refinement of PDI-Cs form I, variation of unit cell parameters in the temperature range 35 — 230 °C. a)
a-axis with T; b) b-axis with T; ¢) c-axis with T; d) a with T; e) B with T; f) y with T; g) volume with T; h) Rwp with T. The discontinuity
in the trend of unit cell parameter with temperature, which indicates the transition to form II, is observed above 200 °C.

The crystal structure parameters at different temperatures obtained by Rietveld refinement were then

used to investigate the thermal expansion of this material with PASCal.

Linear coefficients of thermal expansion and corresponding principal axes determined for PDI-C8

form I are listed in Table 6 and the relative expansivity indicatrix is shown in Figure 16.

Table 6. Linear thermal expansion coefficients along the corresponding principal axes and volumetric thermal expansion coefficient
calculated using PASCal for PDI-C8 form I in the range of temperature between 35 and 200 °C; a, b, ¢ gives the orientation of the
principal axis with respect to the unit cell axes.

Axes ;i [10° K] 6o [10° K] a b c
X1 -236 10 -0.6627 0.7323 -0.1568
X2 247 2 0.9537 0.2947 0.0599
X3 378 15 -0.8623 0.2827 0.4202
\4 376 5
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Figure 16. Expansivity indicatrix of PDI-C8 form I determined using the PASCal program, showing the spatial orientation of positive
(red) and negative (blue) thermal expansion.

PDI-C8 form I shows a large NTE (negative thermal expansion) along the principal axis X1, which is
probably to compensate for the large positive thermal expansion along the X> and X3 principal axis.
The overall effect is a large thermal expansion ay > 350 MK'!, which means that in the range of
temperature investigated (35 — 200 °C) the overall volume increase is about 6.3% of the initial
volume. This large thermal expansion effect is reflected in the observed shift of the diffracted peaks

with temperature.

Figure 17 shows the packing of PDI-C6, -C7, and -C8 with indicated the directions of the thermal
expansion principal axes. Overall, the direction of the three principal axes is similar in the three

structures, which was expected given the similarity of these crystal structures.
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Figure 17. Packing of the PDI-Cn form I structures a) PDI-C6, b) PDI-C7 and c¢) PDI-CS8 with indicated the orientation of the thermal
expansion principal axes calculated by PASCal: X2 is perpendicular to the figure, while X is indicated by the blue arrow and X3 is
indicated by the red arrow.

PDI-Cn at High-Pressure

UV-Vis-NIR measurements

The variation of the absorption spectra of the material upon increasing pressure can be an important
index to investigate the changes that occur in the material. In particular, the investigation of the
absorption edge upon compression allows identifying the possible pressure-induced phase transition
and if these transformations are reversible upon releasing pressure. The absorption measurements

were thus carried out on all PDI-Cn upon increasing and releasing pressure.

The absorption measurements of the PDI-C5 upon increasing pressure are shown in Figure 18 and
the related macroscopic color changes are shown in Figure 19. These measurements highlight a
significant red-shift of the absorption spectra with compression and consequently, the PDI-C5 film

color tends to darken from red to black.
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Figure 18. UV-Vis-NIR absorption spectra of PDI-CS upon increasing pressure.

0.11 GPa 0.66 GPa 1.27 GPa 2.08 GPa 4.07 GPa

Figure 19. Images of PDI-C5 film with increasing pressure.

The red-shift of the absorption spectra resulted to be reversible upon releasing pressure (Figure S9)

and consequently, the color returns red when pressure is released (Figure 20).

4.07 GPa 2.77 GPa 1.69 GPa 0.94 GPa 0.05 GPa

Figure 20. Images of PDI-C5 film upon releasing pressure.
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The absorption edges at different pressure were extrapolated from the absorption spectra and listed

in Table 7; furthermore, the variation of absorption edge with pressure is shown in Figure 21.

Table 7. Variation of the absorption edge of PDI-C5 with increasing and releasing pressure.

INCREASING PRESSURE RELEASING PRESSURE
Pressure (GPa) | Absorption Edge | Absorption Edge | Pressure (GPa) | Absorption Edge | Absorption Edge
(nm) (em™) (nm) (em™)
Ambient 635 15700 4.07 913 11000
0.11 641 15600 3.3 870 11500
0.39 661 15100 2.77 832 12000
0.66 679 14700 2.16 799 12500
1.02 704 14200 1.69 756 13200
1.27 719 13900 0.95 707 14100
1.63 748 13400 0.05 640 15600
2.08 789 12700
2.38 812 12300
2.85 837 11900
3.1 846 11800
3.49 875 11400
3.77 899 11100
4.07 913 11000
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Figure 21. Absorption edge of PDI-C5 with increasing (black) and with releasing (red) pressure.
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A slight discontinuity in the trend of PDI-C5 absorption edge as a function of pressure applied can
be observed between 1.5 and 2.5 GPa, which indicates the possible presence of a phase transition.
This will be verified by XRD at high pressure. Nevertheless, the observed changes seem to be
reversible upon releasing pressure. In fact, the absorption edge value after releasing pressure is very
close to the initial value and the film color changes from red to black when the pressure is increased

and returns to red when pressure is released.

In conclusion, from the variation of the absorption edge, we expect that PDI-C5 form I is stable up to
1.5 GPa. However, upon further compression, we can expect to observe a pressure-induced phase
transition to a new crystal form, hereafter referred to as form IV, which should be the most stable
form above 2.5 GPa. We do not exclude yet the presence of more than one pressure-induced phase

transition in this range.

The absorption measurements of the PDI-C6 upon increasing pressure are shown in Figure 22 and
the related macroscopic color changes are shown in Figure 23. Unfortunately, the gasket deformed
when the pressure was increased to 3.85 GPa (can be seen by looking at the pictures and by the lower
absorbance at 3.85GPa). For this reason, the following measurements at higher pressures were not
performed. Nevertheless, these measurements highlight a significant red-shift of the absorption
spectra with compression and consequently, the PDI-C6 film color tends to darken from red to black.

25

2.0 4 |—— Ambient
\ 0.16 GPa
~ 1 1 |——0.41 GPa
= M/ ™™ | l—o071GPa
e \/ ——1.07 GPa
O | { |—1.54 GPa
g W 2.27 GPa
s 107 1 |——262GPa
2 ] | |——3.38GPa
——3.85 GPa
0.5 1 .
0.0

[ — T
400 500 600 700 800 900 1000 1100 1200
A (nm)

Figure 22. UV-Vis-NIR absorption spectra of PDI-C6 upon increasing pressure.
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0.16 GPa 0.71 GPa 1.54 GPa 2.62 GPa 3.85 GPa

Figure 23. Images of PDI-C6 film with increasing pressure.

The red-shift of the absorption spectra resulted to be reversible upon releasing pressure (Figure S10)

and consequently, the color returns red when pressure is released (Figure 24).

3.85 GPa 2.65 GPa 1.41 GPa 0.91 GPa 0.16 GPa

Figure 24. Images of PDI-C6 film upon releasing pressure.

The absorption edges at different pressure were extrapolated from the absorption spectra and listed

in Table 8; furthermore, the variation of absorption edge with pressure is shown in Figure 25.

Table 8. Variation of the absorption edge of PDI-C6 with increasing and releasing pressure.

INCREASING PRESSURE RELEASING PRESSURE
Pressure (GPa) | Absorption Edge | Absorption Edge | Pressure (GPa) | Absorption Edge | Absorption Edge

(nm) (cm) (nm) (cm)

Ambient 657 15200 3.85 948 10500

0.16 667 15000 2.65 834 12000

041 679 14700 1.96 784 12800

0.71 694 14400 1.41 737 13600

1.07 710 14100 0.91 711 14100

1.54 743 13500 0.38 671 14900

2.27 788 12700 0.16 656 15200
2.62 816 12300
3.38 855 11700
3.85 948 10500
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Figure 25. Absorption edge of PDI-C6 with increasing (black) and with releasing (red) pressure.

A slight discontinuity in the trend of the absorption edge as a function of pressure applied can be
observed between 1.0 and 2.0 GPa, indicating the presence of a phase transition. This will be verified
by XRD at high pressure. Nevertheless, the observed transformation seems to be reversible upon
releasing pressure. In fact, the absorption edge value after releasing pressure is very close to the initial
value and the film color changes from red to black when the pressure is increased and returns to red

when pressure is released.

In conclusion, from the variation of the absorption edge, we expect that PDI-C6 form I is stable up to
1.0 Gpa, above what we expect to observe a pressure-induced phase transition to a new crystal form,
form IV, which should be the preferred form above 2.0 GPa. However, we do not exclude the possible

presence of more than one pressure-induced phase transition in this range.

The absorption measurements of the PDI-C7 upon increasing pressure are shown in Figure 26 and
the related macroscopic color changes are shown in Figure 27. These measurements highlight a
significant red-shift of the absorption spectra with compression and consequently, the PDI-C7 film

color tends to darken from red to black.
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Figure 26. UV-Vis-NIR absorption spectra of PDI-C7 upon increasing pressure.

0.23 GPa 0.98 GPa 1.84 GPa 2.50 GPa 3.94 GPa

Figure 27. Images of PDI-C7 film upon increasing pressure.

The red-shift of the absorption spectra resulted to be reversible upon releasing pressure (Figure S11)

and consequently, the color returns red when pressure is released (Figure 28).
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3.94 GPa

3.25 GPa

Figure 28. Images of PDI-C7 film upon releasing pressure.

1.45 GPa

0.70 GPa

0.18 GPa

The absorption edges at different pressure were extrapolated from the absorption spectra and listed

in Table 9; furthermore, the variation of absorption edge with pressure is shown in Figure 29.

Table 9. Variation of the absorption edge of PDI-C7 with increasing and releasing pressure.
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INCREASING PRESSURE RELEASING PRESSURE
Pressure (GPa) | Absorption Edge | Absorption Edge | Pressure (GPa) | Absorption Edge | Absorption Edge

(nm) (em™) (nm) (em™)

Ambient 622 16100 3.94 822 12200

0.23 638 15700 3.25 798 12500

0.48 647 15500 1.45 713 14000

0.98 683 14600 0.7 677 14800

1.28 696 14400 0.18 640 15600
1.84 716 14000
2.11 723 13800
2.5 735 13600
2.84 760 13200
3.25 773 12900
3.94 822 12200



T I L I L} I T I T I T I T I T
16000 - -
&
- |
'E 15000 -
2 il :
o 1 ®  Increasing
%’ u ® releasing
c 14000 - o . i
§e) n
8 .
5 | |
0 n
<< 13000 | - -
[ ]
B
12000 L I L l L L L} l L} l L} l

00 05 10 15 20 25 30 35 40

Pressure (GPa)

Figure 29. Absorption edge of PDI-C7 with increasing (black) and with releasing (red) pressure.

In this case, the values of the absorption edge are a bit more scattered, making it more difficult to
underline possible solid-state transitions with pressure, or might be an indication of more than one
phase transition. According to the observed changes, one could assign a phase transition somewhere
between 0.5 and 1.5 GPa and another one between 2.0 and 3.0 GPa. However, it must be verified by
XRD experiments. Nevertheless, the system seems to be reversible upon releasing pressure as the

other PDI-Cn.

In conclusion, from the variation of the absorption edge, we expect that PDI-C7 form I is stable up to
0.5 Gpa, and then, with further increasing pressure, we expect to observe one or more pressure-

induced phase transitions.

The absorption measurements of the PDI-C8 upon increasing pressure are shown in Figure 30 and
the related macroscopic color changes are shown in Figure 31. These measurements highlight a
significant red-shift of the absorption spectra with compression and consequently, the PDI-C8 film
color tends to darken from red to black. Unfortunately, the gasket deformed when the pressure was
increased above 3 GPa (can be seen by looking at the pictures and by the decrease in absorbance

above 3 GPa). Nevertheless, the pressure was further increased up to 3.82 GPa.
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Figure 30. UV-Vis-NIR absorption spectra of PDI-C8 upon increasing pressure.

0.16 GPa 0.85 GPa 1.77 GPa 2.54 GPa 3.82 GPa

Figure 31. Images of PDI-C8 film with increasing pressure.

The red-shift of the absorption spectra resulted to be reversible upon releasing pressure (Figure S12)

and consequently, the color returns red when pressure is released (Figure 32).

| ‘ |
) m

3.82 GPa 2.40 GPa 1.57 GPa 0.57 GPa 0.21 GPa

Figure 32. Images of PDI-C8 film with releasing pressure.
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The absorption edges at different pressure were extrapolated from the absorption spectra and listed

in Table 10; furthermore, the variation of absorption edge with pressure is shown in Figure 33.

Table 10. Variation of the absorption edge of PDI-C8 with increasing and releasing pressure.

INCREASING PRESSURE RELEASING PRESSURE
Pressure (GPa) | Absorption Edge | Absorption Edge | Pressure (GPa) | Absorption Edge | Absorption Edge
(nm) (cm) (nm) (cm)
Ambient 635 15700 3.82 979 10200
0.16 646 15500 3.04 911 11000
0.6 681 14700 2.4 837 11900
0.85 694 14400 1.57 761 13100
1.3 729 13700 0.57 689 14500
1.77 759 13200 0.21 659 15200
2.13 788 12700
2.54 815 12300
2.99 852 11700
3.29 887 11300
3.54 932 10700
3.82 979 10200
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Figure 33. Absorption edge of PDI-C8 with increasing (black) and with releasing (red) pressure.

A slight discontinuity in the trend seems to be present between 0.8 and 1.8 GPa, probably an
indication of the presence of a transition. Also, above 2.5 GPa there seems to be something happening.
The presence of transitions will be verified by XRD at high pressure. Nevertheless, the system seems

to be reversible upon releasing pressure. In fact, the absorption edge value after releasing pressure is
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very close to the initial value and the film color changes from red to black when the pressure is

increased and reverts to red when pressure is released.

In conclusion, from the variation of the absorption edge, we expect that PDI-C8 form I is stable up to
0.8 Gpa, and then, with further increasing pressure, we expect to observe a pressure-induced phase
transition to a new crystal form, called form III, which should be the form stable above 2.0 GPa.
However, we do not exclude the possible presence of more than one pressure-induced phase transition

in this range.

The absorption edge as a function of pressure for all the PDI-Cn together is shown and compared in

Figure 34.
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Figure 34. Absorption edge of the four PDI-Cn with increasing (black) and with releasing (red) pressure.

From this graph it is possible to observe that the behaviour of the four PDI-Cn is indeed similar, with
a redshift of the absorption edge upon increasing pressure. Out of this four, PDI-C7 is the one with
the lowest redshift, and with the highest energy of the absorption edge, this can be observed also from
its colour changes in Figure 27. On the other hand, PDI-C8 has the highest redshift.
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Single crystal XRD in DAC
To investigate the structural changes in compressed PDI-Cn, a series of high-pressure SCXRD
experiments were performed. However, these high-pressure SCXRD experiments have not been

carried out for PDI-C7 and PDI-C8 yet, and thus, only the results for PDI-C5 and PDI-C6 are reported.

Form I crystals of PDI-C5 can be compressed up to ~ 1.9 GPa without any signs of phase transition.
Above this point, the phase transition to form IV occurs. The critical pressure observed for PDI-C5
form [ by SCXRD agrees with the UV-Vis results, which highlighted a possible transition in the range
1.5 - 2.5 GPa. The structure determination for data collected at 2.17 GPa revealed the new high-

pressure form IV, as suggested by the absorption edge measurements. The crystal structure

parameters of PDI-C5 at different pressure are reported in Table 11.

Table 11. Crystal structure parameters of PDI-C5 at different pressure.

Pressure |\ bient | 0.05 0.66 1.04 1.40 1.78 2.17 2.70 3.84
(GPa)
Form I 1 I I 1 1 I\ I\Y% I\Y%
SG P1 P1 P1 P1 P1 P1 P1 Pi P1
a 47542) | 4.727(3) | 4.6264(6) | 4.5647(6) | 4.5115(6) | 4.4654(6) | 3.7606(6) | 3.7203(3) | 3.639(3)
b 8.479(4) | 8.493(3) | 8.4339(8) | 8.394(1) | 8.3676(9) | 8.345(1) | 8.5729(5) | 8.5616(7) | 8.536(7)
c 16.30(1) | 16.308(9) | 15.907(7) | 15.735(7) | 15.611(7) | 15.480(7) | 18.044(6) | 17.928(7) | 17.493)
o 86.88(5) | 86.78(8) | 85.85(2) | 85.66(3) | 85.44(3) | 85.34(3) | 87.22(2) | 87.102) | 87.5(2)
B 83.50(5) | 83.3(1) | 82.97(2) | 8320(3) | 83.40Q2) | 83.712) | 74.483) | 74752) | 76.4(2)
y 83.68(4) | 84.12(4) | 85.09(1) | 85.60(1) | 85.96(1) | 86.22(1) | 101.631(8) | 101.539(7) | 101.09(7)
V‘()g)ne 648.1 646.1 612.5 595.5 582.4 570.5 5458 536.6 5158
Z 1 1 1 1 1 1 1 1 1
7’ 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
R 6.3 10.7 10.0 10.7 10.5 10.3 8.8 79 23.23

The changes in the unit-cell volume plotted as a function of pressure are shown in Figure 35.
A clear drop in the unit cell volume indicates a phase transition. A clear drop in the volume is observed
as expected above the critical pressure of 1.9 GPa. The high R factor for the measurement collected
at 3.84 GPa can be related to the high-pressure instrumentation, especially disadvantageous for the

low-symmetry samples and to the decreasing quality of single-crystal due to the progressing structural

strain accumulated during monotonic compression.
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Figure 35. Variation of unit cell volume of PDI-C5 upon increasing pressure.

Both PDI-C5 form I and IV, crystallize in triclinic space-group P-1, with half molecule in the

asymmetric part of the unit-cell.

The form I crystal is soft along the a-axis direction, which decreases by about 0.3 A upon compression
up to 1.78 GPa. This direction corresponds to the SV (distance between the centroids of two closed
stacked molecules) direction, which means that upon compression, the interplanar distance (dz-z)
between the m-stacked perylene cores and the displacement along the x- and y- molecular axes
(respectively long and short axes of the perylene core) decrease. Like in form I, also in form IV the
a-axis corresponds. Upon further compression from 1.78 GPa to 2.17 GPa, the transition occurs with
a severe drop of the SV distance of about 0.7 A due to the decrease of the displacement along the
molecular x-axis, which decreases from 2.9 to 1.0 A; in contrast, the displacement along the y-axis

increases from 1.14 to 1.72 A and also the drr increases slightly (~0.05 A).

Another change lies in the molecular conformation. The torsion angle that the alkyl chains form with
the aromatic core plane varies from 82° for the ambient phase form I to 52° for the high-pressure
phase form IV, whereas the conformation within the chains in form IV remains all staggered as in the
form I phase. The crystal structures of form I and form IV are shown in Figure 36together with the
single crystal images. The comparison between molecular conformations in forms I and I'V is shown

in Figure 37.
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Figure 36. Crystal morphology and color shift of PDI-CS at different pressures (on the left) and the corresponding crystal structure (on
the right), two molecules are displayed to show the variation of the molecular stacking upon transition. The ambient phase form I is
stable up to 1.78 GPa, whereas at 2.17 GPa the high-pressure phase form IV is present.

a) b)

Figure 37. Comparison between ambient phase (in blue, at 1.78 GPa) and high-pressure phase (in red, at 2.17 GPa) crystal structures
of PDI-C5 to highlight the different alkyl chain conformation. a) View perpendicular to the perylene plane of the two overlapped
molecules; b) molecules viewed along the perylene x-axis.

As shown in Figure 36, the phase transition is also accompanied by a change in the crystal

morphology.
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Form I crystals of PDI-C6 can be compressed up to ~ 1.1 GPa without any signs of phase transition.
Above this point, the phase transition to form IV occurs. The critical pressure observed for PDI-C6
form [ by SCXRD agrees with the UV-Vis results, which highlighted a possible transition in the range
1.0 - 2.0 GPa. The structure determination for data collected at 1.22 GPa revealed the new high-
pressure form IV, as suggested by the absorption edge measurements. Form IV can be compressed
up to ~ 1.5 GPa without any signs of other phase transitions. Above this point, a second phase
transition to form V occurs. The critical pressure observed for PDI-C6 form IV by SCXRD agrees
with the UV-Vis results since also this second transition is in the range of 1.0 - 2.0 GPa. The structure
determination for data collected at 1.52 GPa revealed the new high-pressure form IV, as suggested
by the absorption edge measurements. The crystal structure parameters of PDI-C6 at different

pressure are reported in Table 11.

Table 12. Crystal structure parameters of PDI-C6 at different pressure.

Pressure |\ pient | 0.73 1.02 1.22 1.41 1.44 1.52 1.6 2.41
(GPa)
Form I I I v v v % % %
SG P1 P1 P1 P1 P1 P1 P1 P1 P1
a 4.757(1) | 4.5966(4) | 4.5465(4) | 4.5331(5) | 4.5053(5) | 4.5031(5) | 4.4907(5) | 4.4771(8) | 4.4179(4)
b 8.549(2) | 8.565(2) | 8.5662(9) | 16.936(4) | 16.867(3) | 16.866(3) | 8.5886(7) | 8.597(1) | 8.5938(6)
c 17.576(2) | 16.886(7) | 16.687(6) | 17.871(9) | 17.770(5) | 17.761(6) | 15.877(5) | 15.89(1) | 15.738(6)
o 81.68(1) | 80.893) | 80.69(2) | 66394) | 66.56(2) | 66.523) | 90.692) | 90.704) | 90.80(2)
B 84.852) | 86.38(2) | 86.89(2) | 84.573) | 84.512) | 84.51(3) | 92.052) | 92.114) | 92.62(2)
y 83.172) | 84.27(1) | 84.487(8) | 83.762) | 83.73(1) | 83.71(2) | 97.523(8) | 97.50(1) | 97.410(7)
V(()lAu;)ne 700.3 652.4 637.9 1247.8 1229.5 1227.8 606.6 606.0 591.8
Z 1 1 1 2 2 2 1 1 1
7’ 0.5 0.5 0.5 1 1 1 0.5 0.5 0.5
R 7.2 7.6 7.7 28.6 19.7 304 79 8.4 7.7

The changes in the unit-cell volume normalized by Z are plotted as a function of pressure are shown
in Figure 38. A clear drop in the unit cell volume indicates a phase transition. As expected, two clear
drops of the unit cell volume are observed in the plot: the first above the critical pressure of form I
(1.1 GPa); the second above the critical pressure of form IV (1.5 GPa). The high R factor for the
measurement collected for form IV can be related to the high-pressure instrumentation, especially
disadvantageous for the low-symmetry samples; this is indeed the case of form IV, which has a
doubled unit cell and asymmetric unit and thus more parameters to refine for structure determination

compared to form I and form V.
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Figure 38. Variation of unit cell volume of PDI-C6 upon increasing pressure.

PDI-C6 form I, IV, and V, crystallize in triclinic space-group P-1, with half molecule in the
asymmetric part of the unit-cell for form I and V, whereas in form IV the asymmetric unit is one

molecule.

The form I crystal is soft along the a-axis direction, which decreases by about 0.2 A upon compression
up to 1.02 GPa. As in PDI-C5, in PDI-C6 form I the direction of a-axis corresponds to the SV
direction, which means that upon compression, the interplanar distance (dz-z) between the n-stacked
perylene cores and the displacement along the x- and y- molecular axes decrease. Upon further
compression from 1.02 GPa to 1.22 GPa, the transition occurs; however, in the case of PDI-C6, the
severe drop of the SV distance is not observed. The pressure-induced transition to form IV does not
involve the slipping of the perylene cores as in PDI-C5; instead, the transition to form IV leads to a
change in the alkyl chain conformation. The same is true for the second pressure-induced phase
transition to form V upon compression above 1.5 GPa, which results in no significant change in the
SV, but only on the alkyl chain conformation. The alkyl chain conformation goes from a staggered
conformation in form I to a gauche conformation in form V; form IV represents an intermediate

situation between the ambient phase form I and the high-pressure phase form V.
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The crystal structures of the ambient phase form I and high-pressure phases form IV and V are shown
in Figure 39 together with the single crystal images, whereas, the comparison between molecular
conformations of form I and form V, displaying the different conformation of the alkyl chains

(staggered conformation in form I and gauche conformation in form V), is shown in Figure 40.

Form I
1.02 GPa

Form IV
1.41 GPa

Form V

1.6 GPa

Figure 39. Crystal morphology and color shift of PDI-C6 at different pressures (on the left) and the corresponding crystal structure (on
the right), two molecules are displayed to show the variation of the molecular stacking upon transition. On top is shown the ambient
phase form I, stable up to 1.02 GPa; in the middle the first high-pressure phase form IV at 1.41 GPa; at the bottom the second high-
pressure phase form V at 1.6 GPa.

PR

Figure 40. Comparison between ambient phase form I (in blue, at 1.02 GPa) and high-pressure phase form V (in red, at 1.6 GPa) crystal
structures of PDI-C6 to highlight the different alkyl chain conformation. a) View perpendicular to the perylene plane of the two
overlapped molecules; b) molecules viewed along the perylene x-axis.

b)
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EXPERIMENTAL METHODS

Crystallization

PDI-Cn were purchased from Aldrich and used without further purification. Single crystals of PDI-
Cn were obtained inside a solvothermal reactor, where a supersaturated solution of the PDI was
heated up for one night and then slowly cooled down to room temperature. Toluene, p-xylene, CHCI3,
and CH>Cl» were used as solvents and the solutions were heated up to 180°C in the case of toluene

and p-xylene solutions, while CHCI3 and CH>Cl» were heated up to 100°C.
Single-Crystal X-ray Diffraction

Single crystal data of PDI-C6 and PDI-C7 at ambient conditions were collected on an Oxford
Xcalibur S instrument with MoKa radiation (A, = 0.71073 A) and graphite monochromator, equipped
with a Cryostream800 for temperature control. SHELXT* was used for structure solution and
SHELXL3%37 for the refinement based on F2. The non-hydrogen atoms were refined anisotropically,
and the hydrogen atoms were added at calculated positions. The software Mercury was used to
generate the molecular packing representation and for the calculation of the diffraction pattern from

the crystal structures.
X-ray Powder Diffraction

The synchrotron radiation PXRD measurements of PDI-C5 were performed at the ALBA
Synchrotron light facility in Barcelona at Material Science and Powder Diffraction beamline BL04-
MSPD equipped with the High-throughput Position Sensitive Detector (PSD) MYTHENS3 and an
FMB Oxford hot air blower for variable temperature measurements. End station with a nominal
photon energy of 30 keV. Fine Si NIST standard refinement returned a wavelength of 0.41235(1) A
and a residual zero error of 0.008(3) 26, step size of 0,004°. The measurements were performed in
transmission geometry. The material was loaded inside a glass capillary with a diameter of 0.5 mm,
spun during measurement, and exposed to X-rays for 10 s for measurements in continuous heating

with 5 °C/min heating rate for measurement in continuous during variable temperature experiment.

Synchrotron PXRD data for indexing the HT polymorphs of PDI-Cn were collected at isothermal
conditions, at 226 °C and 265 °C for PDI-C6, at 218 °C and 255 °C for PDI-C7, and 224 °C for PDI-
C8, with a 30s X-rays exposition over the range 0.8°-15° 20. The data for PDI-C6 form II at 226 °C
were not indexed because it was not possible to unambiguously assess a unit cell. The data for PDI-
C6 form I1I at 265 °C were indexed to a triclinic P-1 cell (a=7.681 A, b=10.130 A, ¢ =21.504 A,
o=28447° B=28511° v=90.46"°and V = 1659 A*), and were Pawley fitted in Topas-Academic
V5(TOPAS)*®. Consideration of the cell volume, molecular volume, and space group symmetry
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suggested Z' = 1. The data for PDI-C7 form II at 218 °C were indexed to a triclinic P-1 cell (a =
10.790 A, b=11.067 A, ¢ =23.202 A, a =94.30 °, B =97.84 °, y = 11535 ° and V = 2455 A?%), and
were Pawley fitted in TOPAS. Consideration of the cell volume, molecular volume, and space group
symmetry suggested Z' = 1.5. The data for PDI-C7 form III at 255 °C were indexed to a triclinic P-1
cell (a=7.696 A,b=10.088 A, c=23.117A,0=81.86°, B=86.73°,7v=289.86°and V = 1774 A3),
and were Pawley fitted in TOPAS. Consideration of the cell volume, molecular volume, and space
group symmetry suggested Z' = 1. The data for PDI-C8 form II at 255 °C were indexed to a triclinic
P-1cell (a=7.738A,b=9979 A, c=24.783 A, 0=83.92°,B=81.17°,y=288.96 °and V = 1880
A?), and were Pawley fitted in TOPAS. Consideration of the cell volume, molecular volume, and

space group symmetry suggested Z' = 1.
Thermogravimetric analysis (TGA)

TGA measurements were performed using a Perkin Elmer TGA7 in the temperature range 35-550°C

under N> gas flow and heating was carried out at 20 °C min’..
Differential Scanning Calorimetry (DSC)

The DSC analysis was performed with an instrument PerkinElmer PyrisDiamond DSC-7 equipped

with a PII intracooler, in N> atmosphere and a scanning speed of 20 °C/min.
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 highlight modifications in the crystals due to solid-

state transition, with a 40x magnification.
High-pressure experiments

All high-pressure experiments were performed with a modified 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 sparked-eroded holes of 0.4 to 0.5 mm in
diameter. The pressure was calibrated using the ruby fluorescence method.***! Daphne Oil 7575 was

used as the pressure transmitting medium.
High-pressure Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction measurements were performed using a 4-circle diffractometer
equipped with a CCD detector and MoKa X-ray source (A=0.71073 A). The DAC chamber was
centered using the gasket-shadowing method*’. The CrysAlisPro software was used for the data
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collection and processing. All the structures were solved with direct methods using Shelxs and refined

with Shelx] using the Olex2 suite.*%*

High-pressure UV-Vis spectroscopy

The measurements of UV-Vis spectra were performed in a DAC equipped with low-fluorescence
synthetic AIl diamond anvils. To minimize the light diffusion from the sample, on the diamond culet
the investigation sample was spread into a thin film. The UV-vis spectra at high pressure were
measured with a Jasco V-770 spectrophotometer adapted for using the DAC. The absorbance was

measured at a scan speed of 200 nm min ! in the 1200 - 350 nm range.

Absorption edges were extrapolated from the UV-Vis spectra at different pressures and were
calculated from the interception between the extrapolated tangent of that absorption edge and the
tangent on x-axis such that absorption is zero. The absorption egdes values were converted from nm

to cm! to be directly related to energy.
CONCLUSIONS

The screening for PDI-C6, -C7, and -C8 polymorphs by solution techniques did not result in the
observation of new crystal forms. However, the crystal structure of PDI-C7 form I, previously
unreported, was determined from Single Crystal X-ray diffraction. The crystal structures of the
different PDI-Cn form I were compared using Mercury, showing that all PDI-Cn form I structures

are very similar and display the same 1D packing motif dominated by strong n-m interactions.

The thermal characterization of PDI-C6, -C7, and -C8 was thoroughly investigated by a combination
of differential scanning calorimetry, variable temperature X-ray diffraction, and hot-stage
microscopy, leading to the identification of several high-temperature polymorphs that forms above
190 °C. Two high-temperature polymorphs are reported for PDI-C6 (form II and form III) and PDI-
C7 (form II and form III), whereas only one has been identified for PDI-C8 (form II). Despite our
efforts, it was not possible to solve their crystal structures due to the elevated temperature of the data
collections; hence, we reported only the phase indexing for these forms. The thermal expansion of
PDI-C6, -C7, and -C8 has also been studied, highlighting a high and anisotropic thermal expansion.
The high-temperature polymorphs of PDI-C6, -C7, and -C8 are completely reversible upon cooling.
Although the reverse transition is always observed upon cooling, the transition’s hysteresis is
different depending on the technique used; such behavior might derive from strains and energy

accumulation in the crystal induced by thermal contraction as in the PDI-C5 case.

Together with the thermal characterization, to further understand PDI-Cn’s polymorphism and the
role of different interactions in the crystal packing, we investigated the polymorphisms PDI-CS5, -C6,
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-C7, and -C8 at high-pressure by pressure-dependent UV-Vis absorption spectroscopy and high-
pressure Single Crystal X-ray diffraction. The presence of one or more pressure-induced phase
transitions was identified in all PDI-Cn by UV-Vis measurements. High-pressure Single Crystal X-
ray diffraction experiments were carried out only for PDI-C5 and PDI-C6. From SCXRD we observed
that form I crystals of PDI-C5 can be compressed up to ~ 1.9 GPa without transition. When the
pressure is increased above this critical pressure, a pressure-induced phase transition to form IV
occurs, in agreement with UV-Vis results. We determined the crystal structure of form IV and we
compared it with form I, highlighting a severe drop of the stacking vector with transition due to a
decrease in the displacement between stacked perylene cores. Instead, form I crystals of PDI-C6 can
be compressed up to ~ 1.1 GPa without transition. When the pressure is increased above this critical
pressure, a pressure-induced phase transition to form IV occurs, which can be further compressed up
to ~ 1.5 GPa. Further compression causes a second pressure-induced phase transition to form V. The
pressure observed for these transitions are again in agreement with UV-Vis results. The transitions in
PDI-C6 do not cause a severe drop in the stacking vector as in PDI-CS5, but leads to a change in the
alkyl chain conformation, from a staggered conformation in form I to a gauche conformation in form
V. The investigation of non-ambient polymorphism of PDI-Cn highlighted that the crystal packing is
indeed dominated by the strong n-m interactions between the perylene cores, however, the alkyl chains

have a major role in determining their polymorphic behavior.
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CHAPTER 7: SELF-ORGANIZING MAPS AS A DATA-DRIVEN
APPROACH TO REVEALS THE VARIETY OF PACKING
MOTIVES OF PDI DERIVATIVES.

The SOM and PCA analyses were carried out by Dr. Alessandro Zappi and Prof. Dora Melucci from
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The manuscript is going to be submitted to the journal Molecular Systems Design & Engineering
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ABSTRACT

The possibility to efficiently classify observed or predicted crystals structures into a small number of
families of related structures can be extremely important in the design of materials with specific
packing and properties. In this respect, the traditional way to classify the crystal packing of organic
semiconductors as herringbone, sandwich-herringbone, - and y-sheets by visual inspection can be
limited and inadequate. Herein, we present the use of a clustering method based on a combination of
self-organizing maps (SOM) and principal component analysis (PCA) as a data-driven approach to
classifying different n-stacking arrangements into families of similar crystal packing. We explore the
n-stacking arrangements within the crystal structures deposited in the CSD database of perylene
diimides (PDIs) derivatives with different types and positions of the substituents. The structures were
characterized by a set of descriptors that were then used for the clustering. Six different packing
families of PDIs were identified and their characteristics were discussed. Finally, the effects of

different substituent types and positions on the resulting packing arrangement were discussed.
KEYWORDS

Cambridge Structural Database (CSD), perylene diimide (PDI), self-organizing maps (SOM),

principal component analysis (PCA), packing motives, molecular organic semiconductors.
INTRODUCTION

Organic electronics have received an increasing amount of academic and industrial interest in recent
decades involving research and development across various fields such as chemistry, physics,
material science, and engineering. This rapid growth in the interest given to m-conjugated materials
and in particular to organic semiconductors (OSCs) originates from their numerous attractive features
including mechanical flexibility, low-cost, solution processability, molecular-level tunability, and so

on. These properties make OSCs highly versatile functional materials to be incorporated as building
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blocks for the design of high-performing flexible optoelectronic devices.' ™ Currently, they are widely
used in various organic electronic devices such as organic light-emitting diodes (OLED),*’ organic
field-effect transistors (OFET),*!° and organic photovoltaic cells (OPV)!'"!*. These devices’
performances depend critically on the efficiency of charge transport within the material, therefore the
key to success in the development of OSCs for everyday life applications are OSCs displaying high
charge carrier mobility, together with air stability and solubility in commonly used solvents to be

easily processed by low-cost techniques.'!4

Since their discovery, a large number of OSCs have been developed, reported and investigated, such

as oligoacenes (like pentacene and rubrene),!®® oligothiophenes,* thiazole derivatives,!!?

1,8,15 1,2,8,17

benzothienobenzothiophenes,”!® fullerenes,*!> perylenes, and so on.

Among the OSCs, perylene diimides (PDIs) have been an object of research for more than 100 years
and have been known as a group of high-performance industrial organic pigments, which are currently
used in fibre application and industrial paints.!®!” Besides their application as industrial pigments, in
the past 20 years the interest in PDI, as well as other dyes and pigments, moved from traditional
colourant toward application as functional solid-state material.!>?° In fact, PDI derivatives are
currently well-known as a family of very promising and versatile n-type materials for organic
optoelectronic applications due to their commercial availability, low costs, excellent chemical,
thermal and photostability, high electron affinity, strong absorption in the visible region, low LUMO
energies and good charge transport properties. Furthermore, their electronic, optical and charge

2,12,13,17,

transport properties can be tuned over a wide range via functionalization. 21.22 The combination

of these properties makes PDIs promising candidates for several applications such as OFETs,># 102!
OPV cells,''!3 laser dye,?>** sensors,?® bioimaging,?¢ etc. PDIs are also studied for low-temperature

thermoelectric generator applications.?’

Thanks to their planar structure and peripherally rich oxygen atoms, PDIs typically arrange to form
n-7 stacking interactions between molecules. Nevertheless, substitution can vary greatly the extent of
intermolecular -orbital overlap among PDI derivatives, and thus can make a significant effect on the
solubility, optical and electrochemical properties, crystal packing and structural morphology.>!7-28-32
The perylene diimide core has ten functionalizable positions: the N,N’ positions which are known as
the imide-; the 1,6,7,12 positions known as the bay-; and the 2,5,8,11 positions known as the ortho-
positions (Figure 1). These numerous positions for introducing functional groups are the reason for
the popularity of PDIs, making them versatile for tailoring the properties for specific applications.!”!
In general, substitution at imide-position maintains the planarity of the perylene aromatic core, and

can effectively tune solubility, aggregation, and solid-state molecular packing, but shows only limited
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effects on the molecular-level optical and electronic properties of PDIs.!”:1*2%33 On the other hand,
optical and electronic properties of PDIs can be significantly modified via substitution at the perylene
core in the bay- and ortho-positions. Substitution at bay-position, besides affecting the optical and
electronic properties of the material, may lead to the twisting of the two naphthalene half units in
PDIs due to steric effects; however, large geometric distortions of the core may weaken the
intermolecular - overlap and thus may be detrimental for charge carrier mobilities.!”?!?*3* Lastly,
ortho-functionalization creates the possibility to modify the optoelectronic properties while at the
same time retaining the planarity of the perylene core.!”*> The adjustment of the PDI properties can

be achieved through combinations of imide-, bay- and ortho- functionalization.

Ortho

Figure 1. Chemical structure of a generic PDI showing the different positions for substitutions: imide-positions highlighted in green,
bay-positions in red, and ortho-positions in blue.

A long-standing goal and challenge of OSCs materials and of crystal engineering that has been
involving a lot of experimental and computational effort, is understanding the relationship among the
molecular packing motifs, intermolecular interactions, and properties of molecular materials for
efficient design of crystalline material for specific applications. Attempts to correlate structural
arrangements to specific properties in order to predict solid-state materials with tailored properties
have been made already in the 1980s and early 1990s, where the crystallochromy (i.e., the dependence
of colour on crystal packing) of PDIs with varying substituents in the imide position was investigated
in depth both experimentally and theoretically, highlighting that intermolecular packing greatly
impacts the optical properties. In particular, an empirical model to correlate absorption maxima with
the - contact area between stacked molecules was developed and theoretically was found a strong
correlation between crystal colour and displacement along the long- (x) and short-axes (y) of the

perylene core.!??%3 After these pioneer works, a lot of effort has been made in the theoretical insight
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into optoelectronic properties for a deeper understanding of the structure-properties relationship. For
instance, Fink et al. and Zhao et al. evaluated the potential energy surfaces (PES) for the ground state
of PDI dimers as a function of the shift along the x- and y-axes of the perylene core and as a function
of the rotation () between co-facially stacked dimers, and they evaluated excitation energies of PDI
crystal structures;>’*® Vura-Weis et al. mapped the relationships between stacking geometry, binding
energy and electronic coupling for dimers of 20 PDI derivatives based on density functional theory
(DFT);* Delgado et al. investigated the effect of the type, number and position of the substituents on
charge-transport properties of 30 imide-substituted PDIs and 7 bay- and bay/imide-substituted
PDIs;*! Geng et al. investigated the influence of substituents on different positions (ortho, bay and
imide) of 17 PDI derivatives on their packing, intermolecular interactions, and electronic properties.*
Furthermore, several other works, both experimental and theoretical, have been published on PDI
derivatives investigating the effects of different substituents on the material performance in specific

3,42,43

applications, for example, the use of linear chains,>*’ fluorinated chains,*! or branched chains in

imide position, the use of cyano substituent,** halogenated substituents,*> or other substituents at the

core.>+40

Most of the works above mentioned are mainly based on dimer approaches on reduced data sets of
similar molecules due to the large molecular size of the involved molecules that leads to high
computational costs. More recently, to overcome the limitations of the dimeric approach and thanks
to recent advances in computational power and the development of smart algorithms in the field of
machine learning and artificial intelligence, the discovery and design of OSCs materials with
interesting properties and the investigation of their structure-property relationship are going towards
two main computational approaches that take into account the entire crystal structure: multiscale
approaches and data-driven searches.*’ Multiscale approaches combine different methods and models
for computing the reorganization energies, the electronic couplings, and for evaluating the disorder
effects;*”* they can be combined with crystal structure prediction to screen for interesting packing
arrangements.>* > Data-driven searches make use of the high amount of data present in databases
such as CSD to carry out large scale screening strategies to predict the semiconducting properties of
materials from various computable descriptors and thus to explore their structure-property

relationships.*”-33-%3

The mentioned recent advances in predicting OSCs with interesting properties make use of prior
knowledge on the crystal structures, either experimental®* or calculated from CSP;*! in fact, the
knowledge of the crystal packing is very important for investigating the property of a material,

because it reveals the intrinsic properties of organic semiconductors, providing a powerful tool for
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examining structure-property relationships. Therefore, understanding the molecular packing features
is beneficial for both the design and synthesis of OSCs and understanding the structure-property
relationship and the limits of charge transport.’ Furthermore, the possibility to efficiently classify
observed or predicted molecular crystals into a small number of families of related structures can be
extremely important in the design of materials and crystal phases with specific packing and properties.
In this respect, the traditional way to classify the crystal packing of OSCs is to describe the n-stacking
interactions responsible for the charge carrier mobility such as herringbone, sandwich-herringbone,

B- and y-sheets by visual inspection can be limited and inadequate.

In this work, we investigate the packing arrangements over 103 PDI derivatives crystal structures
deposited in the CSD database to test a clustering method based on a combination of self-organizing
maps (SOM) and principal component analysis (PCA) as a data-driven approach to classify different
n-stacking arrangements of PDIs. This method aims to identify families of PDIs stacking
arrangements using a number of descriptors that were chosen to characterize each PDI’s crystal
structure and aims to give guidelines for predicting the most likely packing family depending on
substituents used and for assessing the families of new crystal structures of PDI derivatives.
Furthermore, we believe that this way of crystal structure clustering can be applied also to other types
of OSCs and could help theoretical studies to achieve efficient and data-driven clustering of structures
to identify the model systems that best describe each specific family of packing arrangements. Lastly,
this clustering-based classification of crystal structures can be used in the future to correlate different
families of structures with OSC’s properties, however, investigation of the PDIs properties in

different clusters is beyond the scope of this work.
RESULTS AND DISCUSSION

The search for PDI derivative’s structures in CSD resulted in the selection of 103 different crystal
structures for the analysis. For these structures, the variables indicating the temperature of the data
collection (Temperature), Z, and Z’ were used to give information about the crystal structure. The
variables indicating the molecular volume (Vmol), the substituent position, the type of substituent at
the imide-, the type of substituent at the core, the torsional angle of the PDI’s perylene core resulting
from the twisting of the two naphthalene half units (torsion), and the molecular aspect ratio (with the
three variables S, S/L, and M/L) are used to describe the molecule within the crystal structure. Lastly,
the m-stacking arrangement within the crystal packing was described by considering the stacking
between a dimer formed by two neighbouring PDI molecules in the packing, thus the variables are
calculated to give the relative position of one molecule in the dimer with respect to the other one. The

variables describing the stacking arrangement are the distance between the centroids of the perylene
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cores (SV); the interplanar distance between the perylene planes (dz.x); the displacement of the
perylene units along the long (Ax) and short (Ay) molecular axis; the directions cosines of the SV (x
with the x-axis and y with the y-axis); the angles of the perylene unit slipping along the x- and y-
directions (P and R respectively); the tilt angle between the plane of the two perylene cores within
the dimer (tilt); the degree of criss-cross of the molecules in the dimer (rotation). These variables
were collected and calculated, resulting in a dataset of 142 different sets of descriptors. See

Experimental Section for further details on the dataset and descriptors.

From the collection and calculation of the different variables, we observed two different strategies in
PDIs to minimize repulsion between the aromatic units and achieve a tighter stacking compared to
the face-to-face situation: a shifted cofacial alignment, that means non-zero Ax and Ay, and/or a

rotation between the stacked aromatic cores, i.e. non-zero rotation.

After collecting and calculating the variables for all the 142 samples (from now on called “objects”),
we used the SOM method® to find families of packing arrangements. SOM is an unsupervised
machine learning technique (that does not require previously indication about the samples’ pertaining
group) aimed at finding groups of objects with similar features. The computation was carried out with
the R package SOMEnv,”” adapting the algorithms developed by Licen et al. for environmental

problems to our use for crystallographic purposes.

Since the SOM output and the final objects’ grouping may depend on the map dimensionality and the
number of clusters in which the SOM units are divided, we trained and clusterized 4 different maps.
Once trained the map, moreover, with SOMEnv it is possible to automatically calculate several
numbers of clusters for the SOM units and to choose the best number as the one minimizing the DB

index.>® For all trained maps, up to eight clusters were calculated.

The first two eigenvalues calculated by PCA on the original dataset are 4.38 and 3.51. These values
(together with the number of samples) were then used as the guidelines to define the map’s

dimensions, following the empirical rules of Nakagawa et al.”’

The trained maps had then the
following dimensions and clusters number: 5x3 with 8 clusters; 9x7 with 5 and 8 clusters (the two
BD indexes were very close, making difficult to choose between one of them as the best); 10x6 with
5 clusters; 17x4 with both 6 and 7 clusters. Therefore, six different results of objects’ grouping were
obtained. In order to obtain reliable groups of objects, the SOM results were compared and the
structures that were grouped together by all trained SOMs were considered as pertaining to the same
family. In this way, six main families of structures were identified, describing 109 out of the starting
142 objects. The remaining objects were, in general, at the border between these families and were

either grouped into minor families (less than five objects always grouped together by SOMs) or not
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grouped at all. To best visualize the result of SOM grouping, the PCA scores plot was used. The
scores of PC1 vs PC2 are shown in Figure 2, the colour of the scores correspond to the family in

which each structure was categorized.
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Figure 2. a) PC1-PC2 scores plot obtained by PCA, with the scores categorized by the family they belong to. The 6 major families are:
tight-long-x (green), crisscross (brown), tight-long-y (blue), nostack (red), tight-twist (orange) and verylong-x (yellow). The “extra”
group (purple) contains all the minor groups that do not entirely fit in one of the 6 major families, whereas the black dots are the scores
that do not belong to any major or minor group. b) PCA loadings plot that gives visual inspection of the variables most influencing
each family.

From the scores plot in Figure 2, we observe that different families obtained using SOM are found in
different areas of the PC1-PC2 plot. We named the different groups depending on the area of the
scores plot they lie in. The 6 major families identified are tight-long-x (green coloured), which lies
close to the origin; crisscross (brown) that lies at positive values of both PC1 and PC2; tight-long-y
(blue) that lies at positive PC1 and negative PC2 values; tight-twist (orange) that lies at moderate

negative PC1; verylong-x (yellow) lies at negative PC1 and positive PC2 values; nostack (red) lies at
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negative values of both PC1 and PC2. The extra group (purple) contains all the minor clusters found
in the SOM, whereas the black scores are the ones that did not fit unambiguously in any of the other
major or minor groups. Interestingly, the scores at negative PC1 tend to be more scattered compared
to the positive ones, i.e., the families in the right part of the scores plot are more homogeneous than

the ones in the left part.

Once established the different families, we investigated in detail the principal characteristics of each
of them and their typical structure. A visual inspection of the variables most influencing each family
can be given by the PCA loadings plot reported in Figure 2b. Indeed, there exists a quadrant
correspondence between scores and loading plots: the variables in a certain quadrant of the loadings
plot are the ones most directly influencing the scores in the same quadrant. Therefore, for example,
the families tight-twist and verylong-x are the ones with higher values of Ax and P, while the
crisscross family is the one with higher Rotation and Z values. However, in order to better visualize
important insight into the variation of the variables in each group, boxplots of the most important
variables were created and are shown in Figure 3. In the boxplots, the variation range of each variable
is plotted for each family, and these can give information about the range and distribution of each
variable. The use of boxplots, coupled with the inspection of the scores in each family allowed us to

identify the families’ most important characteristics.

The tight-long-x group comprehend 31/142 objects and is characterized by a very narrow distribution
of all the variables (Figure 3). This group is characterized by short d..x distance, in the range 3.31-
3.52 A, typical of effective n-m interactions between aromatic cores.®® Similar dr.x distances can be
found in the crisscross (3.32-3.55 A) and tight-long-y (3.36-3.70 A) families. The groups with short
dr-x distances are the ones in the right area of the scores plot, at positive PC1, besides a couple with
small negative PC1. The other variables characteristic of tight-long-x are Ax and Ay. In tight-long-x,
Ax has values in the range 2.45-3.46 A and Ay in the range 0-1.33 A, which means that this family is
characterized by a displacement with rather high Ax and small Ay (Ax >> Ay). Lastly, no molecules
with non-zero torsion angles are present in this family, and it is the only group with such

characteristics.

The tight-long-y family, which comprehend 17/142 scores, beside the short d.x distances (3.36-3.70
A) already mentioned, like the tight-long-x group, is characterized by a displacement along the x- and
y-direction to achieve a tighter packing; however, in this cluster, the displacement is higher along the
y-direction compared to the x-direction (Ax < Ay). Indeed, in this cluster, Ax values are in the range

0.18-2.03 A and Ay in the range 2.41-4.35 A. Nevertheless, as a consequence of their similar dz.x
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distances and their displacement (even if in different directions), tight-long-x and tight-long-y also

have similar SV values. Finally, 5/17 samples of this group have non-zero torsion.
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Figure 3. Boxplots of the variable’s distributions among the identified families. These boxplots are relative to a) SV; b) dn-w; ¢) Ax; d)
Ay; e) tilt; f) Rotation; g) torsion.

The crisscross family comprehend 23/142 scores. The principal characteristics of this group are
highlighted by Figure 3e and 3f, which shows that crisscross, together with verylong-x, is one of the
only two families showing non-zero rotation and tilt. In particular, crisscross is the only group with
all the structures in criss-cross (non-zero rotation). Furthermore, crisscross is the family with the
shortest SV; such feature is a consequence of the criss-cross arrangement. Since rotation between the

aromatic cores allows a closer packing, a displacement such as in tight-long-x or tight-long-y is not
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necessary for a close packing in the crisscross family. Thus, Ax (0-2.4 A) and Ay (0-0.75 A) are both
very small in this group, and because of this and of similar short dy.r distances (3.32-3.55 A), the
distance between the molecular centroids (SV) is also small. Even in this group, some objects present

torsion, but only 5/23, so it’s not a common feature of the group.

In the tight-twist family, there are 16/142 samples. This group lies in an area of the scores plot between
tight-long-x, verylong-x and nostack, at small negative PC1 and between small positive and small
negative PC2, which means that it is a cluster with intermediate characteristics between those three.
Its peculiar characteristic is that this family is the only one with all the structures with twisted perylene
core and the group with the highest torsion angles. Furthermore, in this family, the distribution of
values of the different variables are quite narrow like in the previously described ones. This group is
characterized by rather high dr.. distances (3.94-4.50 A). Furthermore, Ax (4.1-5.64 A) and Ay (1-
3.16 A) are higher than in tight-long-x, though Ay values are not as high as in the tight-long-y family.
Indeed, considering high values for d..x, AX, and Ay, this group is characterized by a higher SV

compared to the previously described groups where very close n-n distances were observed.

The verylong-x family comprehend 14/142 scores. This group is characterized by the very high SV
(6.51-10.55 A) and Ax (4.29-9.62 A), but small Ay (0.17-2.16 A). Within the group, generally, dr«
has slightly lower values than in tight-twist (3.34-4.29 A) beside one object with a high one (5.22 A).
As before mentioned, some of the objects within this group have non-zero rotation and/or tilt,
however, they are a minority within the group (4/14 with tilt and 6/14 with rotation) and they are not

in the crisscross group because they differ in the other parameters.

The last major family, nostack, comprehend 8/142 scores. As Figure 3 clearly shows, this group has
the highest SV, Ax, Ay and dx.», which means that for the structures within this group, the n-stack
interactions are not important anymore, while other intermolecular interactions are dominant.
Furthermore, despite the low number of objects in it, this group has the largest distribution for the
variables’ values; therefore, it seems that these objects are grouped together not because they share
real common traits, but because they share the fact that they have very different characteristics from

the other families.

Out of the 33/142 objects that did not fit in any of the major families, 12 were not addressed to any

group, whereas 21 are in the extra group, divided into five minor groups (see Figure S15). As before

mentioned, these five extra groups do not fit unambiguously in any of the six major families, because

they have some parameters that would fit in a group, but other parameters that fit into another group.

The extral (4 objects) objects were addressed to tight-twist, to nostack, or none of the major families

by the various SOMs; this is because they have high drr (4.05-4.09 A), a non-zero torsion and
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intermediate Ay values that could fit in these groups, but their Ax and their SV are too small. Also,
the extra? (3 objects) group fitted to either tight-twist, nostack, or none of the major families in
different SOMs, but for different parameters: they have high SV, Ay and dx.x (closer to nostack
values), but small Ax that do not fit in these groups, resulting in high R values (R > 38 °, higher than
P), only typical of the tight-long-y family, they were never clustered together though. The extra3
groups (3 objects) lies between the crisscross and tight-long-y families and in various SOMs it was
fitted to either one of these two families. This group have small SV, dr.z, and Ax values that could fit
in crisscross, but the objects in this group do not have rotation nor tilt (characteristic of crisscross
family) and their Ay is slightly too high; at the same time Ay and SV are too low to fit in the tight-
long-y family, despite dr.x and Ax are similar. The extra4 group (8 objects), as the extra5 group (3
objects) have parameters that could fit into tight-long-x and tight-twist. These objects have d..x values
higher than tight-long-x and lower than tight-twist, some of them are twisted, their SV is similar to
the one found in tight-long-x, besides a couple of extra4 scores; Ax and Ay values are similar to tight-

long-x and not to tight-twist.

A visual representation of the different typical stacking in crystal structures of the major families

identified, that best summarize the characteristics of each group, is given in Figure 4.
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Figure 4. Stacking of the perylene core in the different major clusters identified viewed along z (top) and x (bottom) axis. a) tight-long-
x, refcode DICNIM; b) tight-long-y, refcode SAGWEC; c) crisscross, refcode MIWHEF; d) tight-twist, refcode NIXWIC02; e)
verylong-x, refcode KUWXOR; ) nostack, refcode USAFEBO1.

Figure 4 shows that the overlay between perylene cores in the tight-long-x and crisscross families

(Figure 4a and 4c) is high; the structures within these two groups are indeed characterised by a well-

defined 1D packing motif along the direction of the n-stacking. Instead, in the case of tight-long-y

(Figure 4b), the large displacement along the y-direction leads to a minor overlay of the perylene
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cores, however, higher displacement lead also to a 2D packing motif, which can be beneficial for
charge mobility.*? Looking at the tight-twist family (Figure 4d), it clearly resembles the characteristics
described previously, which are high torsion, higher displacement along x and y direction that result
in a lower core overlay and a higher d..x; nevertheless, some degree of n-stacking is still important in
this group, even though it is clear that the packing is driven also by other types of interactions. Finally,
although the objects within nostack and verylong-x families are always clustered together by SOMs,
they differ from each other, especially in the case of nostack ones; thus, the structures given in Figure
4e and 4f are meant to show the main stacking characteristics that group the objects together in these
two groups. In the nostack this is reflected in the high variability of the parameters within the group,
in addition, some objects have torsions or rotation, while some do not. Instead, in verylong-x most of
the objects are similar, besides the ones with high rotation and/or twist that differ from the majority
of the group. In particular, two objects (refcode YIWMEY and XAPRIQ) have extremely high tilt
values (~80 °). In these cases, there are no n-stacking interactions between the perylene cores, because
they are almost perpendicular to each other. Instead, a dipole-m interaction is observed between the

perylene core and the carbonyl oxygen of the closest molecule (Figure S16).
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Figure 5. Common molecular packing motifs observed in the PDI’s crystal structure investigated. a) DICMUX, tight-long-x family; b)
DICNIM, tight-long-x family; ¢) FEDPOU, crisscross family; d) FEHROA, tight-long-y family; e) OWOMELU, tight-twist family.

Some examples of common molecular packing motifs of the PDI’s crystal structures are reported in
Figure 5. The packing motif in Figure 5a,b are common in the tight-long-x tfamily and are two ways
in which their well defined 1D stacking can be achieved in the structure; despite the same 1D packing

motif, they can be differentiated as B-sheets (Figure 5a) and y-sheets (Figure 5b). Another way of 1D
101



stacking is shown in Figure 5c, where the packing of a crisscross structure is given showing the criss-
cross molecules along the n-stacked columns. Figure 5d shows a packing from the tight-long-y family,
where its high displacement along y leads to a 2D packing motif, which can be also described as a -
sheet packing motif Figure 5e shows a typical 1D packing motif with a twisted core that can be found

in the tight-twist family.

One limitation of this work is that the descriptors for the structures to investigate the stacking
interactions are calculated by considering the dimer of one molecule with the closest molecule.
Therefore, few cases within the considered PDIs show good n-stacking interactions within the dimer,
but weaker interactions with other neighbouring molecules due to steric hindrance effects or other

interactions caused by substituents. An example of such structures is shown in Figure 6.

Figure 6. Example of crystal packing with good m-stacking interactions within the dimer, but weaker interactions with other
neighbouring molecules. In the figure is shown the crystal structure of BAMCAYV, viewed along two perpendicular slices of the
packing, described by three different objects that were clustered in three different groups: a) verylong-x family; b) crisscross family;
c) extra2 group. Substituents are omitted for clarity sake.

These results clearly show that for the PDIs there are a lot of different structures that can be achieved
through different functionalization, leading to a very rich landscape of possible packing arrangements
and stacking interactions. The simple traditional description of the packing motif can not fully grasp
such complexity, for example, Figure 5a, Figure 5c and Figure 5d show structures that can all be

described as B-sheets even though the stacking is quite different.
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To investigate the role of different functionalization in the packing of different PDI derivatives, we
investigated first how different positions for substitution (i.e., imide-, bay- and ortho-position) can
influence the packing, and then how different types of substituents can determine in which group they

are more likely to fit.

First, we considered the PDIs substituted only in imide-position (68/142 objects). In these PDIs, two
of the major families are strongly preferred over the others: tight-long-x and crisscross. 29 out of 68
objects with only imide-substitution are in the tight-long-x family and 20 out of 68 are in crisscross,
which also means that almost all the scores within these groups are substituted only in the imide-
position (besides 2 objects for tight-long-x and 3 for crisscross). Third for importance for imide
substituted PDIs is the tight-long-y group with 7 objects. While the 12 remaining objects are divided
between the other groups. From these findings, we observe that most of the imide objects are found
in the tight-long-x-right area of the scores plot (Figure 7) where the clusters are characterised by

closer stacking between perylene cores.
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Figure 7. PC1-PC2 scores plot obtained by PCA, with the imide-substituted objects categorized by the family they belong to by the
colour. The core-substituted objects are coloured in grey. Most of the imide objects are at positive PC1 values, where the objects are
characterised by closer stacking between perylene cores.

We observed some patterns between the type of substituents at imide- used and the resulting stacking
arrangement and thus the family they belong to. When the substituents are linear chains, especially
long chains, are most likely going to have a packing with the characteristic of the tight-long-x group;
only few PDIs with linear chains fit in different groups, and all of them have short chains: only chains
with 1, 2, 3 or 5 atoms in the chain are found in other groups, and in case of 5 atoms the structures
correspond to different polymorphs of DICMUX that instead belong to the tight-long-x group.

Therefore, we can conclude that short chains allow more possible packing motifs than longer chains,
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maybe because the higher volume occupied by the chains limits the formation of different interactions
between the PDI’s cores; for the same reason short chains might be more prone to polymorphism.
The outcome is different when a branched chain is used. It is reported in literature that the presence
of branched chains causes the molecules to rotate along the stacking direction to reduce the steric
hindrance between the chains;*** in fact, most of the imide scores substituted with branched chains
have non-zero rotation. The only object with no rotation despite the branched chain is because the
branching is not on the carbon atom bonded to the imide nitrogen. However, only five structures with
branched chains are deposited, three of them for a total of five objects are in crisscross, whereas one
is in verylong-x and the non-rotated one is part of the extra4 group. When an aromatic ring is present
on the imide substituent group, the possible outcome depends on whether it is directly bonded to the
imide nitrogen or there are atoms between them and on the ring substitution. If the aromatic ring is
directly linked to the nitrogen, typically it has a nearly 90° torsion angle with the PDI core; such
conformation causes a steric hindrance for the perylene cores to stack one above the other. Therefore,
two outcomes driven by the tendency of the perylene unit to form close n-stacking interactions are
possible: either the PDIs rotate along the stacking direction, like for branched chains, and it results in
crisscross family, or the molecules are stacked with a higher Ay, resulting in the tight-long-y family
(or extra3). This occurs except in the case in which the aromatic core is substituted in ortho with
respect to the nitrogen, the steric hindrance, in this case, does not allow close packing and the structure
results in the nostack group or no group. When the aromatic ring is not directly bonded to the
hydrogen, there is no more steric effect and the resulting packing is usually the tight-long-x one,
except when the aromatic ring is substituted with halogens, that in some cases could form interactions
that result in different packing, or when the atom between the nitrogen and the aromatic ring has other
substituents, which cause again the steric hindrance and results in the tight-long-y or crisscross
families. In conclusion, the most likely stacking arrangement can be predicted when substitution only
in imide-position is concerned. However, substituents in this position are not able to tune the HOMO

and LUMO energies of PDIs.3!

Substituents at the core, instead, can efficiently tune HOMO and LUMO energies. However, when
the substitution in the core positions is considered, the situation becomes more complicated. First,
core substitution usually introduces functional groups in the PDIs that can form different interactions
that can compete with the n-m interactions and can induce twisting of the perylene core; furthermore,
they are generally substituted also in imide-position, therefore the variety of possible PDIs is higher.
The core substituted PDI’s structures in this work are 55 only bay-; 11 bay- and ortho-; 8 only ortho-
substituted. The PC1-PC2 scores plot with highlighted only the core-substituted PDIs is shown in

Figure S17.
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Out of the 55 bay-, 27 are substituted only in two positions, whereas 28 in all four the bay-positions.
Most of the 28 objects (21/28) with four substituents in hay have halogen atoms as functional groups
because bulky groups do not allow the full bay functionalization due to steric effects. This substitution
always causes elevated torsion in the core; in fact, the most likely group for these objects is tight-
twist, which comprises 10/28 objects and all with halogens at the core (F, Cl and Br), with linear
chains or aromatic substituents in imide-position. The other objects with four halogens in bay are in

extral (4), with branched chains in imide, and tight-long-y (4).

When only two bay-positions are occupied, there is more freedom on the substituent type, and for
some substituents, the planarity of the core could be maintained. For these reasons, structures
substituted in this way can be found in all the major families and thus it is difficult to predict the
outcome of this type of substitution. Even though the number of structures with these characteristics
is too small to make strong assumptions, we can still see some patterns between the objects. First, the
crisscross objects of this type are mostly structures that show this packing within the dimer and not
in all the structure, so it is not a likely group. When the substituents allow to maintain the planarity,
like halogens or cyano groups, it is possible to result in the tight-long-x, tight-long-y, or other groups
depending also on the imide substitution. Otherwise, when the core is twisted, usually scores with the

tight-twist and verylong-x characteristics are obtained.

Unfortunately, there are only few structures with ortho functionalization in CSD with the
characteristics included in this investigation. Nevertheless, we observed that the few structures
substituted both in bay and ortho result mostly in tight-twist and verylong-x groups, as expected from
their highly twisted cores and the different competing interactions brought by substituents. Instead,
when only ortho-substituted PDIs are considered, the planarity of the core is generally maintained,
or a slight twist can be present. Therefore, the few objects with only ortho substitution do not belong

to either tight-twist or verylong-x, but in other groups such as tight-long-y, extra4 and extras.

From looking into the resulting stacking with different positions and types of the substituents, we
observed that as far as only the imide functionalization is concerned, the most likely stacking
arrangement that the PDI would adopt in the crystal structure can be predicted to some extent, because
the molecular packing is mainly driven by the formation of closed n-x stacking interactions. However,
when substitution in bay and ortho position are considered, the formation of n-m stacking interactions
must compete with the formation of different interactions brought by substituents at the core; thus,
the high variety of different substituent and interaction combinations makes clustering more difficult
and less efficient and, as a consequence, prediction of the possible packing arrangements becomes

more difficult. Moreover, the number of structures deposited in CSD of similar PDI derivatives is not
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yet sufficient to carry out efficient data-driven clustering of structures carrying substituents at the

core, especially in the case of ortho substitution.

Besides different substitutions, another way in which different stacking arrangements could be
obtained is with polymorphism. However, despite it being known that PDIs can exhibit
polymorphism, information about different PDI polymorphs in CSD are very limited. Only 5 PDIs
investigated in this study have different polymorphs deposited in CSD, making a total of 12 structures
(over 103 structures investigated). Nevertheless, two of the PDIs displaying polymorphism has
objects for different polymorphs that belong to different major families, showing that it is possible to
move to the desired stacking arrangement through polymorphism. Investigating the PDI derivative’s
polymorphism, and in general polymorphism of OSCs, could be beneficial to both experimental and
theoretical work to find OSCs with good semiconducting properties, to design novel semiconductors,

and to improve the efficiency of calculation of structure and property of semiconducting material.
CONCLUSIONS

In this work, we successfully found six groups of PDI derivatives crystal structures deposited in CSD
with similar stacking arrangements by using a method based on self-organizing maps. The
characteristics of the packing of the different clusters were discussed and compared based on the
descriptors used. Furthermore, we investigated the effect of different substituent positions and types
on the molecular stacking of the PDIs, based on the characteristics of the PDIs clustered together in
the six identified groups. We observed that if PDIs are substituted only in imide-position, the packing
is mainly driven by the formation of closed m-m stacking interactions, and hence the most likely
stacking arrangement that the PDI would adopt in the crystal structure can be predicted to some
extent; whereas, when bay- and ortho- substitution are considered, the observed packing is the result
of the competition between the interactions brought by these substituents and the formation of n-nt
stacking interactions between the perylene core. Thus, when multiple substituents are introduced at
the perylene core, at some point the formation of closed n-stacking interaction is not the driving force
of the packing anymore, but the driving force becomes the interactions with the substituents.
Therefore, introducing substituent to the core, despite being beneficial to tune HOMO and LUMO
energies, makes it more difficult to predict the possible packing outcome and can be detrimental to

achieving efficient stacking interactions for charge transport.

Moreover, the lack of deposited crystal structures, especially when polymorphism is considered,
hinder the efficiency of these data-driven methods and the design of novel materials with desired

property and packing. Of course, the lack of structures can be overcome by using crystal structure
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prediction methods, however, improved knowledge of the experimental crystal structure can also

increase the accuracy of such methods.

We believe that clustering-based classification of crystal structure such as the one used in this study
can be used in the future to correlate different families of structures with OSC’s properties and could
help both theoretical and experimental studies to achieve improved knowledge on the structure and
property of materials to efficiently design novel semiconducting material with desired property and

packings.
EXPERIMENTAL SECTION

Dataset

The search for PDI derivatives structures in CSD resulted in more than 300 structures. From these
structures, only organic ones were selected. Furthermore, we discarded solvates, polymers, duplicated
structures (for structures collected in different conditions, the structure with the best R factor and/or
lower temperature of data collection was chosen), and PDIs with extended fused aromatic cores.
Furthermore, we considered PDIs substituted either at imide-, bay- and ortho-positions; however,
since the focus of this work was about the n-stacking interactions between the perylene’s core of the
PDI molecule, we limited the type of substituent considered in this study. At imide-position we
considered only linear chains, branched chains (even though very bulky groups were excluded),
chains containing small cyclic groups and aromatic rings, and halogen-substituted aromatics and
chains; the choice of substituents at the core (ortho- and bay-positions) was even more strict, in fact,
only halogens, cyano-groups, short chains, and small cyclic groups and aromatic rings were

considered.

In this way, a total of 103 structures of PDI derivatives were selected, out of which 53 were substituted
only in imide-position (besides one of these with no substitution) and 50 structures with PDIs
substituted at the perylene core. Out of these 50 core-substituted PDIs, 35 were substituted in bay-
position, 6 in ortho-position, and 9 in both bay- and ortho-positions; out of these 50 core-substituted

PDIs structures, only 3 do not have substitution in imide-position.

From the 103 PDI’s crystal structures evaluated, 142 samples were obtained for the analysis. The
increase in the number of samples derives from structures with Z° > 1, thus for samples with more
than one molecule in the asymmetric units, and from structures with Z’ = 1 in which the asymmetric
unit is formed by two halves of PDI molecules in different configurations; in these cases, more than
one set of descriptors was necessary to describe the n-stacking arrangement between PDI dimers in

the structure (different scores corresponding to a single structure are labelled as A, B, etc.).
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Descriptors

The descriptors or variables used for the analysis can be differentiated into two different types of
variables: numerical variables, which are the variables used by the algorithm to perform the
clustering, and categorical variables, which are variables that do not have a numeric value but are
used to describe in detail the specific characteristics of the structure and the molecule in order to find
patterns between clustering and the object characteristics. The numerical variables comprise Z, Z’,
Vmol, torsion, S, S/L, M/L, SV, drr, 1, ¥, AX, Ay, P, R, tilt and rotation. The category variables
comprise Temperature, substituent position, substituent at the imide-, substituent at the core and
packing type. Out of these variables, Temperature, Z and Z’ are used to give information about the
crystal structures and were easily retrieved by information deposited by CSD. All the other variables
were not available as simple information from CSD and hence were calculated using the software
Mercury®! of the CCDC package. The variables Vmol, substituent position, substituent at the imide-,
substituent at the core, torsion, S, S/L. and M/L are descriptors used to give information about the
molecule, whereas SV, drr, %, W, AX, Ay, P, R, tilt, rotation and packing type are variables that give
information about the packing of the PDIs, calculated by considering the stacking between a dimer

formed by two neighbouring PDI molecules.
Z. The number of molecules (or formula units) in the unit cell.

Z’. The number of molecules (or formula units) in the unit cell divided by the number of independent
general positions, which corresponds to the number of molecules in the asymmetric unit in the case

of PDls.

Vmor. Molecular volume in the crystal structure, which correspond to the unit cell volume divided by

Z.

Torsion. The torsional angle of the PDI’s perylene core resulting from the twisting of the two
naphthalene half units. The value was calculated from Mercury, as the average between the two

torsion angles formed by the naphthalene half units with respect to the molecular x-axis.

S, S/L and M/L. Are simple descriptors of molecular shape and size, where the molecule is enclosed
in a rectangular box where S, M and L are respectively its short, medium, and long axis. Their ratio
(i.e., S/L and M/L) give information about molecular shape. These parameters are calculated using

the molecular complementary tool of Mercury.®?

SV. This variable is the stacking vector modulus, which is the distance between the centroid of the
two closest perylene units involved in the stacking. The description of the SV and its components is

like the one used by Milita et al. in their work about NDI derivatives polymorphism.®
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dr». Correspond to the interplanar distance between the planes of the perylene cores involved in the
stacking. In the case of non-parallel planes, it was calculated as the average of the distance between
the centroid of the perylene cores with the plane formed by the plane of the other perylene core

involved in the stacking.

x and y. Are the angles of the direction cosines of the SV. Where y is calculated with the x-axis and

vy with the y-axes.

Ax and Ay. Respectively correspond to the displacement of the perylene unit along the x- and y-

direction.

P and R. Respectively the pitch and roll angles. The pitch angle is used to assess the molecular
slipping along the x-axis, while the roll angle is used to assess the slipping along the y-axis®*. These

two angles can be calculated from Ax, Ay and dz.z using the following equation 1:

P = arctan ( 3

ax ); R = arctan (dAy ) (1)

Tilt. This variable is non-zero when the perylene core planes are non-parallel. It corresponds to the
angle between the normal of the two perylene planes involved in the stacking.

Rotation. Also referred to as “helical pitch” in some works with perylene substituted with swallow-

42,43

tail alkyl-chains, correspond to the angle of respective rotation between the perylene core,

calculated viewing along the z-direction of the perylene core plane (perpendicular to the xy-plane).
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Figure 8. Visual representation of some of the descriptors used to describe the crystal packing: a) rotation angle; b) SV, Ax and Ay; ¢)
tilt angle; d) torsion angle; e) pitch angle; f) roll angle.

Temperature. The temperature (expressed in K) reported for the data collection of the crystal

structure.

Substituent position. Indicates in which position the PDI is substituted, i.e., imide-, bay-, ortho- or

bay-/ortho- (in case of core substitution the imide- is omitted).

Imide- substituents. Indicates the type of substituent in imide-position. The types of substituents are

grouped as linear, branched, cyclic, aromatic, fluorinated and combination of these groups.

Core substituents. Indicates the type of substituent in the bay- and ortho-position. The types of
substituents are grouped as linear, branched, cyclic, aromatic, fluorinated, halogen, cyano and

combinations of these groups.

Packing type. The type of traditional packing arrangement to describe the m-stacking. In this work,

we used 1D, 2D, H (as herringbone) to describe the type of packing arrangement, whereas “no” was
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used in case the PDI molecules were too distant to create m-stacking interaction, and none of the

previous packing types could be used to describe it.
PCA

Principal component analysis (PCA)® is one of the most important chemometric methods. The
mathematical procedure can be summarized in a rotation of the original variables of the dataset to
convert them into new variables, called principal components (PCs). The PCs are orthogonal to each
other and oriented in the most informative directions for the data. In this way, the coordinates of the
first two or three PCs of objects and variables can be used to describe, with good approximation, the
entire behaviour of the data. Each PC carry a percentage of information (explained variance) that can
be used to check if enough information is maintained in the considered PCs. Therefore, the two main
results of PCA are the scores plot and the loadings plot. Scores plot shows the behaviour of objects,
indicating possible groups (objects close to each other) or outliers (objects far from all the others),
while loadings plot shows the behaviour of variables, indicating correlation (variable loadings close

to each other) or anti-correlation (loadings at the opposite side of the graph).
Self-Organizing Maps

Self-organizing maps (SOM)>® were used in the present work to find patterns of crystal structures.
SOM is a multivariate analysis based on the artificial neural networks (ANN) method>’ which
calculates clusters from the dataset objects in an iterative way. The output of the SOM computation
can be viewed as a 2D rectangular map divided into several adjacent circles (or hexagons), each of
which represents a SOM unit and in which some objects of the starting dataset are aggregated. The
starting point of SOM computation is the definition of the number of units and the sizes of the map.
Some empirical rules have been proposed to define such parameters, as the one reported by Nakagawa
et al..>? In that work, the number of SOM units is chosen as the one closest to five times the squared
root of the number of objects. The dimensions of the rectangle, instead, are chosen in proportion to

the first two eigenvalues calculated by a PCA performed on the original data.

The SOM computation starts from a random point once defined the map dimensions. Each SOM unit
is actually a vector with length equal to the number of original variables and the first computation
step have random values for these vectors. Each object is presented to each vector, the Euclidean
distance between object and vector is calculated, and the object is assigned to the closest unit. Once
all objects have been assigned, the second step starts using as unit vectors the mean of the previously
assigned objects and repeats the same procedure of presenting the objects to the units and assigning
them to the closest one. This procedure is repeated for a pre-determined number of steps (called

epochs) or until a convergence is reached, which means that the results do not change for two or three
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consecutive epochs. At the end, each unit of the map represents a “cluster” of starting objects. The
units can be further grouped by performing a cluster analysis®® on the final vectors. In this way, a
lower number of clusters is calculated (generally 5 to 8 clusters starting from at least dozens of units),

simplifying the further considerations.

However, it does not exist a general rule to define the map dimensions and the optimal number of
clusters, and the final result may depend on such choices. Therefore, for the present work, we decided
to perform six SOM computations modifying each time the map dimensions and using the Davies-
Bouldin index®® to determine the best number of clusters. The results of the SOMs were then
compared at the end to evaluate the best families of crystal structures that can be derived from the

dataset.

SOM computations were performed using the package SOMEnv" of the R environment (R Core

Team, Vienna, Austria).
NOTES
Supplementary information are reported in Appendix E.
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CHAPTER 8: CONCLUSIONS

The first two chapters of the thesis cover the first part of my thesis, when, during my training, [ was
involved in different projects. I was able to acquire the fundamental skill and knowledge on
crystallography and solid-state characterization. Then I focused mainly on my t my Ph.D. project
which was the investigation of the polymorphism of a series of N,N’-dialkyl-3,4,9,10-perylendiimide
(PDI-Cn, with n = 5, 6, 7, 8) at ambient and non-ambient conditions and the solid-state

characterization and crystal structure determination of the different polymorphic forms.

A p-xylene and a toluene solvate form of PDI-C5 have been obtained by polymorph screening from
solution and the crystal structure of the p-xylene solvate was determined by Single Crystal X-ray
diffraction; the presence of the solvent was confirmed by hot-stage measurements and 'H-NMR. No
other new forms were achieved by polymorph screening from solution. Solvothermal crystallization
resulted the most efficient method to produce single crystals of PDI-Cn. From Single Crystal X-ray
diffraction, we determined the crystal structure of PDI-C7 form I, which was not previously reported.
The crystal structures of the different PDI-Cn have been analyzed and compared using Mercury,
showing that all PDI-Cn form I structures are indeed very similar and display the same packing motif

dominated by strong m-m interactions.

The full thermal characterization of PDI-C5 by a combination of differential scanning calorimetry,
variable temperature X-ray diffraction, hot-stage microscopy, and variable temperature Raman
spectroscopy have been tackled and reported. Two high-temperature polymorphs have been
identified: form II which is completely reversible upon cooling and form III which revealed a different
thermal behavior upon cooling depending on the technique and crystal size. The crystal structure of
PDI-C5 forms II and III have been determined from synchrotron powder data, and the crystal
structures of the PDI-C5 different polymorphs have been discussed and compared using Mercury and
CrystalExplorer. Form I, form II are extremely similar, they are characterized by a lamellar mono-
dimensional (1D) packing motif dominated by strong n-n interactions between aromatic cores and
differ mostly in the alkyl chains conformation; only the formation of form III above 220 °C cause a
variation in the m-stacking arrangement to an alternation of shifted and criss-crossed stacking,
showing the strong propensity of the material to maintain the stacking arrangement of form I. The
thermal expansion of the different PDI-C5 forms has been studied, highlighting a high and anisotropic
thermal expansion, especially for form III. We hypothesize that this thermal expansion could be
responsible for the different thermal behavior observed with different analyses upon cooling, due to

strains and energy accumulation induced by thermal contraction.
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The thermal characterization of PDI-C6, -C7, and -C8 by differential scanning calorimetry, variable
temperature X-ray diffraction, and hot-stage microscopy have also been reported. Several high-
temperature polymorphs have been identified by the combination of these techniques, two for PDI-
C6 and PDI-C7, whereas only one has been identified for PDI-C8. The formation of these polymorphs
occurs only at temperatures above 190 °C and they are completely reversible upon cooling. Despite
our efforts, it was not possible to solve their crystal structures due to the elevated temperature of the
data collections. Hence, only the phase indexing for these forms has been reported. The thermal
expansion of PDI-C6, -C7, and -C8 has also been studied, highlighting once again a high and
anisotropic thermal expansion. Although the reverse transition is always observed upon cooling, the
hysteresis observed for such transitions is different depending on the technique used; such behavior
might derive from strains and energy accumulation in the crystal induced by thermal contraction as

in the PDI-C5 case.

Together with the thermal characterization, the study of PDI-Cn high-pressure polymorphism by
pressure-dependent UV-Vis absorption spectroscopy and high-pressure Single Crystal X-ray
diffraction has been reported to further understand PDI-Cn’s polymorphism and the role of different
interactions in the crystal packing. The presence of one or more pressure-induced phase transitions
has been identified in all PDI-Cn by UV-Vis measurements. High-pressure Single Crystal X-ray
diffraction experiments have been carried out only for PDI-C5 and PDI-C6. One high-pressure
polymorph of PDI-C5 (form IV) and two high-pressure polymorphs of PDI-C6 (form IV and form
V) have been identified by X-ray diffraction and their crystal structure has been determined.

The investigation of non-ambient polymorphism of PDI-Cn highlighted that the crystal packing is
indeed dominated by the strong n-m interactions between the perylene cores, however, the alkyl chains

have a major role in determining their polymorphic behavior.

Lastly, the clustering method based on a combination of self-organizing maps (SOM) and principal
component analysis (PCA) used as a data-driven approach to classifying different m-stacking
arrangements of PDI derivatives with different types and positions of the substituents have been able
to successfully identify six different families characterized by similar crystal packing within the
structures considered. The main characteristics of these packing families have been reported and the
influence of the type and position of the PDI’s substituents on the resulting packing has been

discussed.
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Section 1. Spectroscopic characterization of compounds
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Figure S1. Normalized diffuse reflectance UV-visible spectra of Pd(bzq) (a), Pd(ppy)( b) and Pt(bzg)Li (c) in the solid state at

298 K.
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Figure S2: *H NMR of Pd(bzq)K-H,0 (a) and Pd(bzqg)K (b) in anhydrous acetone-d,, 300 MHz, 293 K.
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Figure S3: *H NMR of Pd(ppy)K-H,0 (a) and Pd(ppy)K (b) in anhydrous acetone-ds, 300 MHz, 293 K.
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Figure S4: *H NMR of Pt(bzq)Li-4H,0 (a) and Pt(bzq)Li (b) in anhydrous acetone-ds;, 400 MHz, 293 K.
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Section 2. Single crystal structure solution

Figure S5. Crystal structure solution of Pt(ppy)Ke compound, with crystal symmetry expanded within the unit cell.

Table S1. Computational parameters used in DFT calculations.

Adopted pseudopotentials:

Pt Pt.pbe-n-rrkjus_psl.0.1.UPF
K.pbe-n-mt.UPF
N.pbe-rrkjus.UPF
C.pbe-rrkjus.UPF
O.pbe-rrkjus.UPF
H.pbe-rrkjus.UPF

T|o|0O|Z2|R

k-grid for Pca2, (y is the shortest axis)

Rough 121
Refined 141

k-grid for Pbca (y is the shortest axis)

Rough 111
refined 121

Van der Waals terms

rough none
refined grimme-d3
dft energy convergence threshold 0.5e-5 hartree/cell
energy cutoff 25 hartree
density cutoff 800 hartree
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Section 3. Thermogravimetric analysis
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Figure S6. TGA curve of Pt(bzq)K. Two processes are detected: one between 310 K and 380 K, corresponding to a 3.75%
weight loss, and the second between 390 K and 430 K, corresponding to a 0.35% weight loss. The overall weight loss is

4.1%, which corresponds to a total loss of 1 water molecule.
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Figure S7. TGA curve of Pt(ppy)K. Two processes are detected: one between 320 K and 390 K, corresponding to a 3.59%
weight loss, and the second between 390 K and 430 K, corresponding to a 0.35% weight loss. The overall weight loss is

3.9%, which corresponds to a total loss of 1 water molecule.
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Figure S8. TGA curve of Pd(ppy)K. Two superimposed processes are detected between 310 K and 390 K. The overall weight
loss is 5.2%, which corresponds to a total loss of 1 water molecule.
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Figure S9. TGA curve of Pt(bzq)Li. Several superimposed processes are detected between 310 K and 480 K. The overall
weight loss is 9.5%, which corresponds to a total loss of 2.5 water molecules. In an attempt to improve the crystallinity of
Pt(bzq)Li, the sample was placed in a 100%HR environment. However, after few hours the sample liquefied. This behavior
highlights the high hygroscopicity of the lithium salt, and therefore, that the pre-treatment of the sample highly affects
the determination of the amount of water.
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Section 4. Variable-temperature X-ray powder diffraction analysis
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Figure S10. Schematic representation of structural and color variations occurring during heating (left) and cooling (right).
“XRPD changes” identifies temperature ranges where X-ray powder diffraction patterns undergo variations.
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Figure S11. X-ray powder diffraction profiles of compound Pt(ppy)K collected during cooling: anhydrous form measured at
420 K (black) and hydrated form measured at 310 K (red).
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Figure S12. X-ray powder diffraction profiles of compound Pd(ppy)Ke collected before (black) and after (red) the exposure
to 100% HR H,0 vapors. The FWHM of the peak at 28=10° is 0.34 for the black and 0.14 for the red profile.
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Figure S13. Kinetic analysis of the reaction coordinate extracted from variable-temperature X-ray powder diffraction

profiles. Masterplot fit with the Avrami-Eroféev model (a) and Coats and Redfern fit of the kinetic equation (b).
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Figure S14. Results of the PCA applied to variable-temperature X-ray powder diffraction profiles. PCA scores as a function

of measurement number of the first three principal components for Pt(bzq) (a), Pt(ppy) (b) and Pd(ppy) (c).
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Section 5. In situ pair distribution function: multivariate analysis

Figure S15. Results of the PCA applied to in situ PDF data of compound Pt(bzq)K. PCA scores as a function of measurement
number (left) and PCA loadings as a function of the interatomic distance in Angstrom (right) of the three first principal
components. The percentage of total data variance explained by each principal component is reported as vertical title in
the scores plot. The temperature ramp with its relevant values (in K) is sketched on PC1 scores plot.
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Figure S16. Results of the PCA applied to in situ PDF data of compound Pd(bzq)K. PCA scores as a function of measurement
number (left) and PCA loadings as a function of the interatomic distance in Angstrom (right) of the three first principal
components. The percentage of total data variance explained by each principal component is reported as vertical title in
the scores plot. The temperature ramp with its relevant values (in K) is sketched on PC1 scores plot.
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Figure S17. Results of the PCA applied to in situ PDF data of compound Pt(ppy)K. PCA scores as a function of measurement
number (left) and PCA loadings as a function of the interatomic distance in Angstrom (right) of the three first principal
components.The percentage of total data variance explained by each principal component is reported as vertical title in
the scores plot. The temperature ramp with its relevant values (in K) is sketched on PC1 scores plot.
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Figure S18. Results of the PCA applied to in situ PDF data of compound Pd(ppy)K. PCA scores as a function of
measurement number (left) and PCA loadings as a function of the interatomic distance in Angstrom (right) of the three
first principal components. The percentage of total data variance explained by each principal component is reported as
vertical title in the scores plot. The temperature ramp with its relevant values (in K) is sketched on PC1 scores plot.
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Section 6. In situ pair distribution function: structural refinement
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Figure S21. Results of the structural refinement for pair distribution function data of Pt(ppy)K at 300 K (a) and 450 K (b)
and of Pd(ppy)K at 300 K (c) and 450 K (d). Experimental (blue dots), calculated (red line) and difference (green line) PDF
values are show, and the weighted agreement factor between model and data (R,) is reported. Only data in the fitting
range between 1.5 A and 28 A are shown.
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Figure S22. Results of the structural refinement for pair distribution function data of Pt(bzqg)K at 300 K (a) and 450 K (b)
and of Pd(bzq)K at 300 K (c) and 450 K (d). Experimental (blue dots), calculated (red line) and difference (green line) PDF
values are show, and the weighted agreement factor between model and data (R,) is reported. Only data in the fitting

range between 1.5 A and 28 A are shown.
S14



Table S2. Relevant distances and angles involving the metal ion Pd-(I1)/Pt(Il) (M) and the potassium counterion in
structural models refined against 300 K (left) and 450 K (right) PDF data.

Compound M-M (A) M-M-M (°) M-K () (K-K)a (A) (K-K)b (A)
Pt(ppy)K 3.4->39 178 >136 4.2->4.2 49->4.3 42->4.1
Pd(ppy)K 3.4->3.9 179 2134 4.2>4.2 5.0>4.4 4.2>4.3
Pt(bzq)K 3.5->3.9 167 = 162 4543 4.7>4.7 3.9>4.2
Pd(bzq)K 3.5->3.9 170 - 166 4.5->4.2 4.8>4.6 42->4.1

Section 7. X-ray absorption spectroscopy
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Figure S23. X-ray absorption spectroscopy analysis applied to Pt(bzq)K at low (top row) and high (bottom row)

temperature: normalized XAS signal (left) and its radial distribution (right). The best-fit values of the Pt-Pt distance are
shown.
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Optical microscopy

Figure SI1. Crystals of the  phase with satellite crystals of the a phase. The image was taken with
an optical microscope under a UV lamp (365 nm) at 100-fold magnification.

Powder diffraction

The two polymorphs were characterised by XRPD using the synchrotron facility at the PSI institute.
It was performed an experiment at variable temperature (VT-XRPD) in order to detect any possible
conversion upon thermal annealing (figure SI2).

From the collected patterns, it is visible that the sample undergoes a transition between 180°C and
195°C from the a to the  phase. Around 180°C (orange line in figure S12), the pattern starts to change
and contains peaks ascribable both to a and [ phases, hint that the transition has begun, while at
195°C the pattern is comparable to the B phase, with a slight shift in the peaks position due to the
thermal expansion effect. After the cooling of the sample, the diffractogram remains unchanged and
the transition seems irreversible.
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Figure SI2. Powder diffractograms of C4-NT3N (logaritmic scale), a phase, collected at different
temperature, compared with the calculated diffractograms of the a (dark red line on the bottom) and
B (dark green line on the top) phases, A= 775375(2) A.

Thermal analysis

Figure SI3. Hot-stage microscopy of o phase during the thermal annealing. a) 26°C; b) 210°C,
beginning of the transition from a to ; ¢) 217°C, end of the solid-state transition; d) 228°C, beginning
of the melting. The image was taken with an optical microscope with polarizer and analyser were
placed at 90° at 100-fold magnification
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Estimation of the intermolecular interactions

For the a phase, the interactions of a central molecule with the 13 nearest molecules were calculated
(figure SI5), obtaining the values described in Table SI1.

Figure SIS. View of the cluster of molecules of a phase used for the interaction energies calculation.
a) view along the n-w interaction; b) View perpendicular to the molecular plane. The central molecule
is marked with the atom specific colours (C=grey; O=red; N=blue; S=yellow), the surrounding
molecules are marked by an identification colour.

Table SI1. Interaction energies for o phase (kJ/mol). The colours represent the corresponding
molecule in figure SIS.

N. molecules | Distance (A) | E ele E pol E dis E rep E tot
2 4.83 -12.0 -2.7 -117.6 52.4 -77.4
1 12.06 -32.0 -7.7 -19.7 22.3 -37.3
1 9.42 -3.1 -4.7 -42.6 20.5 -28.0
1 18.86 -16.6 -6.1 -15.2 9.8 -26.6
1 10.96 -2.3 -3.0 -27.4 8.7 -21.9
1 16.49 -7.5 -4.9 -20.8 9.7 -21.7
1 8.86 -2.4 -2.2 -14.1 3.0 -14.1
1 8.88 -0.0 -0.3 -8.6 0.7 -7.4
1 8.71 0.0 -9.0 0.0 0.0 -5.8
1 19.28 0.4 -0.3 -7.6 1.3 -5.6
1 21.64 -0.2 -0.0 -2.7 0.0 -2.6
2 23.89 -0.8 -0.1 -6.1 5.2 2.2




For the B phase, the interactions of a central molecule with the 13 nearest molecules were calculated
(figure SI6), obtaining the values described in Table SI2. To simplify the calculation, the internal
disorder was removed, using only the syn-anti configuration, which is the configuration with highest
occupancy within the crystal structure.

Figure SI16. View of the cluster of molecules of  phase used for the interaction energies calculation.
a) view along the n-m interaction, with the details of the herringbone arrangement; b) View
perpendicular to the molecular plane of the central molecule. The central molecule is marked with
the atom specific colours (C=grey; O=red; N=blue; S=yellow), the surrounding molecules are marked
by an identification colour.

Table SI2. Interaction
molecule in figure SI6.

energies for B phase (kJ/mol). The colours represent the corresponding

N. molecules | Distance (A) | E ele E pol E dis E rep E tot
1 5.78 -13.8 -1.6 -98.1 49.5 -63.4
1 7.35 -48.3 -13.6 -40.3 -38.9 -62.9
2 5.25 -11.3 -7.7 -72.8 35.9 -53.1
2 5.62 -16.7 -6.6 -59.1 31.1 -49.3
2 23.13 -0.5 -0.1 -5.9 2.6 -3.8
2 22.94 -0.4 -0.0 5.2 1.7 -3.7
2 23.61 -0.6 -0.0 -5.6 3.1 -3.1
1 26.96 -0.7 -0.1 -4.7 5.4 -0.6




Crystal phase indexing

The face indexing has been performed with the software CrysalisPro, from the crystals used for the
SCXRD. The indexing obtained presents one face with unusual %kl index, due to the imperfect
fracture of the crystals chosen for the SCXRD.

The a crystals present a needle-like shape; with a preferential growing along the n-m interaction
(figure SI7), that is the direction of the stronger intermolecular interaction.

Figure SI7. Crystal morphology of o phase correlated with the crystal structure. a) View along a
axis; b) view along b axis; c) view parallel to the columnar stacks.

L9l By

Figure SI8. Face indexing process of the a crystal, using the software CrysalisPro.



The B crystals present a plate-like shape. The structure of the morphology reflects the layered
structure with a preferential grow in the direction of the n-m interaction and the herringbone (figure
SI9). In the view along the b axis, is visible the wafer-like structure characteristic of the § phase.

Figure SI9. Crystal morphology of  phase correlated with the crystal structure. a) View along a axis;
b) view along b axis.

Figure SI10. Face indexing process of the B crystal, using the software CrysalisPro.
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Figure SI11. The delamination of a B crystal after the deformation could be caused by the slipping
of different layer, parallel to the (100) crystal face; where the intermolecular interactions are weaker.

AFM nanoindentation
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Figure SI12: Representative AFM force-distance profiles obtained on a) Elastic crystal (o
polymorph), and b) plastic crystal (f polymorph).



Confocal fluorescence microscopy

Norm. Intensity / a.u.

400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure SI13: Normalized emission spectra of o and [ polymorphs obtained from confocal
fluorescence analysis with 405 nm excitation.
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Solubility
The solubility of PDI-Cs in the solvents used in this work was extrapolated from its absorption spectra in a

saturated solution.
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Figure S1. Absorption spectra of PDI-Cs in CHCI3 to determine the maximum solubility in the solvent. Concentration of PDI-Cs in
solution: C=2.2 X 1075 M.



NMR Spectroscopy
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Sample Name:

Data Collected on
agilent400-vnmrs400

Archive directory
Sample directory
FidFile: PDI-C5-pXy

Pulse Sequence: PROTON (s2pul)
Solvent: cdcl3
Data collected on: Jul 14 2020

Temp. 25.0 C / 298.1 K
Operator: stefano

Relax. delay 1.000 sec
Pulse 45.0 degrees

Acq. time 2.556 sec

Width 6410.3 Hz

204 repetitions
OBSERVE ~ H1, 400.7199709 MHz
DATA PROCESSING
FT size 32768
Total time 30 min

Figure S2. NMR spectra of PDI-Cs-pxy solvate form.

'H-NMR (300 MHz, CDCls, 298K): 6 0.9 ppm (m, 6H, H1), 1.4-1.5 ppm (m, 8H, H2a-H2b-H3a-H3b), 1.8 ppm (m,
4H, H4a-H4b), 2.17 ppm (acetone used for washing crystals after filtering), 2.3 ppm (m, 6H, H8), 4.2 ppm (m,
4H, H5a-H5b), 7.0 ppm (m, 4H, H9), 7.26 ppm (hydrogen of CHCl; present in small quantity in the solvent),

8.6 ppm (m, 8H, H6-H7).
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Archive directory:
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Pulse Sequence: PROTON (s2pul
Solvent: cdcl3
Data collected on: Jul 28 2020

Temp. 25.0 C / 298.1 K
Operator: stefano

Relax. delay 10.000 sec
Pulse 45.0 degrees

Acq. time 2.556 sec

Width 6410.3 Hz

8 repetitions
OBSERVE  H1, 400.7199711 MHz
DATA PROCESSING
FT size 32768
Total time 1 min 40 sec
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Figure S3. NMR spectra of PDI-Cs-tol solvate form.

'H-NMR (300 MHz, CDCls, 298K): 0.9 ppm (m, 6H, H1), 1.4-1.6 ppm (m, 8H, H2a-H2b-H3a-H3b), 1.8 ppm (m,
4H, H4a-H4b), 2.17 ppm (acetone used for washing crystals after filtering), 2.3 ppm (m, 3H, H8), 4.2 ppm (m,
4H, H5a-H5b), 7.1-7.3 ppm (m, 5H, H9-H10-H11), 7.26 ppm (hydrogen of CHCl; present in small quantity in

the solvent), 8.7 ppm (m, 8H, H6-H7).



X-ray Crystallography

Form III - RT
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Figure S4. PXRD pattern (A = 0.41235 A) of the three PDI-Cs crystal forms | (in black, collected at RT), Il (in red, collected at 130 °C for
structure solution) and Ill (in blue, collected at RT for structure solution).

The Rietveld refinement plot used to determine the crystal structures of form II and form III of PDI-
Cs from synchrotron powder data are reported. Form II crystal structure was determined at 131 °C,
whereas form III crystal structure was determined at room temperature after cooling. Lamda and zero
error were refined against the Si standard at RT. The background was described with Chubychev
polynomial and the glass capillary modelled with 2 peaks at 26= 6.00° and 26= 7.79°. No correction

for preferential orientation was applied.
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Figure S5. Rietveld refinement of form Il at 131 °C. In blue is the experimental powder pattern, in red the calculated powder
pattern and in grey is the difference pattern. Intensity is plotted in square root.
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Figure S6. Rietveld refinement of form Ill at room temperature. In blue is the experimental powder pattern, in red the calculated
powder pattern and in grey is the difference pattern. Intensity is plotted in square root.



Energy Frameworks

Figure S7. View of the cluster of molecules of form | used for the interaction energies calculation. The central molecule is marked
with the atom specific colours (C=grey; O=red; N=blue), the surrounding molecules are marked by an identification colour. Hydrogens
are omitted for clarity.

Table 1. Interaction energies for PDI-Cs form | (kJ/mol). The colours represent the corresponding molecule in Figure S7. Total energies
are the sum of the four energy components, scaled appropriately (see

Table 2)

Id. colour | N. molecules | Distance (A) E_ele E_pol E_dis E_rep E_tot
2 4.75 -16.9 -2.3 -177.4 95.6 -115.0
2 8.48 -1.2 -1.4 -16.4 2.5 -15.0
2 12.02 -18.1 -4.7 -16.3 16.2 -26.8
2 19.75 -2.0 -1.4 -22.4 9.9 -16.5
2 9.25 -12.9 -6.4 -62.3 37.7 -49.4
2 21.83 -0.5 -0.1 -10.2 4.4 -6.8
2 26.09 -0.9 -0.0 -5.5 4.2 -3.2
2 24.56 -0.2 -0.0 -2.4 0.6 -2.0




Table 2. Scale factors for the different contributions to calculate total energy for interaction energies.

k_ele k_pol k_disp k_rep
1.057 0.740 0.871 0.618

Figure S8. Graphic representation of the energy framework in PDI-Cs form | calculated with CystalExplorer. The thickness of the lines
is directly correlated with the intensity of the interaction. (a) electrostatic energy framework (red); (b) dispersion energy framework
(green); (c) total energy framework (blue).



Figure S9. View of the cluster of molecules of form Il used for the interaction energies calculation. The central molecule is marked
with the atom specific colours (C=grey; O=red; N=blue), the surrounding molecules are marked by an identification colour. Hydrogens

are omitted for clarity.

Table 3. Interaction energies for PDI-Cs form Il (kJ/mol). The colours represent the corresponding molecule in Figure S9. Total energies

are the sum of the four energy components, scaled appropriately (see Table 2)

Id. colour | N. molecules | Distance (A) E_ele E_pol E_dis E_rep E_tot
2 4.85 -13.5 -2.2 -164.8 78.2 -111.1
2 8.53 -0.3 -1.3 -13.1 2.1 -11.3
2 11.93 -18.7 -4.8 -16.5 16.3 -27.6
2 9.17 -10.1 -5.0 -50.3 30.6 -39.2
2 21.29 -0.6 -0.1 -8.5 2.0 -6.9
2 19.23 -5.3 -1.4 -20.0 15.3 -14.6
2 25.04 -2.3 -0.0 -6.7 8.3 -3.1
2 23.58 -1.3 -0.0 -6.1 5.6 -3.3




Figure S10. Graphic representation of the energy framework in PDI-Cs form Il calculated with CystalExplorer. The thickness of the
lines is directly correlated with the intensity of the interaction. (a) electrostatic energy framework (red); (b) dispersion energy
framework (green); (c) total energy framework (blue).



Figure S11. View of the cluster of molecules of form Il used for the interaction energies calculation. The central molecule is marked
with the atom specific colours (C=grey; O=red; N=blue), the surrounding molecules are marked by an identification colour. Hydrogens
are omitted for clarity. (a) Central molecule is the one with alkyl chains in trans configuration; (b) Central molecule is the one with
alkyl chains in cis configuration.



Table 4. Interaction energies for PDI-Cs form Il (kJ/mol), calculated respect to the molecule with alkyl chains in trans configuration.
The colours represent the corresponding molecule in Figure S11a. Total energies are the sum of the four energy components, scaled
appropriately (see

Table 2).

Id. colour | N. molecules | Distance (A) E_ele E_pol E_dis E_rep E_tot
2 24.10 -0.5 -0.0 -3.4 1.7 -2.5
1 25.38 -0.1 -0.0 -0.2 0.0 -0.3
2 3.63 -28.6 -6.4 -171.3 1171 -111.8
1 12.31 -0.9 -0.1 -1.4 0.0 -2.2
2 22.96 -0.0 -0.0 -0.3 0.0 -0.3
2 10.57 -17.1 -5.2 -39.8 36.3 -34.1
2 10.82 -5.0 -2.1 -14.3 2.3 -17.8
2 17.94 -9.5 -2.7 -19.9 304 -10.5
2 19.51 -0.3 -0.1 -10.5 1.6 -8.6
1 8.01 -0.0 -0.1 -6.7 0.0 -6.0
1 14.75 -0.3 -0.0 -1.3 0.0 -1.5
2 17.44 -0.7 -0.6 -8.3 2.3 -7.0
2 22.35 -2.4 -0.0 -6.2 8.4 -2.7
2 17.41 -0.3 -0.0 -5.6 0.4 -5.0
1 11.62 1.2 -0.1 -1.6 0.0 -0.2

Table 5. Interaction energies for PDI-Cs form 11l (kJ/mol), calculated respect to the molecule with alkyl chains in cis configuration. The
colours represent the corresponding molecule in Figure S11b. Total energies are the sum of the four energy components, scaled
appropriately (see

Table 2).

Id. colour [N. molecules |Distance (A) |E_ele E_pol E_dis E rep E_tot
1 24.10 -0.5 -0.0 -3.4 1.7 -2.5
1 3.63 -28.6 -6.4 -171.3 1171 -111.8
1 10.57 -17.1 -5.2 -39.8 36.3 -34.1
1 10.82 -5.0 -2.1 -14.3 23 -17.8
1 17.94 -9.5 -2.7 -19.9 30.4 -10.5
1 17.44 -0.7 -0.6 -8.3 2.3 -7.0
1 22.35 -2.4 -0.0 -6.2 8.4 -2.7
2 22.96 -0.4 -0.0 -5.0 0.8 -4.3
1 23.65 -0.3 -0.0 -6.3 14 -5.0

- 1 9.91 -18.5 -6.0 -41.6 35.6 -38.2




1 7.26 -3.5 -0.2 -30.6 16.2 -20.5
1 11.62 -1.0 -0.1 -2.5 0.0 -3.4
1 19.51 0.1 -0.0 -0.6 0.0 -0.4
1 4.42 -12.7 -2.9 -176.2 98.4 -108.2
2 12.31 -0.7 -0.5 -12.7 1.7 -11.1
1 11.20 -19.3 -7.5 -46.0 42.5 -39.8
1 17.41 -0.3 -0.0 -0.5 0.0 -0.7
1 17.02 -0.2 -0.0 -1.3 0.0 -1.3
1 22.33 -0.2 -0.0 -0.5 0.0 -0.6
1 18.13 -0.2 -0.0 -0.3 0.0 -0.5
1 18.20 0.2 -0.0 -1.1 0.0 -0.7
1 25.71 -0.1 -0.0 -2.0 0.1 -1.8
1 21.57 -0.2 -0.0 -0.7 0.0 -0.8

Figure $12. Graphic representation of the energy framework in PDI-Cs form 1lI calculated with CystalExplorer. The thickness of the
lines is directly correlated with the intensity of the interaction. (a) electrostatic energy framework (red); (b) dispersion energy
framework (green); (c) total energy framework (blue).



Thermogravimetrical analysis (TGA)
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Figure S13. Thermogravimetrical analysis of PDI-Cs in the temperature range RT — 550°C.

The TGA curve shows that the compound is thermally stable up to 400°C, then one weight loss step is

observed.

Differential Scanning Calorimetry (DSC)
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Figure S14. Differential Scanning Calorimetry of PDI-Cs, measured in the temperature range RT - 140 °C with a 20 °C/min heating rate,
in both heating (red curve) and cooling (blue curve). An endothermic event is observed in heating at 112 °C, while an exothermic
event is observed at 109 °C upon cooling with the same DH of transition, indicating that this transition is fully reversible.
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Figure S15. Differential Scanning Calorimetry of PDI-Cs, measured in the temperature range RT - 280 °C with a 20 °C/min heating rate,
in both cooling and heating. Two endothermic events are observed in heating with peak at 112 and 221 °C respectively, while only

one exothermic event is observed at 162 °C upon cooling.

Variable Temperature X-ray Powder Diffraction (VTXRPD)
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Figure S16. Variable temperature X-ray powder diffraction patterns of the material in the temperature range of the transition I-ll. At
90 °C only form | is present (black); at 109 °C a mixture of form I and Il is present (in red); at 130 °C all form | converted to form Il.
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Figure S17. VTXRPD experiment of PDI-Cs upon cooling. No changes that could be linked to phase transition are observed, indicating
that form Ill was isolated at room temperature. Intensity is plotted in square root scale for clearness’s sake.

Sequential Rietveld refinement was carried out using VIXRD data of the three separate forms. The
sequential Rietveld refinement was performed according to the method described in the Durham
Topas tutorial on “Sequential Rietveld Refinement of Multiple Data Sets”. The variation of the crystal
structure parameters of the three forms with temperature obtained by this method is reported here.
Furthermore, the variation of the alkyl chain torsion angles with increasing temperature is reported

for form I and form II, showing the different alkyl chain conformation.
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Figure S18. Sequential Rietveld refinement of PDI-Cs form |, variation of unit cell parameters in the temperature range 35 — 130 °C.
a) Variation in percentage of unit cell a-axis (red), b-axis (green) and c-axis (blue) with T; b) Variation in percentage of unit cell a (red),
B (green) and y (blue) angles with T; c) Variation of volume with T. The discontinuity in the trend of unit cell parameter with
temperature, which indicates the transition to form Il, is observed in the temperature range 90 — 125 °C (highlighted by the dashed
lines).

The variation of the alkyl chain conformation with temperature in form I and II was reported using

four torsion angles (see Figure S19).



Torsion 1 = C12-N1-C13-C14

Torsion 2 =N1-C13-C14-C15

Torsion 3 = C13-C14-C15-C16

Torsion 4 = C14-C15-C16-C17

Figure S19. Torsion angles used to describe alkyl chain conformation at different temperatures.
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Figure S20. Variation of torsion angles of PDI-C5 form | alkyl chains with temperatures in the rang 35-90 °C. The four torsion angles
change only slightly up to 75 °C, and after that temperature a drastic change is observed in all the torsion angles.
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Figure S21. Sequential Rietveld refinement of PDI-Cs form Il, variation of unit cell parameters in the temperature range 130 — 190 °C.
a) Variation in percentage of unit cell a-axis (red), b-axis (green) and c-axis (blue) with T; b) Variation in percentage of unit cell a (red),
B (green) and y (blue) angles with T; c) Variation of volume with T; d) Variation of Ry, with T.
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Figure S22. Variation of torsion angles of PDI-Cs form Il alkyl chains with temperatures in the range 130-190 °C. The four torsion
angles change only slightly in the whole temperature range considered. The torsion angles are labelled as in Figure S19.
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Figure S23. Sequential Rietveld refinement of PDI-Cs form Il, variation of unit cell parameters in the temperature range 35-225 °C.
The VTXRPD data collected upon cooling form Il to room temperature were used for this refinement. a) Variation in percentage of
unit cell a-axis (red), b-axis (green) and c-axis (blue) with T; b) Variation in percentage of unit cell a (red), B (green) and y (blue) angles
with T; c) Variation of volume with T; d) Variation of Rwp with T.
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Thermal Expansion

The variation of unit cell parameters with temperature of the three forms were used to investigate

their thermal expansion. The variation of the three principal axes with temperature is reported for the
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three forms, showing that in the temperature range considered the linear approximation holds.
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Figure S24. Variation (%) of the three principal axes X; (in blue), X (in green), and Xs (in red) with temperature in the three forms: a)
form I; b) form II; c) form Ill. The linear approximation holds in the temperature range considered.

The orientation of the principal axes within the structure is reported in Figure S25.



Figure S25. Packing of the structures a) form |, b) form Il and c) form Ill with indicated the orientation of the thermal expansion
principal axes calculated by PASCal: X; is perpendicular to the figure, while X; is indicated by the blue arrow and Xs is indicated by the
red arrow.



Raman Spectroscopy
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Figure S26. Raman spectra at room temperature of PDI-Cs in the low frequency range (a) showing Stokes and anti-Stokes peaks and
in the high frequency range (b).
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Figure S27. Intramolecular peak position as a function of the temperature (a) and corresponding Raman spectra (b).
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Figure S28. Polarized Low-frequency spectra of PDI-Cs form III.
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Thermogravimetric analysis (TGA)

The thermal stability of the different PDI-Cn was investigated by TGA, showing that all the PDI-Cn

are thermally stable up to 400 °C, where degradation occurs.
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Figure S1. TGA curve of PDI-CS, a single degradation step is observed above 400
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Figure S4. TGA curve of PDI-CS, a single degradation step is observed above 400 °C.

Indexing of high-temperature polymorphs

The patterns of PDI-Cn high-temperature polymorphs were indexed with TOPASS5! or EXPO?; the

best crystal cell obtained was refined with a Pawley refinement with TOPASS.

PDI-C6 form III
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Figure S5. Pawley refinement of PDI-C6 at 265 °C. In blue is the experimental pattern, in red is the calculated pattern and in grey is
the difference pattern. The blue lines at 6.05 and 6.95 of 20 correspond to the two peaks used to describe the glass capillary contribution.
The intensity is reported in square root for the sake of clarity.
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Figure S6. Pawley refinement of PDI-C7 at 218 °C. In blue is the experimental pattern, in red is the calculated pattern and in grey is
the difference pattern. The blue lines at 5.8 and 7.4 of 26 correspond to the two peaks used to describe the glass capillary contribution.
The intensity is reported in square root for the sake of clarity.
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Figure S7. Pawley refinement of PDI-C7 at 255 °C. In blue is the experimental pattern, in red is the calculated pattern and in grey is
the difference pattern. The blue lines at 6.1 and 6.97 of 20 correspond to the two peaks used to describe the glass capillary contribution.
The intensity is reported in square root for the sake of clarity.
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PDI-C8 form II
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Figure S8. Pawley refinement of PDI-CS8 at 224 °C. In blue is the experimental pattern, in red is the calculated pattern and in grey is
the difference pattern. The blue lines at 0.806 and 1.660 of 26 correspond to peaks of another phase present, these peaks grow when
the temperature is further increased; the blue lines at 6.1 and 6.97 of 20 corresponds to the two peaks used to describe the glass capillary
contribution.

Pressure-dependent UV-Vis absorption spectra
Pressure-dependent UV-Vis absorption spectra of the PDI-Cn upon releasing pressure.
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Figure S9. UV-Vis-NIR absorption spectra of PDI-C5 upon releasing pressure.
129



PDI-Cé6

Absorbance (a. u.)

0.0

l L
400 5

00 600 700 800 900
A (nm)

v T l L
1000 1100 1200

Figure S10. UV-Vis-NIR absorption spectra of PDI-C6 upon releasing pressure.
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Figure S11. UV-Vis-NIR absorption spectra of PDI-C7 upon releasing pressure.
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Figure S12. UV-Vis-NIR absorption spectra of PDI-C8 upon releasing pressure.
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In the present paragraph, we present the procedure and outcomes of the SOM analysis.! As already
stated in the main text, the SOM analyses were carried out with the package SOMEnv? of the R
environment. Here we present the SOM calculated with map dimensions 10 x 6, but the results are

analogous for all the other calculated maps.

The dataset is composed of 142 objects (crystal structures) and 17 numeric variables (described in
the main text). The computation starts by choosing the map dimensions and shape, in this case, a
rectangular map composed of 60 units divided into 10 rows and 6 columns.® The first step of the
computation produces an output as the one reported in Figure S1 in which the map is shown, and the
dimension of the black filling is proportional to the number of objects in each unit. At this stage, it is
not really important to know how many objects are assigned to each unit, it is most of all interesting
to observe that there are regions of the map that are more populated than others and that there are also

some empty units.

Figure S1. SOM map reporting the number of objects assigned to each unit: black fillings are proportional to the number of objects.

The second important output of this first stage is reported in Figure S2. It concerns the role of
variables in the SOM computation. The filling of the hexagons, in this case, is proportional to the
basic statistic of each variable: black colour represents higher quartiles in that region for that variable,
white colour represents lower quartiles. This means that the objects assigned to a certain region of
the map have higher or lower (median) values for that variable, based on the colour reported in Figure

S2. From this graph, it is possible to evaluate some features of the variables. In particular, if two or
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more variables show similar graphs, they would probably have the same general behaviour, i.e. they
are strongly correlated. In the case shown in Figure S2, for example, the variables d..x (called d.p.p

in Figure S2), M/L (ML) and S have very similar SOM graphs, thus these can be considered

correlated.
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Figure S2. Variable’s behaviour in the SOM analysis. Black and white colours represent respectively higher and lower quartiles of
each variable in each map region.

Other graphical output (not shown) can be produced by SOMEnv graphical user interface to evaluate

the model stability.

From the map shown in Figure S1, a K-means cluster analysis can be computed, using the units as
starting data.* In this case, the maximum number of possible clusters (k) has to be decided as input
data and the algorithm calculates the optimal number of clusters from &=2 to the decided maximum
k. The optimization is based on minimization of the DB-index,’ as explained in the main text. In the
present work, knqr was always put as 8. For the map presented in this paragraph, the optimal number
of cluster results to be 5. The graphical output produced by SOMEnv is reported in Figure S3. Figure
S3 shows the same map reported in Figure S1, but the colours represent the clusters to which each
unit is assigned. Based on these clusters, the computations and the discussion reported in the main

text were carried out.
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Figure S3. SOM map divided by colours after K-means cluster analysis. The units in which cluster-number is placed indicates the
cluster centroids.

Also in this case, the role of variables in the clustering step can be graphically evaluated by the plot
reported in Figure S4. In this case, boxplots of auto-scaled variables (each original data is subtracted
to its column-mean and the result divided by the column standard deviation) are reported for each
cluster. From these graphs, it can be argued which variables are the most characteristic of each cluster.
In the example shown, Cluster 3 (in green in Figure S3) have no particular characteristic variables,

while Cluster 4 (in light blue) is mainly characterized by variables y (chi), Ay (Delta_y), and R.
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Figure S4. Boxplots of variables for each cluster. Higher median values indicate more characteristic variables for the corresponding

cluster.

The boxplots showing the variation of the variables in the six packing families not reported in the
main text are reported here. In the boxplots, the variation range of each variable is plotted for each

family, and these can give information about the range and distribution of each variable within the

family. The use of boxplots is helpful to identify the families’ most important characteristics.
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Figure S6. Boxplot of the number of molecules in the unit cell (Z) distribution among the identified families.
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Figure S7. Boxplot of the number of molecules in the asymmetric unit (Z’) distribution among the identified families.
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Figure S8. Boxplot of the angles of the direction cosines of the SV with the perylene x-axis () distribution among the identified
families.
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Figure S9. Boxplot of the angles of the direction cosines of the SV with the perylene y-axis (y) distribution among the identified
families.
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Figure S10. Boxplot of the pitch angles (P) distribution among the identified families.
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Figure S11. Boxplot of the roll angles (R) distribution among the identified families.
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Figure S12. Boxplot of the aspect ratio of the molecule described as enclosed in a rectangular box, with here showed the ratio of the
medium and long box axes (M/L) distribution among the identified families.
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Figure S13. Boxplot of the aspect ratio of the molecule described as enclosed in a rectangular box, with here showed the length of the
short box axis (S) distribution among the identified families.
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Figure S14. Boxplot of the aspect ratio of the molecule described as enclosed in a rectangular box, with here showed the ratio of the
short and long box axes (S/L) distribution among the identified families.

The result of SOM grouping visualized using the PCA scores plot are shown, with the extra divided
into the 5 small groups. The scores of PC1 vs PC2 are shown, the colour of the scores correspond to

the group in which each object was categorized.
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Figure S15. PC1-PC2 scores plot obtained by PCA, with the scores categorized by the group they belong to. In particular, the 6 major
families are shown, and the extra is divided into the respective 5 small groups. With extral in pink; extra2 in dark green; extra3 in dark

orange; extra4 in purple; extraS in violet.

The packing of YIWMEY, which is one of the two objects displaying dipole-n interaction between

the perylene core and the carbonyl oxygen of the closest molecule, is shown as an example.

Figure S16. Dipole-n interaction in YIWMEY packing; a) viewed along z-direction; b) viewed along x-direction.

—_—

By looking only at the objects substituted at the core, we observe that most of them are found at

negative PC1 of the scores plot where the n-n stacking interactions between perylene cores becomes

weaker and other type of interactions becomes dominant.
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Figure S17. PC1-PC2 scores plot obtained by PCA, with the bay-, ortho-, and bay- and ortho-substituted objects categorized by the
family they belong to by the colour. The imide-substituted objects are coloured in grey. Most of the core-substituted objects are at
negative PC1 values, where the n-n stacking interactions between perylene cores becomes weaker and other type of interactions
becomes dominant.
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