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Abstract

In the last decades, organic semiconductors (OSCs) have attracted a lot of attention due to their
possible employment in solution-processed optoelectronic and electronic devices, such as organic
field-effect transistors (OFETS). One of the big advantages of solution processing is the possibility
to process into flexible substrates at low cost. Organic molecular materials tend to form
polymorphs, which can exhibit very different conductive, luminescent, and mechanical properties.
In most cases, the control of the crystal structure is decisive to maximize the performance of the
final devices. Although organic electronics have progressed a lot, n-type organic semiconductors

still lag behind p-type, presenting some challenges such as air instability and poor solubility.

Bis(naphthalene diimide) (NDI) derivatives are a particularly interesting family of organic
materials. NDIs possess high electron affinity, good charge carrier mobility, and excellent thermal
and oxidative stability, making them promising candidates for applications in organic electronics,
photovoltaic devices, and flexible displays. Recently, the structure-properties relationship and the

polymorphism of these molecules have gained considerable attention.

In the first part of this thesis, NDI-C6 thermal behavior was extensively explored which revealed
two different thermal behaviors depending on the annealing process. This study allowed to define
the stability ranking of the NDI-C6 bulk forms and to determine the crystal structure of Form v at
54°C from powder. Additionally, the polymorphic and thermal behavior of thin films of NDI-C6
was also explored. It was possible to isolate pure Form o, Form 8, and Form vy in thin films and a
new metastable form was found, called Form &. It was also possible to determine the stability
ranking of the NDI-C6 crystal phases in thin films. OFETs with bottom gate, top contact geometry
were fabricated having different polymorphs as active layer, unfortunately the performance was

not ideal mainly due to the bad morphology of the thin films.

During the second part of this thesis, core-chlorinated NDIs with fluoroalkyl chains were studied.
Initially, the focus was on the polymorphism of CF3-NDI that revealed a solvate form with a very
interesting molecular arrangement suggesting the possibility to form charge transfer co-crystals.

In the last part of the thesis, the synthesis and characterization of CT co-crystal with different NDI



derivatives (CsF7Cl.-NDI, C3F7Cls-NDI, CFsCls-NDI, and CsF9Cls-NDI), and acceptor and as
donor BTBT and ditBu-BTBT were explored.
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Chapter 1: Introduction

Organic semiconductors

Semiconductors are essential in all recent technology, being one of the main materials present in
transistors and diodes, which are part of all electronic devices. 2 The way we communicate today
would not be possible without semiconductors, communication and data processing became easier
and faster due to the evolution of semiconductor technology. 2* A semiconductor can be easily
described as a material with an electrical conductivity between the metals and insulators, its
conductivities can vary over several orders of magnitude since it is possible to control it by doping
with impurities. Moreover, the electrical conductivity of a semiconductor material increases with
increasing temperature, which is a behavior opposite to that of a metal, and it also changes due to
the absorption of light. This allows semiconductors to be used for amplification, switching and

energy conversion. 23

Current conduction in a semiconductor is obtained by the movement of free electrons and holes
and by doping the material, the number of charge carriers, i.e., electrons and holes, greatly
increases. When a semiconductor has mainly free holes (hole transporters) it is known as p-type,

and when it contains mostly free electrons (electron transporters) it is called n-type. 2°°

The first time these properties were described in a material was in 1833 by Michael Faraday, being
the earliest study of semiconductors. Faraday observed the increase of electrical conductivity with

the increase of temperature in silver sulfide. 37

From then on, the advances made in micro-electronics allowed a revolution in our day-to-day lives
and it is unknown when/if these advances will stop or how will continue to impact our lives in the
future.” Currently, inorganic semiconductors still are the base of the semiconductor technology,
with silicon as the main element since it is a simple semiconductor with easily manipulated
properties by proper materials processing, and it has a stable insulating oxide. " But lately, new
fields of organic electronics and optoelectronics using organic semiconductors have arisen, what
could possibly have an effect on our lives similar to the introduction of the semiconductor

technology due to the new possible applications. 8



The field of organic electronics got a great amount of attention after the Nobel Prize in Chemistry
was awarded to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa in 2000 for the
discovery and development of conductive polymers, more precisely the unprecedent high electrical
conductivity of polyacetylene when doped with halogens. 191112

Organic semiconductors have several properties that cannot be achieved with inorganic materials,
such as flexibility, transparency, expendability, lightweight, adaptability to low temperature
processing, low cost and molecular design to tune electrical properties. 1834 These qualities led
to a huge interest in research of organic field-effect transistors (OFETS), organic light-emitting
diodes (OLEDSs) and organic photovoltaic devices (OPVs) and opened the opportunity of new
applications and processing. 81°

An OFET is a versatile electronic device that amplifies and switches electrical signals, it can be
applied to radio-frequency identification tags (RFIDs)/memories, flexible active-matrix displays,

electronic paper, electronic skin and chemical/biological sensors, 8101315

Oppositely to inorganic semiconductors, the solid-state structure of organic semiconductors is
based on soft, van der Waals bonding and dipole-dipole interactions between individual molecules.
16-18 Organic semiconductors are m-conjugated systems, i.e., their m-orbitals overlap and form a
network of highly delocalized m-systems, this gives them unique electrical and optical properties
that can be tuned via structural modifications. Organic semiconductors can be divided in two big
families: one based on small molecules or oligomers with well-defined structures, and the second

based in highly conjugated polymers. 81319.20

Small molecule organic semiconductors have demonstrated high charge carrier mobilities due to
their ability to form ordered structures which allows the overlap of the orbitals, being the preferred
packing motifs to obtain higher performance the herringbone and 2D n-stacking motifs. Another
factor that makes this type of materials attractive is the possibility of being efficiently purified. In
contrast, polymers are attractive for large area electronics and have shown high performance in

both single-component devices and devices produced with blends.

Small molecule organic semiconductor’s structure is normally formed by a m-conjugated core,
heteroatoms, substituents, and side chains. The electronic properties can be tuned by varying the

conjugated core, heteroatoms, and substituents, while the side chains are important to improve



solubility, which is essential for inexpensive processing techniques by solution methods, but they

can also affect the molecular packing or alter the torsion conformation of the core. 1°2°

n-conjugated materials have been in the spotlight of research and a lot of new concepts have been
uncovered due to the relationship between molecular structure and their semiconducting properties

(m-electronic structure), with the main focus on the study of the band gap energy. >*°

The band gap energy represents the energy separation between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), in an ideal system the
individual HOMO and LUMO energy levels would blend to form bands analogous to the valence
and conduction bands of the inorganic semiconductors, respectively. The HOMO and LUMO
levels are strongly influenced by the molecular arrangement and packing, consequently the band
gap energy can be controlled by crystal engineering. 122 Hereupon, the field of organic electronics
can be considered the merge of synthetic strategies from organic chemistry to charge transport

theories from physics. *

Contrarily to inorganic semiconductors that have low band gaps and where free charges can be
created by thermal excitation from a valence band to a conduction band, in organic semiconductors
the conductivity is extrinsic and comes from the injection of charges at electrodes, by matching
the work function of the injecting electrode to the HOMO in the case of hole injection, or in the
case of electron injection to the LUMO. The charge transport does not depend on the actual ability

of the materials to transport charges but on the ease of charge injection from electrodes. >%22

Charge transport of molecular semiconductors depends on the ability of the charge carriers to pass
from one molecule to another, consequently the charge transport properties are strongly related to
their molecular structure, nonetheless it is the packing of individual moieties that determines the

overlap of neighboring orbitals and defines pathways for charge transport. 161824

In organic semiconductors, the charge transport is often defined as a hopping process where the
charge carrier mobility is usually thermally activated and the wavefunction of the charge is
localized on a single molecule, which can be described by Marcus theory. 82526 |n some cases, in
high mobility organic semiconductors, carriers can exhibit thermally activated behavior at lower
temperature, in other words incoherent hopping transport, and coherent band transport at higher

temperatures. 1821



The presence of electronic states in the band gap of the organic semiconductors can lead to the
formation of traps that will consequently trap the charge carriers and obstruct their transport what
will stop the organic semiconductors from reaching their intrinsic mobility. Hereupon it is easy to
understand how the charge transport is sensitive to traps within the bulk. In the case of p-type
materials the charge transport benefits from their low ionization potential since it makes the
thermodynamically unfavorable to fill the traps. On other hand, n-type materials benefit from a

large electron affinity which disfavor the filling of the traps. 27?8

Some widely studied p-type semiconductors include oligoacenes such as pentacene, 2%
oligothiophenes such as dihexylsexithiophene 32 and thienoacenes, such as [1]benzothieno[3,2-
b][1]benzothiophene (BTBT)3*. In the case of n-type semiconductors the most prominent
material is the family of rylene diimides (RDIs) and their homologues such as pyromellitic

diimides (PMls), 1,4,5,8-naphthalenediimides (NDIs), perylene tetracarboxylic diimides (PDIs).
36,37

The performance of organic semiconductors, more specifically OFETs performance, has improved
enormously in the last decades, with mobilities larger 30 cm?V-1s? observed in printed p-type
small molecular semiconductors. 523 However the performance of n-type semiconductors still
falls behind when compared with their p-type counterparts, much due to the difficulty in finding
n-type semiconductors that have both high charge-carrier mobility and ambient stability. 133940
What makes the search for high performance n-type semiconductors so challenging is the large
injection barrier of electron between the work function of conventional metals and the LUMO of
the semiconductor and the instability of organic radical anions in the presence of oxygen and water,
or various electron traps on the interfaces around a directing channel ***2 To get an ideal n-type
semiconductor it is necessary strong intermolecular orbital overlap, air stability, phase stability,
ease of synthesis and high electron affinities to facilitate charge injection, which can be achieved
by introducing electron-withdrawing groups or heteroatoms in the molecular structure. Overall,
among the most important features for n-type OSCs are LUMO energy levels and morphology of
semiconducting film. Nonetheless some of these characteristics are not intrinsic to the material

itself, but are strongly influenced by device configuration and processing. 404143



Naphthalene Diimides

Among the investigated n-type organic materials, those based on rylene diimides (RDIs) have
become one of the most promising classes of compounds, since their performance under ambient
conditions is close to that of p-type organic semiconductor. There are various classes of RDISs,
such as pyromellitic diimides (PMIs), 1,4,5,8-naphthalenediimides (NDIs), perylene
tetracarboxylic diimides (PDIs) and other larger diimides (Figure 1). %37 Naphtalene diimides are
the smallest homologue of the RDIs and possess high electron affinity, a relatively deep lowest
unoccupied molecular orbital (LUMO) due to the strong electron withdrawing properties of the
imide groups, good charge carrier mobility, and good chemical, photochemical, thermal and

oxidative stability, making them promising materials for organic electronics. 4448
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Figure 1 — Chemical structure of various compounds of the rylene diimides family.

The utilization of the RDIs homologues in n-type organic thin film transistors (OTFTs) goes back
to 1995 when Dodabalapur et al. published mobilities of ~10°% cm?V!s® for perylene
tetracarboxylic dianhydride (PDA). %° Still in 1995 the group of Horowitz used PDI derivatives as
n-type semiconductor in TFTs. *° The use of NDA as semiconductor in devices was reported in
1996 by Katz, Dodabalapur and coworkers with n-type mobilities of 0.003 cm?Vv-1s, 3751

So far, NDIs have proved to be the most successful air-stable n-type material, this is mainly
because NDIs are neutral, chemically robust, have high melting points and a planar conjugated

bicyclic structure, which leads to strong © — 7 interactions. This allowed NDI derivatives to be



used as functional materials since their electronic and physical properties are more suited to

applications than PMIs and PDls. %452

All the NDIs derivatives can be easily synthesized from commercially available naphthalene
tetracarboxylic dianhydrides (NDAs), which has also been used as a precursor for the production
of industrially relevant pigments, making it easy to functionalize this class of aromatic molecules.
3953 1t is well known that the introduction of flexible side chains at the imide nitrogen atoms
enables control over physical properties, such as molecular packing, self-assembly capability, and
solubility. For this several different types of side chains can be used, namely alkylated, conjugated,
ionic and fluoroalkylated side chains This substitution is referred as “side-chain engineering” and
it is an important strategy to optimize the performance of solution-processed organic
semiconductors, since the active semiconducting components are planar aromatic units that have

a strong tendency to aggregate via m-stack making them very poorly soluble, 37394452

Nevertheless, until 2000, NDIs had only been functionalized at the imide N-position without
chemical modifications at the core positions (X,Y) reported up to that date. However, the situation
changed when the Wirthner group reported in 2002 core-substituted NDIs (cNDIs) by placing
heteroatom substituents at the NDI core (Figure 2). 364
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Figure 2 -Chemical structure of aromatic diimide structures.

Core functionalization allows the electronic properties of cNDIs to be tuned by changing the
reduction potential and thus LUMO levels can be lowered. In addition, NDI functionalization
varies the absorption and emission properties, allowing derivatives to act as either donors or

acceptors in a controlled manner, 363744



Even though NDIs have proved to be among the most promising n-type semiconductors, the
electrical performance of OTFTs based on rylene diimides rapidly degrades in air. Generally, air
instability is not related to degradation of intrinsically chemically unstable neutral materials but
occurs due to the vulnerability of the corresponding radical anions to reaction with atmospheric
H20 or Oy. 485

To improve the ambient stability, two different molecular design strategies can be used. One is by
introducing strong electron withdrawing substituents such as -CN, -Cl, -Br and -F in the core
region, since these substituents lower the LUMO levels significantly, ideally below the LUMO
level of the most atmospheric trapping oxidants, minimizing the atmospheric trapping. This leads
to enhancing their resistivity to ambient oxidations by providing an effective barrier for water and
oxygen penetration. A low LUMO level also reduces the electron injection barrier, which allows
efficient and stable electron injection and transport.>*->8 The other molecular design approach is to
introduce fluorinated substituents at the imide nitrogen, such as fluoroalkyl chains, allowing the
formation of self-segregated densely packed chains to provide a kinetic barrier to the diffusion of
ambient oxidants, preventing moisture and oxygen penetration into the organic layer. The
introduction of fluorinated alkyl chains produces a dense molecular packing without disturbing the
planarity of m — & orbital overlap. >***® In 2000, the group of Katz demonstrated ambient stable
n-channel devices with a NDI derivative with fluorinated side chains reaching mobilities greater
than 0.1 cm?V-1s and excellent on/off current ratios in the order of 10°, since then a lot of progress

have been done with this class of materials 37%°

NDIs and their derivatives have been widely used as building block for electronic and

optoelectronic devices such as organic light-emitting diodes, supercapacitors, OTFTs and solar
cells. 39,44,54,60-62

Besides the applications in electronic and optoelectronic devices, all the attractive properties of
NDI derivatives, especially the possibility of tuning the properties by functionalization of the NDI
molecules also makes them a good candidate for several sensing applications. Substituted and
water-soluble NDIs have been used as material for selective fluorescence sensing of Cu?* ions and
biological thiols in aqueous medium, fluorescent sensors for pH determination in physiological

liquids and gas sensors to detect NHs and amines have also been explored. 476365



Polymorphism

The term polymorphism was first used in the context of crystallography by Mitscherlich around
1822, when different crystal structures of the same compound in several arsenate and phosphate
salts were recognized. %% Nowadays, the definition accepted by the scientific community is the
one described by McCrone. According to McCrone, polymorphism is the ability of any element
or compound to crystallize as more than one distinct crystal species. 670 Different polymorphs
have different van der Waals interactions and hydrogen bonds and consequently different free
energies what can cause different physical properties such as solubility, chemical stability, melting
point, density, etc. These differences are only observed in the solid state and disappear in the melt

and vapor state 6.5

Polymorphism can be divided into two different categories, packing and conformational
polymorphism. In packing polymorphism, the molecules have almost the same conformation but
are packed into different three-dimensional structures and have different intermolecular
interactions. Conformational polymorphism is a mechanism where conformationally flexible
molecules can fold into different shapes due to the possible rotation around single bonds in a
molecule, leading to different three-dimensional structures. ¥ In addition, when two different
polymorphs crystallize from the same solution under the same conditions, they are called

concomitant polymorphs.

The first example of polymorphism in organic compounds was observed in benzamide, for which
two different polymorphs were discovered by Liebig and Wohler in 1832. The discovery of the
two polymorphs was only based on visual evaluation of the different morphologies between the
crystals: needle and block. Interestingly, the crystal structure of the metastable form 1l of
benzamide was determined only in 2005 by powder diffraction since it was not possible to obtain

crystals suitable for single crystal X-ray diffraction °"."*"

Organic molecules easily exhibit polymorphs but only one form is stable at room temperature and
atmospheric pressure and it is important to learn about the relative stability of each phase under

different ranges of temperature, pressure and other conditions. %74

The relative stability of polymorphs depends on their free energies, and the one with the lowest

free energy at a certain pressure and temperature is termed the thermodynamically stable form



while the other polymorphs are called metastable forms. The metastable forms, that are less stable
due to the energy relationship, will be energetically driven to transform into the most stable form,
although Kinetic factors may prevent the transformation. %% To describe the thermodynamic
behavior of polymorphs, two types of graphic representation can be used, namely energy-
temperature diagrams and pressure-temperature diagrams. For organic molecules the most
commonly used is the energy-temperature diagram which considers the stability at atmospheric
pressure since it contains a lot of information in a compact form and the data needed to produce it

is more easily accessible experimentally. 6:69.74

Using the diagrams mentioned above, it is possible to distinguish two different polymorphic
behaviors: enantiotropic or monotropic, Figure 3. A pair of polymorphs is named enantiotropic
when the transition temperature, point which the two polymorphs can undergo solid-solid
transformation, is below the melting point of the two polymorphs. Instead, if the transition
temperature is above the melting points, we are in the case of the monotropic relation that means
one polymorph is more stable at all temperatures below the melting point. In this case the transition
point is considered a virtual transition point since it lies above the melting point of both

polymorphs. 86697174
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Figure 3 — Energy/temperature diagrams with an example of a) a monotropic system and b) an enantiotropic

system. Where G is the Gibbs free energy and H the enthalpy %

To determine if the relationship between two polymorphs is monotropic or enantiotropic, thermal
characterization such as hot stage microscopy (HSM), differential scanning calorimetry (DSC) or

differential thermal analysis (DTA) can be used.



To determine the different crystal structures of the polymorphs single crystal and powder X-ray
diffraction (SCXRD and XRPD respectively) are the preferred techniques, but complementary
information are obtained by spectroscopy such as, Fourier transform infrared spectroscopy (FTIR),
Raman spectroscopy, solid-state nuclear magnetic resonance spectroscopy (SSNMR), atomic force

spectroscopy (AFM), scanning electron microscopy (SEM), along with others. 8669

To search for polymorphs a broad range of crystallization techniques are used, since different
polymorphs are stable in different environments what means that polymorphs can be obtained by
adjusting the external conditions. "® The action of searching for polymorphs with different
crystallization methods is generally known as polymorph screening. Some of the methods used for
crystallization include crystallization from melt and solution crystallization, where several
parameters can be changed and explored such as solvents (including solvent mixtures),
temperature, stirring, cooling rate, antisolvent, slurrying. """ By identifying the conditions
necessary to obtain a specific crystal phase it becomes easier to obtain or avoid the crystallization
of a certain polymorph, this control allows to study and explore metastable forms.

Polymorphism is important and has an impact on almost all scientific disciplines since, like
mentioned above, different crystal structures will cause different properties of a material. In the
case of organic semiconductors, polymorphism can have a huge impact on the charge carrier
mobility and because of the difficulty on controlling polymorphism, it is normally considered a
disadvantage when these materials show polymorphic behavior and in some cases it leads to
abandonment of their study. > Nonetheless, in the recent years, polymorphism started to be
perceived more as an advantage than a problem, much due to advances made in controlling it,

leading to exploitation of new properties of materials and obtaining novel functional materials.
53,67,78

10



Surface induced polymorphism

As mentioned before organic semiconductors are widely used in the field of organic electronics
and a lot of attention has been put into OFET fabrication. Therefore, it is of great importance to
study polymorphism in the thin film geometry since the charge transport mainly happens in the

semiconductor-insulator interface within a few molecular layers 34747

Although polymorphism has been widely studied in bulk, polymorphism in thin films is still poorly
understood and a systematic approach to study, identify, and characterize surface induced phases
(SIPs) is not yet reported and only a small number of systems have been studied. 4798
Nonetheless, it is known that the surface can play a crucial role during nucleation or crystallization
as the surface lowers the activation energy barriers, acting as a catalyst for heterogeneous
crystallization, however it should be considered that most of the time the SIPs have a kinetic origin.
Moreover, organic molecular materials can crystallize into new crystal forms different from any
bulk phase in the proximity of a surface, there are also evidences that surfaces can stabilize
metastable phases. '®8284 The metastable forms can be trapped during crystallization by varying
the parameters used during the crystallization, this is possible because crystallization from solution
usually follows Ostwald’s rule of stages that states that the solute crystallizing out of a solution
will crystallize first as the least thermodynamically stable polymorph, which then converts to the

next least stable, and so on to the most stable form. &

These new crystal forms, called thin film phases, surface mediated phases or surface-induced
phases (SIP) can only be obtained when the material is in contact with a surface. The first
observation of SIP phases was in films of pentacene where the SIP, although less energetically
favorable than the bulk, is stabilized in the vicinity of a surface. In the case of pentacene different
SIPs were also obtained by changing the nature of the substrate. 3489848 The structural differences
between SIPs and bulk phases of n-conjugated molecules are normally related to small changes in
the tilt angle, in a manner that the two phases are similar but distinct from each other, and they
have been referred as distorted bulk. Recently a more general definition of these phases defines
any phase grown at a surface as surface mediated phases, this definition includes the distorted bulk
phases, and surface selected phases. Where the surface selected phase does not show a relation

with the bulk phases, and it is considered an authentic new structure. 348!

11



SIPs normally contain multiple molecules per unit cell and are present only until a certain film
thickness, above that thickness the bulk form grows on top of the SIP, generating a film with two
or more coexisting phases. **#” Moreover, a SIP extends within the film plane and out-of-plane,
meaning that a monolayer structure or surface reconstruction are not considered a substrate-

induced polymorph. 888°

Thin film crystals are usually prepared by drop casting, spin coating or physical vapor deposition
that can promote the growth of different crystal structures. Several parameters such as solvent,
concentration of solute and temperature can be varied to explore the possibility of different crystal
forms. For example, it has been reported that lower concentration and/or higher temperatures
normally lead to a less densely packed structure. 8% In addition, interfaces and surfaces can
also influence the crystal structure obtained and due to this reason several strategies to control
morphology and polymorphism of the thin-films have been created, such as nanoscale
confinement, lateral confinement, epitaxially grown monolayers used as template, solution
shearing and partial de-wetting. 892 Several post deposition treatments have also been used to

control polymorphism in thin films, such as solvent annealing or thermal annealing. ™

To solve the crystal structures of surface mediated phases it is quite difficult since the conventional
single crystal or powder X-ray diffraction methods cannot be applied while successful results have
been reported for grazing incidence X-ray diffraction (GIXRD). Nevertheless, solving crystal
structures by GIXRD can be challenging because the amount of scattering material in the sample
is small what causes a weak signal to noise ratio, and it is not as straightforward to index the peaks

as in the case of bulk and single crystal Bragg reflections. 2°28

GIXRD is a method for studying the structure and composition of thin films and surfaces by
analyzing the diffraction patterns produced when X-rays are scattered at a shallow angle of
incidence. In GIXRD, the X-rays penetrate the material at a shallow angle, grazing the surface,
and interacting with the atoms in the top few layers, producing diffraction patterns that reveal

information about the film's crystal structure, orientation, and roughness.

Additionally, surface-enhanced Raman spectroscopy and computational approaches such as
molecular dynamics simulations (MD) have been combined with GIXRD to obtain the structural

information of SIPs. /493
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Charge transfer complexes

Organic charge-transfer (CT) complexes are multicomponent systems with a specific
stoichiometric ratio consisting of an electron rich donor (D) and an electron deficient acceptor (A),
which normally are unipolar semiconductors in their pristine form.**% Within the complex, the
HOMO and LUMO levels are offset to promote a transfer of charge from the D to the A, creating
a hybrid band structure and resulting in a smaller effective bandgap and partial ionicity. The

transfer of charge from D to A is the process responsible for the formation of a D—A pair. %%

Charge transfer transition is derived from the electronic coupling between the HOMO of D and
the LUMO of A, and can be characterized by the degree of charge transfer (p), that can range from
neutral (p = 0) to the fully ionized form (p = 1) and it greatly depends on the overlap between the
frontier molecular orbitals (FMO) of the D and A and also on their chemical structure. %97

Recently molecular CT co-crystals of donor and acceptor OSCs have attracted much attention as
an optoelectronic material with applications as ambipolar organic field effect transistors (which
can transport holes and electrons simultaneously), biocomponent ferroelectrics, photoconductors,

100 and photovoltaics. 191192 However, this type of materials is

% strain sensors, * light detectors
not new and they were firstly studied focusing on metallic high conductivity or superconductivity
originating from organic CT salts. 19219 The ambipolar transport behavior was only first
discovered in 2004 by T. Hasegawa et al in bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) -
2,5-difluoro- 7,7,8,8-tetracyanoquinodimethane (F2TCNQ) co-crystal at low temperature, 104195
Then in 2012, Breédas and co-workers first predicted the ambipolar charge-transport in in
dibenzotetrathiafulvalene (DBTTF) — tetracyanoquinodimethane (TCNQ) complex by theoretical
calculations, in the following year Pan et al. proved it experimentally. Hu et al. reported that the
molar ratio of cocrystal (perylene:TCNQ 1:1) shows n-type behavior, while the other

stoichiometric cocrystal (perylene:TCNQ 3:1) exhibits ambipolar. 192103

The CT co-crystals self-assemble into crystalline or supramolecular structures and usually show
significantly different and novel physical properties rather than the simple combination of the
properties of the corresponding pristine components. 1% However developing and controlling the
self-assembly of such supramolecular materials is challenging since the donor and acceptor
molecules can have different and low solubility which promote the self-aggregation separately

instead of D-A cocrystal. Moreover, structural mismatch between different components can also
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represent a big challenge. 19219-1%8 Some strategies utilized to enhance the D-A assembly and
electronic interaction between D and A are shape complementarity, halogen bonding and co-
crystallization of strong D-A pairs for example strong electron withdrawing moieties on the
acceptor, such as fluorine and strong electron donating moieties on the donor, such as thiophenes.
101102106109 |n  addition, air-stable ambipolar CT semiconductors, much like n-type
semiconductors, are very uncommon largely due to the high LUMO levels which easily result in
degradation or even absence of charge-transport characteristics under ambient conditions.
Therefore it is extremely important to study and develop new air-stable ambipolar and n-type

materials since they are essential unit blocks in organic electronics. 1%

The ordered assembly and aggregation of D-A organic solid co-crystal strongly depends on the
supramolecular interactions, including van der Waals, n-n interactions and halogen/hydrogen
bonding. *° Like in single component organic molecular crystals, in CT complexes there is a
strong relationship between the crystal structure and the electronic, optical, and charge transport
properties of the system. This relationship is even stronger in the case of CT co-crystals since D-
A organic cocrystals are typically divided into two main families with very distinct charge
transport properties. One which shows segregated stacking (...-D-D-D-... and ...-A-A-A-...),
where the molecules form separated D and A stacks and normally display high electrical
conductivity, and one which shows a mixed stack (...-D-A-D-A-...), where the D and A molecules

pack in an alternate way along the stack and usually are insulators or semiconductors, Figure 4.
94,97,110

/1111
/1111
/1171
/1111

Segregated stack Mixed stack

Figure 4 — Crystalline packing of 1:1 charge-transfer complexes for segregated stack and mixed stack motifs

Similar to single component systems, CT co-crystals can exhibit several polymorphic forms that

possess the same donor and acceptor molecules in the same ratio and show very different
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properties. For example, BEDT-TTF-TCNQ crystallizes in two triclinic (B’ and ") phases with
and a monoclinic phase. The crystals of B’ and of the monoclinic phase (both with mixed stack)
have semiconducting properties while the crystals of B (characterized by a segregated stack) show
a metallic behavior. *°7 Furthermore, polymorphism becomes more complex when the crystal is
formed by molecules that have different chemical identities, and besides the dispersive
intermolecular interactions other forces are present. Thus the range of crystal forms of CT systems
can be significantly extended since the same D and A can crystalize with different stoichiometries
of the two species, this phenomenon is called stoichiomorphism. #7111

Although a lot of studies have been done on polymorphism control in crystals based on
monomolecular compounds, the polymorphism of D-A systems and the control of the orientation
of the CT complexes on substrates have been rarely reported and it is not easily achieved, due to

the complicated highly ordered crystalline state. 1*2
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Aim of the thesis

This work is part of the UHMob-Ultra-high Charge Carrier Mobility to Elucidate Transport
Mechanisms in Molecular Semiconductors project, a European Training Network (ETN) with the
goal of gaining a fundamental understanding of charge transport mechanisms in molecular
semiconductors. To achieve this objective best-performing and well-characterized materials were
studied by 15 early-stage researchers (ESRs), of which | was part of, by a complementary set of
methods, including field effect transistors but also optical methods such as terahertz spectroscopy,
field-induced time-resolved microwave conductivity. The 15 PhD students involved in the
UHMob project also explored the coupling of molecular semiconductors with the vacuum
electromagnetic field.1!3

My contribution to the project was mainly focused on the study of bulk and surface-induced
polymorphism of molecular semiconductors in order to obtain the best-performing semiconductor.
It is known that substrate induced polymorphism is largely observed for molecular

semiconductors, but its origin remains unknown, and this field continues relatively unpublished.

| focused my project on NDI derivatives, a well-known class of n-type semiconductors, in
particular on NDI-C6 (N,N’-bis(n-hexyl)naphthalene-1,4,5,8-tetracarboxylicdiimide) a well-
known compound which shows different crystal forms and CFs-NDI (4,5,9,10-tetrachloro-2,7-bis
(2,2,2-trifluoroethyl)benzo[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone) which was
synthesized by BASF, one of the partners of the project. The NDI-C6 was chosen as benchmark
to train my skills and competences, but it turned out to be very interesting and its study covered a
major part of the project. It was also the main compound studied during my secondments. The first
secondment was at the Technische Universitdt Graz (TUGraz), to characterize thin films, while
the second secondment was at the University of Cambridge, where devices with different
polymorphs as active layers were manufactured. Unfortunately, my stay at the TUGraz took place
during the pandemic and work was extremely slowed down. During the last part of my thesis, |
studied the CF3s-NDI, and during the bulk polymorph screening they showed a strong propensity
to form charge transfer co-crystals. The last part of my thesis | explored the possibility to obtain
CT co-crystal with C3F7Cl>-NDI, C3F7Cl4-NDI, CFsCls-NDI, and C4FoCls-NDI.
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Chapter 2: On the crystal forms of NDI-C6: annealing and
deposition procedures to access elusive polymorphs

Overview

In this chapter, it is reported the study of the polymorphic behaviour of NDI-C6, a relatively cheap
commercially available small-molecule organic n-type semiconductor which has high solubility.

In the research of this compound, | focused on polymorphic and thermal behaviour. For that, |
used the crystallographic and solid-state characterization skills and knowledge acquired during
this study including variable temperature X-ray powder diffraction (VT-XRPD), hot stage
microscopy (HSM), structure determination from X-ray powder diffraction (XRPD) and thermal
expansion analysis (PASCal). To have a deeper understanding of the different polymorphs at high
temperatures | submitted a proposal (ID proposal 20201790) to the PSI synchrotron for the MS-
XO04SA beamline and | was able to collect the data at the beginning of 2021.

While working on this project | mastered TOPAS v5, the software used to perform structure
determination from the powder of Form y and used to obtain the input data needed for the PASCal
tool.

Furthermore, a preliminary analysis of thin film polymorphism is also reported in this chapter,
from where | got skills in thin-film deposition, namely spin-coating technique, and drop-casting.

These results were published in Faraday Discussions - RSC Publishing, in June 2022.

The publication can be found at:
https://pubs.rsc.org/en/content/articlelanding/2022/FD/D1FD00100K

Supplementary information can be found in Appendix A.
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NDI-C6 has been extensively studied for its semiconducting properties and its
processability. It is known to have several polymorphs and a high thermal expansion.
Here we report the full thermal characterization of NDI-C6 by combining differential
scanning calorimetry, variable temperature X-ray powder diffraction, and hot stage
microscopy, which revealed two different thermal behaviours depending on the
annealing process. The ranking of stability was determined by the temperature and
energy involved in the transitions: Form o is stable from RT up to 175 °C, Form B is
metastable at all temperatures, Form v is stable in the range 175-178 °C, and Form & in
the range 178-207 °C followed by the melt at 207 °C. We determined the crystal
structure of Form y at 54 °C from powder. The analysis of the thermal expansion
principal axis shows that Form a and Form y possess negative thermal expansion (X1)
and massive positive thermal expansion (X3) which are correlated to the thermal
behaviour observed. We were able to isolate pure Form o, Form B, and Form v in thin
films and we found a new metastable form, called Form g, by spin coating deposition of
a toluene solution of NDI-C6 on Si/SiO, substrates.

Introduction

In the past few decades organic semiconductors (OSCs) have attracted a lot of
attention due to their possible employment in solution-processed optoelectronic
and electronic devices, such as organic field-effect transistors (OFETs)."* One of
the big advantages of solution-processing is the possibility to produce flexible
substrates at low cost.* This allows various potential applications that cannot be
achieved with wafer-based electronics, such as large-area flexible displays, RFID

“PolyCrystalLine SPA, Via Della Cooperazione, Bologna, 29 40059, Medicina, Italy. E-mail: enrico.modena@
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1 Electronic supplementary information (ESI) available. CCDC 2124322. For ESI and crystallographic
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tags, wearable electronics, and biomedical devices.®® Organic molecular mate-
rials tend to form polymorphs, which can exhibit very different conductive,’
luminescent,' and mechanical properties.* In most cases, the control of the
crystal structure is decisive to maximise the performances of the final
devices.®”'>13

In the field of organic electronics, there are several properties of the active layer
that have a key role in the performance of the devices, namely, charge carrier
mobility, and stability."'*** Polymorphism has proven to be an important factor
to obtain high-performance organic devices since in some cases metastable
phases can present mobilities some orders of magnitude higher than the most
stable phase.®” In addition, it is known that some materials can show new phases
that are not observed in bulk when thin films are deposited in specific substrates,
this effect is described as surface induced polymorphism.***® Therefore, it is of
extreme importance to study the polymorphism of OSCs, both in bulk and in thin
films since the charge transport in electronic devices occurs in the interface
between the OSC and the dielectric, in just a few layers of molecules.*

Bis(naphthalene diimide) (NDI) derivatives are a particularly interesting family
of organic materials. NDIs possess high electron affinity, good charge carrier
mobility, and excellent thermal and oxidative stability, making them promising
candidates for applications in organic electronics, photovoltaic devices, and
flexible displays.®*** Recently, the structure-properties relationship and the poly-
morphism of these molecules has gained considerable attention,***™* in partic-
ular the influence of the alkyl side chain length on performance and crystal
structures has been studied.***”

In this work we present the polymorphism both in bulk and in thin films of
N,N'-bis(n-hexyl)naphthalene-1,4,5,8-tetracarboxylicdiimide (NDI-C6), Fig. 1,
a cheap small-molecule organic n-type semiconductor which has high solubility
making it easy to process.

It is known that NDI-C6 is prone to generating several polymorphs, and the
number of crystal forms is higher compared to the analogous molecules with
shorter or higher chain length, nonetheless only the crystal structure of the most
stable polymorph (Form «) is available.* Up to now, four different polymorphs
have been reported: Form o the stable form at RT, and Form B, Form y and Form
d -which can be obtained by thermal treatement and all convert back to Form o at
RT.” Several papers report the preparation of thin films based on NDI-C6,***>°
but only recently have the thin films been characterized by X-ray diffraction and
revealed the presence of a mixture of Form o and a metastable polymorph at room

O
Fig. 1 Chemical structure of NDI-C6.
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temperature.>*”” Herein, the main goal of this work is to study and understand the
polymorphic behaviour of NDI-C6 in bulk and in thin films, with a special focus
on the thermal behaviour. In fact, the annealing procedure is a common way to
increase the performance of the devices, increasing the crystallinity,**** but in the
case of NDI-C6 it can induce wanted or unwanted phase transitions. The synergic
approach of the different thermal techniques such as hot stage optical micros-
copy (HSM), differential scanning calorimetry (DSC), and variable temperature X-
ray powder diffraction (VI-XRPD), allowed us to determine the ranking in energy
of the different polymorphs and to optimize different annealing procedures to
obtain the desired phase in bulk and thin film. We were able to solve the structure
of Form v at high temperature by X-ray powder diffraction with synchrotron
radiation. Furthermore, we optimized the thin film deposition to obtain pure
phases and we discovered a new phase called &.

Experimental

Materials

N,N'-Bis(n-hexyl)naphthalene-1,4,5,8-tetracarboxylic =~ diimide  (NDI-C6) is
commercially available, it was purchased from Sigma-Aldrich and used as
received.

Polymorph screening

The NDI-C6 solubility was assessed in 12 different solvents at RT, 50 °C, 75 °C, and
100 °C when possible (see Table 1 in ESIf). Recrystallization by solvent evapora-
tion was carried out in chloroform (CHF) and dichloromethane (DCM) at RT, in
toluene (TOL) and p-xylene (PXY) at high temperature (60 °C) which presented the
higher solubility.

For the remaining solvents and solvent mixtures of toluene and methanol
(MET), with different ratios, slurry experiments at RT were performed. High
temperature slurries were carried out for N,N-dimethylformamide (DMF) at 90 °C,
2-propanol (2PR), acetonitrile (ACN), and water (H,O) at 50 °C. With the residual
mother liquid obtained after filtration of the precipitate in the DMF solution,
a high temperature (60 °C) evaporation experiment was set.

Crystallization by anti-solvent addition was performed testing TOL : MET
(1:1.25 vol), PXY:MET (1:1.20 vol), CHF:N-heptane (HEP) (1:2 vol),
DCM : acetone (ACT) (1 : 1.33 vol), and CHF : MET (1 : 1.5 vol).

Precipitation by gradient temperature was performed by crash cooling of DMF
solutions and a solvent mixture of TOL : MET (1 : 1). Slow cooling crystallization
was also tested with DMF solutions at different concentrations, using different
cooling rates.

Solvothermal crystallization was carried out using TOL and PXY saturated
solutions.

X-ray powder diffraction (XRPD)

All the precipitates obtained from the polymorph screening experiments, as well
as the starting material, were characterized by XRPD to identify the crystalline
phase. The XRD patterns were obtained using a Rigaku MiniFlex 600 diffrac-
tometer with Cu Ko (A = 1.54178 A) radiation from a copper sealed tube with 40 kv
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voltage and 15 mA current in Bragg-Brentano geometry, over the 26 range of 3-40°
with a step size of 1 0.01° (26) at a speed of 10.0° min~"* (26).

Differential scanning calorimetry (DSC)

The starting material was characterized by differential scanning calorimetry
(DSC) using a Mettler-Toledo DSC-1 instrument. The samples were prepared by
accurately weighing approx. 2-4 mg of the powder in aluminium closed pans (40
pL). The measurements were performed during two cycles of heating and cooling
with different rates (2 °C min™', 5 °C min ' and 10 °C min™") under a dry N,
atmosphere (flow rate 80 mL min~ ). All the data were analysed using STARe
software.

Hot stage microscopy (HSM)

The thermal behaviour of the material was studied by hot stage microscopy
(HSM), the transitions were observed on a single crystal of Form «, grown by
precipitation by gradient temperature with a slow cooling rate, using an
OLYMPUS BX41 stereomicroscope equipped with a LINKAM LTS350 platinum
plate for temperature control and VISICAM analyser. The single crystal is placed
on a glass slide and covered with a coverslip; next, it is set inside of the sealed
heating chamber.

During the experiment time-lapse images were taken using a NIKON DS FI3
high speed camera and analysed using Nikon NIS Elements software and
Linksys32.

Variable temperature X-ray powder diffraction (VT-XRPD)

VT-XRPD in transmission mode was performed at the Paul Scherrer Institute (PSI)
synchrotron radiation facility (Switzerland) at MS-X04SA beamline using a well
filled and compacted capillary with NDI-C6 powder. The MS powder diffractom-
eter used works in Debye-Scherrer geometry and is equipped with a solid-state
silicon microstrip detector, called MYTHEN (Microstrip sYstem for Time-
rEsolved experimeNts).”> The data were collected with a beam energy of 12.4
keV (1.0 A). The characterization was executed in a temperature range from 20 °C
to 195 °C, to observe the several transitions that occur during temperature
variation.

VT-XRPD in reflection mode were performed on a PANalytical X'Pert Pro
automated diffractometer with an X’Celerator detector in Bragg-Brentano
geometry, using Cu Ka radiation (1 = 1.5418 A) without a monochromator in the
20 range of 3-30.0° under continuous scan mode, step size of 0.0167°, counting
time of 24.765 s, Soller slit of 0.04 rad, 40 mA and 40 kV equipped with an Anton
Paar TTK 450 system for measurements at a controlled temperature.

Thin films deposition

Various thin films were fabricated by spin-coating on 2 x 2 cm?® SiO,/Si
substrates, previously cleaned by sonication in an ethanol bath, followed by
sonication in an acetone bath and finally rinsed with deionised water and dried
with compressed air. Deposition was carried out varying the process parameters:
solvent, concentration, and speed. In addition, thermal annealing at 75 °C for 1

This journal is © The Royal Society of Chemistry 2022  Faraday Discuss., 2022, 235, 490-507 | 493

30



Faraday Discussions Paper

Table 1 Parameters used to deposit NDI-C6 films by spin-coating on SiO,/Si substrates

Solvent Concentration Speed Number of layers Thermal annealing
TOL 1 mg mL "’ 1000 rpm 1 No
Yes
2 No
3 No
750 rpm 1 No
3 mg mL ™" 1000 rpm 1 No
DCM 1 mg mL ™" 1000 rpm 1 No
2 No
3 No
750 rpm 1 No
Yes
3 mg mL ™" 1000 rpm 1 No
CHF 1 mg mL ™" 750 rpm 1 No
Yes

hour was performed for some samples. The details of the process parameters are
summarised in Table 1.

Structure determination from powder

Indexing, structure determination and refinement of Form y was performed
using TOPAS v5, a nonlinear least-squares optimization program written in the
C++ programming language.®*** The X-ray powder diffraction pattern of Form vy at
54 °C was indexed with triclinic cell with parameters: a = 4.855 A b=6.4714,c=
19.946 A, a = 92.14°, 8 = 95.83°, v = 104.22 and volume 603 A% and space group
P1. The simulated annealing was performed with a half molecule constrained on
the inversion centre. The best solution was chosen for Rietveld refinements,
which were performed with the software TOPAS. A shifted Chebyshev function
with five parameters and a pseudo-Voigt function were used to fit background and
peak shape, respectively. An overall thermal parameter was adopted for all atoms
of non-hydrogen atoms. All the hydrogen atoms were fixed in calculated posi-
tions. The Rietveld refinement reached the following values: Rwp = 3.45%, R =
2.12%, GoF = 2.81.

PASCal

PASCal - Principal Axis Strain Calculator is a web-based tool used to determine
the principal coefficients of thermal expansion from variable-temperature lattice
parameters.”® The input data needed by the tool is simply the value of the
temperature and the unit cell parameters at each temperature, for that we used
the diffractograms acquired at PSI and refined the cell parameters using Pawley
refinement. The tool returns as output the principal axis of thermal expansion
and the orientation of the principal axes relative to the axes of the unit cell.

Results and discussion
Polymorph screening

Recrystallization experiments in ACN, ACT, CHF, DCM, MET, TOL, H,0, 2PR, ETA
and PXY led to the isolation of pure Form «, either as a powder or single crystals.
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The single crystals were obtained by temperature gradient precipitation with
a slow cooling profile. Crash cooling experiments in DMF allowed the concomi-
tant crystallization of Form o and Form P in powder mixture. Furthermore,
a mixture of the two different forms was also attained by evaporating at 60 °C, the
filtered mother liquor from high temperature slurry experiments in DMF.

Recrystallization gave pure Form a or a mix with Form B. However, we were
able to obtain pure Form B by annealing Form o. Phases y and 3 were observed
only at high temperature, and it was not possible to achieve them at room
temperature in bulk. However, in thin films it was possible to isolate Form a,
Form B and Form vy at room temperature.

Thermal properties

We performed DSC, HSM and VI-XRPD on NDI-C6 to characterize its thermal
behaviour and the results were compared to determine the different phases ob-
tained during the thermal treatment.

DSC analysis was based on the first heating, cooling and second heating cycles.

During the first heating of the starting material, the DSC curve presents
a solid-solid transition around 178 °C before the melting point at 207 °C, Fig. 2b.
This coincides with what has been described before by Milita et al.* and is
ascribable to a double transition: Form o — Form y suddenly followed by the
transition of Form y — Form d. The Form oo — Form 8 transition could be clearly
observed by HSM at 180 °C (see Fig. S1 in ESI{).

The VT-XRPD data (Fig. 3) are consistent with the described behaviour, an
extra peak belonging to Form v, appeared during the transition (around 180 °C),
and disappeared concomitantly with the peaks of Form o once the transition into
Form & was complete.

While the first heating cycle of the NDI-C6 Form o was always reproducible, the
cooling cycle showed two different behaviours depending on whether the sample
was melted or not. When the DSC experiment was performed without reaching
the melting point of NDI-C6, the cooling curve matched with the behaviour
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Fig.2 DSC curves of NDI-C6, (a) heating cycle before melting, black line: first heating, up
to the first transition Form o, vy — Form 3, red line: first cooling with two exothermic
events, Form 8 — Form vy at 163 °C and Form y — Form B at 56 °C, blue line: second
heating, with an endothermic peak at 69 °C Form B — Form vy, at 110 °C an exothermic
peak related to the partial conversion of Form +y into Form o, and at 177 °C an endothermic
peak Form y + o — Form 3. (b) Heating cycle up to melting, black line: first heating, at
178 °C transition Form o, vy — Form 9, at 206 °C melting, red line: first cooling with three
exothermic events recrystallization into Form d at 205 °C, Form 8 — Form y at 165°C, and
Form y — Form a at 143 °C, blue line: second heating, at 178 °C transition Form o, v —
Form 8, at 206 °C melting.
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Fig.3 VT-XRPD of NDI-C6 at PSI synchrotron, 2D isolines of first heating until 195 °C with
a transition of Form o — Form & at 180 °C, and the presence of the Form vy peak is
highlighted with an arrow.

already reported® with the Form 8 — Form v transition at 163 °C and followed
the Form y — Form B transition at 56 °C, ending up with Form B as a metastable
phase at room temperature (Fig. 2a).

On the other hand, by heating up the sample above the melting point, we
observed a different pathway. By recrystallization at 205 °C, Form & was obtained
which converted into Form vy at 165 °C; the latter, unexpectedly converted into
Form o at 143 °C (Fig. 2b). The presence of Form o at RT was confirmed by the
second heating which was characterized by the almost concomitant double
transition at around 175 °C ending in Form 3. Furthermore, we confirmed this
behaviour by VI-XRPD: the NDI-C6 was melted and recrystallized on the sample
stage. After melting, the sample is characterized by a strong preferential orien-
tation, but the position of the first peak was used for the determination of the
different phases and confirmed the presence of Form o at room temperature (see
Fig. S3 in ESI¥).

The thermal behaviour was studied by visual observation of the solid-solid
transitions of NDI-C6 by HSM. A crystal was heated above the melting point
(214 °C), and then cooled at —10 °C min~" as shown in Fig. 4. The liquid crys-
tallized as Form § at 203 °C, as observed also in DSC analysis. Decreasing the
temperature, we observed a transition at 160 °C, that corresponded to the tran-
sition from Form d to Form v, then, at 145 °C, the transition Form y — Form
a occurred. No other transition was detected during the cooling, ending up with
only Form a in the sample.

During the VI-XRPD collected at PSI, the sample was not melted and during
the cooling, the transitions observed matched with the DSC analysis: Form
d converted into Form vy around 157 °C and then Form vy converted into Form 3 at
48 °C (see Fig. 2a and Fig. 5a). It is worth noting, that the remarkable thermal
stability of Form y was present in a temperature window of more than 100 °C and
showed a high thermal contraction.

During the second heating, the DSC curve showed the conversion of Form
B into Form vy at 69 °C then, an exothermic event occurred at 100 °C, which was
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Fig. 4 Hot stage microscopy during the cooling after the melting of a single crystal NDI-
C6, (a) recrystallization at 203 °C into Form 3, (b) Form 3 — Form v transition starting at
160 °C, (c) transition into Form y completed, (d) transition Form y — Form a occurring at
145 °C, (e) transition into Form a. completed.

ascribed to the partial formation of Form a as confirmed by the VI-XRPD, see
Fig. 5b. This event suggests that Form « is more stable than Form vy at temper-
atures lower than 175 °C, and that the conversion Form y — Form « is promoted
by the high temperature. In the temperature range 175-180 °C the two transitions
- Form oo — Form v, and Form y — Form d - occurred.

The VI-XRPD data confirmed the behaviour observed in DSC, pure Form f is
obtained by cooling the sample annealed to 195 °C (Fig. 5b) upon heating it
converts into Form vy at 73 °C. It is worth noting that at around 108 °C the peaks
associated with the interplanar distances 14.28 A and 6.75 A of Form o appeared,
which are related to the exothermic transition observed in the DSC. Form o and

Temperature (°C)
Temperature (°C)

20 (%) b)

Fig. 5 VT-XRPD of NDI-C6 at PSI synchrotron, (a) 2D isolines during first cooling from
195°C to RT, starting at Form & and ending at Form B. Two transitions are observable Form
8 — Form vy at 157 °C and Form y — Form B at 48 °C. (b) 2D isolines view of the second
heating from RT to 195 °C, with two transitions: Form 3 — Form y at 73°C and Form y —
Form & at 187 °C, itis also visible by the presence of two peaks of Form a, highlighted in the
figure with arrows, the peak at lower 24 is already present before the transition Form f —
Form vy but the intensity increases considerably around 110 °C.
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Form vy coexist up to 183 °C when Form a is fully converted into Form v, then at
187 °C Form & appears and the transition is completed at 190 °C.

The synergic approach of the different techniques allows us to rank the
stability of the polymorphs: Form a is stable until 175 °C, then Form v is stable
until 178 °C when it converts into Form & which is stable until the melting at
207 °C. Form B is always metastable but its energy should be between Form o and
Form .

More difficult is rationalizing what causes the different thermal behaviour in
cooling since they share common transitions: in fact, in both cases the high
temperature Form d converts into Form v, only at this stage, the two pathways are
observed. The different annealing process probably produces Form vy with
different morphology or crystallinity which ends up in a different metastability of
the crystals. When Form vy converts at high temperatures (145 °C) the thermal
energy allows us to directly reach the stable Form «, instead, when the Form y
endures until 60 °C, it converts into Form B because the lower thermal energy is
not enough to overcome the activation energy to reach Form a.

Thin films

We explored different combinations of solvent, deposition parameters and post-
deposition treatment to obtain different films of different polymorphs. As ex-
pected, the crystal phases deposited are highly oriented and only the main peak is
observed. The peak (100) of the Si at 33.00° (ref. 36) was used as the internal
standard to determine the correct 26 position of the peaks, and Table 2
summarizes the peak position used to identify the different phases.

By spin coating deposition of a low concentrated solution of NDI-C6 in DCM, it
was possible to obtain three different phases in the same film: Form o, Form
B and a new form called Form &, which was not observed before in the bulk
analysis, Fig. 6. Form € presents a strong peak at 5.2° that is not present in the
other forms, and it clearly shows a new phase. Form € was observed only in thin
films crystallized on Si/SiO, substrates: it is worth noting that since Form & could
be obtained also by quenching the melted NDI-C6 on Si/SiO, substrates, this
suggests that the new form might be induced by the substrate.

By changing concentration, speed or the number of layers, we always obtained
a mixture of phases with Form a« always present.

In films prepared using CHF solutions, only the Form o and Form & were
present as a mixture. It was possible to obtain pure Form o by thermal annealing
at 75 °C, Fig. 7.

By spin coating of toluene solutions with a speed of 1000 rpm, Form & was
obtained but it starts converting into Form f after a short time, Fig. 7.

Table 2 Peak position and related hk! plane observed in films of each phase

Form d (A) hikl 26 (°)
Form o 14.3 (001) 6.2
Form B 18.3 (001) 4.9
Form y 19.8 (001) 4.4
Form 3 19.0 (002) 4.6
Form ¢ 17.0 — 5.2
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Fig.6 Thin film prepared with a DCM solution showing a mixture of three different phases
(Form a, Form B and Form g).

A Form v film is obtained by thermal treatment of Form f film at 75 °C (Fig. 7).

It is worth noting that the more polar and volatile solvents (DCM and CHF)
favour the deposition of the stable Form o, although always concomitant with
other metastable phases (Form B and Form ¢) potentially promoted by the fast
evaporation of the solvent. Toluene, on the other hand, favours the presence of ¢,
and despite being a high boiling solvent, the stable Form a is hardly observed.
The main peaks observed in the thin films are ascribable to the alignment of the
molecules on the substrate and it is worth noting that the B, v and ¢ are char-
acterized by peaks at lower angles than o, which indicates that NDI-C6 molecules
are less tilted in respect to the substrate as observed for the y phase. The longer
planar distance is also induced by different conformation of the chains as dis-
cussed in the next section.

Crystal structure

Structure solution of Form y was obtained by simulated annealing with TOPAS 5.
The X-ray powder pattern of Form v at 54 °C was indexed with a triclinic cell with
a volume comparable with the molecular volume, the simulated annealing was
performed with a half molecule constrained on the inversion centre.

As observed for the NDI-Cn molecules, the overall structures can be described
as the stacking of layers of molecules, showing on the interface the alkyl chains.
Conformation and length of the chains play a key role in the final structure tuning
the aromatic core interactions. In Form v, the alkyl chains of NDI-C6 present
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Fig. 7 Thin films of the different phases, identified by the characteristic peak of each
phase, Form a in red, Form B in blue, Form v in black and Form ¢ in green.
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a quite different conformation in respect to Form o, although the carbon atoms
do not adopt a full anti conformation, the chain is stretched, increasing the long
axis of the molecule (see Fig. 8a and b). In both structures, the molecules form -
T interactions, with mainly columnar packing, the interplanar distance of Form vy
is slightly longer than in Form a (3.5 A instead of 3.4 A), which allows the nearby
columns to get tighter (see Fig. 8c and d). The different arrangement of the
aromatic core can be better evaluated with the use of the stacking vector (SV) and
the angles x and y as described by Milita et al.*” The SVs are similar in both Form
o and Form y (4.90 A and 4.86 A respectively), but they have quite a different
orientation, hence different x and y values (76.0° and 46.4° in Form o and 64.7°
and 58.4° in Form 7). The clustering of the different y/y values for the NDI-Cn
shows two different stacking modes, one for the short alkyl chains (n < 7) and the
other for the longer ones. Interestingly the values obtained for Form y are closer
to the group of longer chains, where the energy contribution of the chains is
predominant.

The thin films of Form « and Form v are highly orientated and in both cases
the highest peak is due to the crystallographic plane (001), which means that the
planes (00/) are parallel to the substrate. Fig. 9 shows how the molecules of Form

Fig. 8 Comparison of the structure of Form a (left) and Form v (right): (a and b) different
conformation of the chains in the NDI-C6 structures (hydrogen omitted for clarity); (c and
d) columnar arrangement of the aromatic core, view along the long direction of the
aromatic core; (e and f) columnar arrangement of the aromatic core, view perpendicular
to the aromatic core. In c—f hydrogen atoms and alkyl chains are omitted for clarity.
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o and Form vy are organized on the substrate, and since in Form y the NDI-C6
molecules are less tilted in respect to the substrate than in Form a, the d, ¢ 1 is
longer and the first peak is observed at a lower 2¢ angle than the peak of Form o.

Thermal expansion calculation

As mentioned previously, NDI-C6 presents a big thermal expansion that could be
noticed by the peak shift in the VI-XRPD. To have better insight into the thermal
expansion mechanism, we used PASCal to analyse Form o and Form vy. The
principal axis coefficients and the orientation of the tensors are summarized in
Table 3.% It is worth noting that the tensors are a set of orthogonal axes (the
principal axes) along which the material responds in a purely linear fashion, and
in the case of the triclinic system they are not related to the unit-cell axes.

Looking at the results obtained, we can immediately see that both polymorphs
have a negative thermal expansion (NTE) along one principal axis, this behaviour
is uncommon but it has been described in different materials before, for example
in BHH-BTBT.?"*®

In Form o, the highest positive thermal expansion positive thermal expansion
(PTE) of 308 MK ' can be considered a huge expansion® and it affects the
distances between the layers (see Fig. 10a), which involves mainly the alkyl chains,
while the NTE occurs inside the layer and affects mainly the distances between
the side-by-side aromatic core, these two effects promote the conversion into
Form v, where the alkyl chains are more stretched, and the columns are closer. As
observed before, increasing the temperature allows to reach this new family of
phases where the arrangement of the aromatic core is closer to the one observed
for the NDIs with long chains and the molecules are less tilted with respect to the
(0 0 1) plane, which can be detected by the first peak as low 26 values.

It is worth noting that in Form v the thermal expansion is highly anisotropic,
with a colossal NTE (X1 = —292 MK ') and a massive PTE (X3 = 552 MK ') using
the notation proposed by Goodwin et al.** and Henke et al.*’ In Fig. 10b the X1 and
X3 are reported, and considering that the component of X1, X2 and X3 along the ¢

(001)

78

Fig. 9 Molecular arrangement of thin films oriented in the Si/SiO, substrates of (a) Form
o and (b) Form .
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Table 3 Values (ax) of the principal axis of thermal expansion (X1, X2 and X3) and their
orientation in regards to the cell axis, a, b and ¢ for both Form o and Form vy

Principal
axis oy (MK a b c
Form a X1 —87 —0.3966 —0.9180 0.0040
X2 133 0.9847 —0.0715 0.1590
X3 308 —0.6626 0.2685 0.6992
Form y X1 —292 0.1631 0.9478 —0.2740
X2 193 0.9613 —0.2584 —0.0957
X3 552 —-0.7771 —0.5966 —0.2005

D

\
J

Fig. 10 Packing of the structures with X2 perpendicular to the figure, X1 in red and X3 in
blue. The arrows indicate the direction of the tensors: (a) Form a and (b) Form .

axis are limited, it suggests that the main rearrangement occurs in the intralayer
and the tilt of the molecules. This behaviour can explain the different thermal
pathways, when the transition Form y — Form o occurs at high temperature, it is
possible to rearrange the chains and reach the stable Form a. On the other hand,
if Form y reaches a low temperature, the contraction that occurs during the
cooling, which involves mainly the layer, compresses the alkyl chains preventing
their folding, and instead of Form a, Form f is obtained, which is characterized by
a longer axis.

Conclusion

We have studied in detail the thermal behaviour of NDI-C6, already known for the
high number of polymorphs that can be detected by varying temperature. The
careful study of the transition allowed us to determine the stability of the different
polymorphs: Form a is stable up to 175 °C, then Form v is stable until 178 °C
when it converts into Form & which is stable until it melts at 207 °C. Form f is
always metastable and its energy is supposed to be between Form o and Form .
This study revealed that depending on the thermal history, it is possible to ach-
ieve different phases at RT: Form o or Form f. The former is obtained by cooling
of the melt while the latter is obtained by annealing until below the melting point
(206 °C), this phase is metastable at RT, and it reconverts into Form o over time.
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We were able to determine the crystal structure of Form vy, where the NDI-C6
presents almost stretched alkyl chains, and an overall packing closer to the
structure of NDI-C,, with n > 7. Form o. and Form vy present exceptionally high PTE
and NTE values, and the analysis of the principal coefficients of thermal expan-
sion gave us insight into the solid-solid transition. In Form «, the highest PTE
influences mainly the interlayer distance and upon heating, promotes the
stretching of the alkyl chains and thus the conversions to Form y. On the other
hand, colossal NTE and massive PTE calculated on Form v, are predominant in
the ab plane, hence in the arrangement of the aromatic cores. Upon cooling, if the
transition to Form o does not occur at high temperature, Form y reaches low
temperatures, and the contraction that occurs during the cooling prevents the
folding of the alkyl chains and instead of Form a, Form  is obtained, which is
characterized by a longer axis.

By different combinations of solvent, speed of deposition and thermal
annealing, it was possible to obtain pure phases on the thin film. DCM and CHF
promoted the formation of a mixture of Form « with different phases, while, by
deposition of toluene solutions, a new polymorph labelled Form & was observed.
The new form is metastable and converts into Form 3 over time. Pure Form o and
vy were obtained by thermal annealing at 75 °C for 1 h of the sample obtained with
DCM and TOL solution, respectively. Form ¢ has been observed only on Si/SiO,
substrates and further investigations are planned to confirm that it is a substrate-
induced polymorph.
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Chapter 3: Study of surface induced polymorphism of
NDI-C6

Overview

The work present herein is a continuation of the work reported in the previous chapter, therefore
the material explored is NDI-C6. This chapter focuses on exploring and understanding the crystal
forms obtained in thin films.

A set of new skills were gained throughout this project which was done in part during my
secondments at the Technische Universitat Graz (TUGraz) (March-June 2020), under the
supervision of Prof. Roland Resel, and at the University of Cambridge (April-July 2022), under
the supervision of Prof Henning Sirringhaus.

While | was in TUGraz, | characterized the thin films using X-ray reflectivity and variable
temperature X-ray reflectivity. Since my time in TUGraz was during the pandemic lockdown my
access to the laboratory was limited and therefore the number of experiments was also limited.

In addition, | had the opportunity to later join the group of Prof. Roland Resel at Elettra Sincrotrone
Trieste at the X-ray Diffraction 1 (XRD1) beamline to further characterize my samplesand I learnt
about grazing incidence XRD and how to analyze the results obtained from this technique.

At the University of Cambridge, | acquired knowledge on OFET fabrication, electrical
characterization using a semiconductor parameter analyzer linked to a probe station and
morphological characterization with AFM.
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Study of surface induced polymorphism of NDI-C6

Introduction

Polymorphism, the ability of any compound to crystallize as more than one distinct crystal form,
has been widely studied in bulk as opposed to polymorphism in thin films.= Thin film
polymorphism is still a field minimally explored and more difficult to control and understand,
nonetheless, it has been proved that molecule-substrate interactions can greatly influence the
molecular packing by lowering the activation energy barriers, which causes heterogeneous
crystallization. 14-® Consequently, the crystal structure in the vicinity of a substrate does not always
match the bulk structures.

These new crystal forms, called thin film phases or surface mediated phases were observed for the
firsttime in thin films of pentacene which started the interest to study this phenomenon in organic
semiconductor molecules. 5% More recently, these phases have been described as surface induced
polymorphs and surface selected polymorphs. A surface induced phase (SIP) can be associated
with a distorted bulk phase since usually the crystal parameters do not differ much from the ones
of the bulk phases, while a surface selected phase does not show a relation with the bulk phases,
and it is considered an authentic new structure.

Once the crystal packing strongly affects the charge carrier mobility and the charge transport
happens within a few molecular layers in the semiconductor-insulator interface, it is extremely
important to study the formation of SIPs. 1257812 Even though the importance of SIPs cannot be
denied, a systematic approach to study, identify, and characterize SIPs is not reported yet and only
a small number of systems have been studied. 781!

N, N’-bis(n-hexyl)naphthalene-1,4,5,8-tetracarboxylicdiimide (NDI-C6), Figure 1, is a small-
molecule n-type organic semiconductor with high electron affinity, and good electrical properties
such as good charge carrier mobility and thermal and oxidative stability, what makes it a good
candidate to organic electronics. 3 Moreover, it exhibits high solubility making it easy to
produce films by solution-based processes like drop-casting and spin-coating, with different
solvents. Which is a requisite during the screening of SIP to study the effect of different solvents,
solute concentration and temperature in thin film formation since these factors can affect the
crystallization process and promote different polymorphs.1°16

Furthermore, NDI-C6 has proven to be prone to create various polymorphs: Form a (the stable
form at RT), Form 3, Form y and Form 6 (all three obtained by thermal treatment and convert back
to Form a at RT).1"18 And the number of crystal forms is higher compared to similar molecules
with shorter or longer chains. Recently we have also described the presence of a new phase, called
Form &, which can be classified as a SIP. 18

In this work we study the influence of several deposition parameters such as solvent and solution
concentration, in the deposited films. The stability of the films, both over a period of time and
thermal, were also evaluated. With the optimized conditions to get films of pure phases, we studied
the different polymorphs in thin films including the substrate induced polymorph Form ¢ using
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GIXRD, what allowed us to get two possible cell parameters for Form €. Furthermore, we also
tried to characterize the different electrical properties of the different phases, by producing and
characterizing OFETs using the optimized conditions to deposit the semiconductor layer with
known crystal phases. The films were also characterized by AFM analysis to describe the
morphology of the active layer.

Figure 1 - Chemical structure of NDI-C6 molecule.
Experimental section
Materials

N, N’-bis(n-hexyl)naphthalene-1,4,5,8-tetracarboxylic diimide (NDI-C6) molecule is
commercially available, it was purchased from Sigma-Aldrich and used as received.

Thin films deposition

Various thin films were fabricated by spin-coating on 1x1 cm? and 2x2 cm? SiO,/Si substrates,
previously cleaned by sonication in an acetone bath, followed by sonicationin an ethanol bath and
finally rinsed with deionised water and dried with compressed air. Deposition was carried out
varying different process conditions such as solvent, concentration, and speed. In addition, thermal
annealing at 75°C for 1 hour was performed for some samples.

X-ray reflectivity (XRR)

X-ray reflectivity measurements were performed with a PANalytical Empyrean diffractometer
with Cu Ka (A = 1.54178 A) radiation from water cooled copper tube powered with 40 mA at 40
kV. The measurements were performed specularly, what means the incident and diffracted beam
have the same angle to get out of plane information, with an incident angle between the 0-6°. The
detector used was the PIXcel3D detector, a solid-state detector with 255x255 pixels of 55x55 um
size in OD receiving slit mode using three open channels.

Variable temperature X-ray reflectivity (VT-XRR)

In situ variable temperature X-ray reflectivity was performed with the same specifications of the
XRR described above, equipped with a DHS 900 heating stage. The heating stage was equipped
with a dome to protect the sample from oxidation at high temperatures and to maintain the
temperature controlled.
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X-ray diffraction (XRD)

To identify the crystalline forms obtained in the deposited films, they were characterized by XRD
in Bragg—Brentano geometry, with a Rigaku MiniFlex 600 diffractometer using a Cu Ka (A =
1.54178 A) radiation generated from a copper sealed tube with 40 kV and 15 mA, over the 26
range of 3—40° with a step size of 0.01° and speed of 10.0°/min.

Grazing incidence X-ray diffraction (GIXRD)

To study the in-plane structure of the thin films, grazing incidence X-ray diffraction was performed
at the Elettra Synchrotron in Trieste at the X-ray Diffraction 1 (XRD1) beamline. The beamlineis
equipped with a multipole wiggler photon source with a range of 4-21 keV, a cylindrical
collimating mirror, a double-crystal Si(111) monochromator and a bendable toroidal focusing
mirror. The Goniometer used is a Huber Kappa Goniometer. The detector is a Dectris Pilatus 2M
detector with a CMOS hybrid-pixel technology operating in single-photon-counting mode.*®

GIDVis

To visualize and analyse the grazing-incidence thin-film X-ray diffraction data obtained during
sample rotation around the surface normal GIDVis was used. GIDVis is a software package based
on MATLAB that allows the user to perform detector calibration, data stitching, intensity
corrections, standard data evaluation and crystal phase analysis. 2°

GIDInd

GIDInd is automated indexing software based on the assumption of a triclinic unit cell with six
lattice constants and a distinct contact plane parallel to the substrate surface. It was used to index
and obtain the cell parameters of the unknown phase. The input data is taken from GIXRD results,
and the output are unit cells reduced according to approved crystallographic conventions. 2

Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) measurements were performed under ambient conditions in
tapping mode using Asylum Research MFP-3D AFM System (Oxford Instruments) and TESPA-
V2 probes (Bruker) with a nominal tip radius of 7 nm, 320 KHz frequency, and a spring constant
of 37 N/m.

Devices fabrication

Organic field effect transistors (OFETSs) with both bottom-gate bottom-contact and bottom-gate
top-contact configurations were produced to characterize the performance of NDI-C6 based
devices. Silicon wafers with thermally grown SiO, were used as substrate. The SiO,/Si substrates
were cleaned by sonication with a diluted Decon 90 solution for 10 min, followed by sonicationin
water, acetone, and IPA for 10 min in each solvent, and finally dried using a nitrogen gun. The
organic semiconductor layer was deposited with the different optimized conditions and in the case
of Form o and Form y the films were annealed at 75°C for one hour. In the case of the bottom-
contact configuration, chromium (5 nm) and gold (25 nm) were thermally evaporated onto the
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substrate to form source and drain contacts using shadow masks. For the top-contact configuration
only gold was thermally evaporated onto the semiconductor layer also using shadow masks.

Devices characterization

Transistors were characterized using an Agilent 4155B Semiconductor Parameter Analyzer and
standard probe station setup at room temperature in an N-filled glovebox with H,O and O, <5

ppm.

Results and Discussion
Different solvent and concentrations

Films of NDI-C6 were prepared at room temperature by spin-coating with a speed of 1000 rpm for
60 seconds, using toluene and dichloromethane. The solvents used were chosen due to the boiling
point difference, 110°C for toluene and 40°C for dichloromethane, making the evaporation of
solvent during the spin-coating significantly distinct to promote differences in the crystallization
process and assess the formation of different polymorphs. It is reported that lower concentrations
tend to form less densely packed crystal forms on the surface, 1° so different concentrations were
tested to evaluate the influence of this parameter on the crystallization.

The five different polymorphs reported in chapter 2 can be easily identified by their characteristic
peak position and corresponding hkl plane, reported in Table 1.

Table 1 - Peak position and related hkl plane used to identify the different phases in filmsand their respective density.

Form d (A) hkl 20 (°) Density
(g/cm®)
Form a 14.3 001 6.2 1.25
Form 3 18.3 001 4.9 1.22
Form vy 19.8 001 4.4 1.20
Form 6 19.0 002 4.6 1.05
Form ¢ 17.0 - 5.2 -

By varying the concentration of the solutions, we were able to deposit different polymorphs. As
expected, thicker films promote the formation of the most thermodynamic stable bulk phase Form
a, even though it was always observed concomitantly with other phases.

Form € was obtained as pure phase by spin coating a Img/mL dichloromethane solution, while by
increasing the concentration of the solution the films obtained are a mixture of Form ¢, Form a
and Form B, Figure 2 a).

When we changed the solvent to toluene, by spin coating a 1 mg/mL solution led to the formation
of pure Form B, while higher concentrations (1.5 mg/ml and 2.0 mg/ mL) lead to the formation of
a mixture of Form &, Form o and Form [, as shown in Figure 2 b)
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From the study of the bulk polymorphism, it is known that Form § converts into Form a over time.
Therefore, since the films were not characterized immediately after the deposition, it is difficult to
claim surely if the films crystalize as a mixture of the three concomitant polymorphs or if the
mixture is a result of the partial conversion of the less stable phases.
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Figure 2 - X-ray reflectivity of thin films with different concentrations of a) dichloromethane solutions, b) toluene
solutions.

Normally the surface-induced phases are ascribed to very thin films, as observed in the deposition
of the dichloromethane solution, where increasing the concentration, increases the thickness of the
film and promote the formation of the crystal phases observed in bulk. The results obtained by
deposition of toluene solutions are difficult to explain, since the Form € which is the SIP phase is
observed not on the thinner layer obtained with the lowest concentration but on the thicker film
concomitantly with Form o and Form B. This uncommon behavior led to a deeper study of the
influence of the toluene solutions concentration in the films’ polymorphs. Two additional
concentrations have been considered (2.5 and 3.0 mg/mL).

1014 r
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Figure 3 — X-ray reflectivity measurement of films produced with toluene solutions of different concentrations.

From the XRR patterns of the films deposited with toluene solutions of various concentrations, we
can observe that even with a solution of 3mg/mL the films continue to be Form ¢, Form 3 and
Form a, Figure 3.
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Stability over time

The stability of the thin films over time was checked by characterizing the samples again after 3-
4 weeks. The sample preparation and the measurements were done in Spring 2020 during the
pandemic lockdown, so it was not possible to keep the same interval of time for every sample.

Pure Form & converts in Form a and Form y after 20 days (see Figure 4 a). While after
approximately 20 days the film of Form a, Form 3 and Form & converts to Form a and Form 3
(Figure 4 b), it is worth noting that in this case, because the more stable Form o and Form [ are
observed in the film after deposition, Form € converts directly to Form o and Form  and no Form
vy is detected. These results make it safe to conclude that Form ¢ is less stable at room temperature
than both Form o, Form § and Form .
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Figure 4 — Stability over time measured by x-ray reflectivity of films deposited with a) 1mg/ml dichloromethane
solution and b) 2mg/ml dichloromethane solution.

The film of pure Form 3 was stable and in 30 days no other phases appeared (Figure 5 a). The film
of Form a, Form B and Form ¢ produced with a toluene solution also stays unchanged even after a
longer period of 45 days (Figure 5 b), in this case Form & does not convert to the more stable forms.
It is important to mention the difference between the films produced with dichloromethane and
toluene, since the stability of films with the same phases, namely the mixture of Form o, Form f3

and Form ¢, changes when different solvents are used.
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Figure 5 - Stability over time measured by x-ray reflectivity of films deposited with a) 1mg/ml toluene solution and
b) 2 mg/ml toluene solution.

The films obtained using toluene solutions showed better long-term stability after more than one
month, including in the films of Form €. Hereupon, we focused on studying the stability of Form
¢ in a film produced with a 3 mg/mL toluene solution. The film was characterized by XRD
immediately after the deposition and again 1 day and 4 days after the deposition, Figure 6.
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Figure 6 — XRD of Form ¢ right after deposition and after one and four days.

The stability analysis of the new thin film produced with a 3 mg/mL toluene solution showed a
surprising result, immediately after the deposition the film is composed of only Form €. After one
day, the results showed already the presence of Form a and Form 3 peaks, and by the fourth day
the intensity of the peaks of Form a and Form B increased while the peak of Form & decreased in
intensity. These results confirm that Form ¢ is a metastable phase with a tendency to convert over
time at RT with no specific control of storage conditions. This observation suggests that the
previously studied films that are a mixture of Form a, Form B and Form & may be the result of the
partial conversion of Form € to Form o and Form .

Thermal stability

We studied the thermal behavior of the films to better understand where Form ¢ fits in the stability
ranking among the other polymorphs, for that in situ variable temperature XRR was performed. In
this analysis, four different films (toluene 1mg/mL, toluene 2mg/mL, dichloromethane 1mg/mL
and dichloromethane 2mg/mL) were characterized. Even though the films were characterized
weeks after the deposition, what caused the conversion to most stable forms in some cases, it is
still possible to draw conclusions from the thermal analysis.
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Figure 7 - In situ variable temperature X-ray reflectivity of films deposited with a) 1 mg/ml toluene solution, b)
2mg/ml toluene solution.
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The film of pure Form B, is stable until 100°C and at 150°C has completely converted into Form
v, see Figure 7 a). From the bulk thermal analysis, this transition was already expected, however
the results show that Form B is stable until higher temperatures in film, since when in bulk the
transition Form 3 = Form vy is at approx. 70°C while in film is stable up to 100°C. At 185°C the
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film has completely sublimed, and no signal is detected in the measurement, while in bulk it melts
close to 215°C.

The film of Form a, Form § and Form € remains stable until 50°C and at 100°C Form 3 converts
into Form y making the film a mixture of Form a, Form y and Form . Further in the heating, at
150°C, it can be observed the complete disappearing of Form ¢ and only Form o and Form y are
present in the film. Lastly, Form a converts into Form y and the film ends up as pure Form vy at
175°C, see Figure 7 b). In addition, a slight shift in the peak position can be observed during the
heating due to thermal expansion.

By the temperature involved in the transitions it is possible to determine the stability ranking of
the different polymorphs in thin film. The ranking can be described as: Form a is stable from RT
until 150°C, Form B is metastable from RT up to around 100°C, Form ¢ is also metastable in the
range of RT-150°C and Form v is stable from 150°C until sublimation of the film around 180°C.
At least within the experimental conditions investigated, it was not possible to get Form & in film,
the polymorph that is stable in bulk from 178°C until the melt at 207°C.*8

Thin films of pure phases

To be able to study more in deep the different polymorphs in thin film, the deposition conditions
were optimized to obtain pure phases in films, these results are described in our previous work and
can be consulted at Table 2. The films were characterized by XRD immediately after the deposition
to confirm the crystal form obtained, and all the polymorphs were pure right after deposition.

Table 2 — Deposition parameters used to obtain pure phases in thin films.

Polymorph Solvent Concentration Speed The”‘?a'
annealing
Form a Chloroform 1 mg/mL 750 rpm Yes
Form 1 mg/mL 1000 rpm No
Form vy Toluene Yes
Form ¢ 3 mg/mL 1000 rpm No

Using the conditions reported in Table 2, several batches of films were produced and characterized,
and the results were consistent. The films were characterized by XRD during the optimization,
Figure 8, and since the crystal phases deposited are highly oriented, only the main peak is observed
and itis related to the (001) plane for Form a, Form  and Form vy. In the case of Form ¢, the plane
associated with the peak observed cannot be described with certainty as the cell parameters are not
known.
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Figure 8 - Thin films of the different phases, identified by the characteristic peak of each phase, Form o in red,
Form f in blue, Form y in black and Form ¢ in green.

The films were also characterized by GIXRD to distinguish the crystal phases present in the films.
We used GIDVis as a tool to visualize and index the peaks present based on the cell parameters
known for each polymorph. It was possible to confirm that the films of Form o and Form y were
indeed pure, as showed in Figure 9, while the film of Form B show fuzzy and blurred spots which
makes it harder to identify the peaks.

q, (A"

q, (A"
oy

Form « Form 3 Form y
Figure 9 — Identification of hkl planes of each peak of Form o, Form f and Form y.

In the case of Form ¢, since there is no crystal structure or cell parameters reported, GIDInd was
used to index the peaks referring to Form ¢ to get the cell parameters of the surface induced phase,
this was quite challenging since the films of Form & are never pure by the time of the
characterization. Manual indexation was also performed by changing the cell parameters until a
good fit between the peaks present in the data and the calculated peaks is obtained. The cells
obtained with both methods can be consulted at Table 3. It is noteworthy the value of the c axis,
normally associated with the length of the layers, around 17A in both cells, this value also
coincides with the d-spacing obtained from the first and only observable peak of the XRD data.

Table 3 - Cell parameters of Form ¢ obtained by indexation of GIXRD data.

a(d) b@A) cA e BO 1O
GIDInd 484 869 1741 83.88 8506 81.61
Manually 470 820 17.80 96.70 9560 85.10
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OFET fabrication

Even though Form ¢ is known to be very metastable, OFETs were fabricated with the four
polymorphs obtained in thin films. Initially bottom gate bottom contact devices were fabricated by
depositing gold contacts with a thin layer of chromium to improve the gold adhesion on Si/SiO;
substrates, but for all the different polymorphs the transfer curves of the devices did not show any
drain current for all the gate voltages. With this architecture, OFETs were fabricated with and
without ODTS treatment of the surface before the semiconductor deposition; in both cases it was
observed the same behavior described before, i.e., no drain current.

Later we changed the architecture to bottom gate top contact devices and produced devices with
and without ODTS treatment. The behavior of the devices produced without ODTS with different
polymorphs can be observed in Figure 10.
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Figure 10 - Transfer characteristics of different polymorphs of NDI-C6.

The devices characterized do not show an ideal behavior as the drain current is always very low
and in the case of higher ON current the gate currentis also high and follows the trend of the drain
current. This behavior was observed in all the batches fabricated even when changing the Si/SiO;
wafer.

Another important characteristic of thin filmsis the morphology since it can significantly influence
charge transport along polycrystalline films. To have an insight into how the different polymorphs
crystallize in the substrate AFM was performed. At first instance, Form ¢ looks like having the
best electronic properties when compared to the other crystal forms, since the devices show higher
ON current but if we take a closer look to the film morphology, Figure 11, we can observe that all
the films have a very different morphology, yet none of the films show good coverage or good
uniformity. The thickness of the films is between 25-30nm in all cases, even though it is normally
a suitable thickness in the field of organic electronics, in these films it can be observed the

56



formation of individual crystal very scattered in the substrate with a big area uncovered by the
films. Form B and Form y have similar morphologies what was expected since Form v is obtained
by thermal annealing of Form 3, ergo the deposition conditions are the same except for the thermal
treatment. Among the four polymorphs Form  and Form y are the ones that show a better
uniformity. Form € form bigger crystals what creates a bigger uninterrupted pathway for charge
transport compared to the other films.
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Figure 11 - Film morphology of the four polymorphs of NDI-C6 characterized by AFM.

Conclusions

The polymorphism of NDI-C6 thin films deposited by spin-coating was studied, in particular the
influence of different solvents and concentrations. The choice of solvents was based on the
difference of boiling point, namely toluene that has a high boiling point and dichloromethane with
a much lower boiling point. It was possible to observe Form o, Form B and Form ¢ in films
produced with both solvents, the most common result is a mixture of the three phases, since Form
a is the thermodynamic stable phase and Form P is metastable at room temperature. However, it
was possible to obtain pure form B in films deposited with a 1mg/ml toluene solution and pure
Form ¢ with a Img/ml dichloromethane solution.

In addition, we also studied the thermal stability and the stability over time of the different films.
The films deposited with toluene proved to be more stable over a long period of time, while the
films produced with dichloromethane converted to more stable formsover time. The stability study
allowed us to conclude the stability ranking of the different polymorphs. The ranking can be
described as: Form a is stable from RT until 150°C, Form [ is metastable from RT up to around
100°C, Form ¢ is also metastable in the range of RT-150°C and Form v is stable from 150°C until
sublimation of the film around 180°C. At least within the experimental conditions investigated, it
was not possible to get Form & in film. All the pure phases deposited with the optimized conditions
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were studied by GIXRD to have a better insight of the crystal forms present in the films. In the
case of the new surface induced phase (Form €) we tried to index the peaks. Because the film 1S
very metastable at the moment of the characterization it was already a mixture of phases making
it difficultto get a definite cell and with different approaches, we were able to obtain two slightly
different cell parameters.

Using the optimized conditions to get pure phases, we produced OFET devices and studied the
morphology of the different polymorphs. The devices characterized do not show a good
performance overall, however different polymorphs appear to have different performances. The
difference in performance is most likely related to the morphology of the films since it impacts
hugely on the charge transport. Considering that none of the phases show films with good
uniformity and coverage it is not possible to compare the charge transport and electrical properties
of the different polymorphs.
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Chapter 4. Polymorph screening of core-chlorinated
naphthalene diimides with different fluoroalkyl side chain
lengths

Overview

This chapter startsa new project working with a new series of NDI derivatives provided by BASF
SE, which is a partner institute in the UHMob consortium. The selected molecules are core-
chlorinated NDlIs with fluoroalkyl side chains. These molecules are relevantin the field of organic
electronics since the molecular modifications make NDIs more stable in ambient conditions.

This work is focused on the polymorph screening of three NDI derivatives with different
fluoroalkyl chain lengths (CFs-NDI, CsF7-NDI, and CsFo-NDI). Even though all the systems
showed polymorphs and all of them had one solvate form, it was only possible to obtain suitable
crystals of the CFs-NDI different forms. The crystals were characterized by single-crystal XRD,
allowing me to learn and understand this technique.

To study the behaviour of the systems at high temperatures | submitted a proposal (ID proposal
2020094721) to ALBA synchrotron for the BL04-MSPD beamline and | was able to collect the
data in February 2021.

Supplementary information can be found in Appendix B.
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Polymorph screening of core-chlorinated naphthalene diimides
with different fluoroalkyl side chain lengths

Introduction

Organic field-effect transistors (OFETS) are very promising components as they allow to process
and fabricate low-cost, large-area, and flexible electronics.'* To develop electronic circuits based
on organic semiconductors it is needed complementary logic elements that are more than just
single transistors, for example the voltage inverter that is the most basic element. These logic
elements require n- and p-type semiconductors and are crucial to achieve low-power dissipation,
high-speed and stable circuit performance > Although much progress has been made in p-type
organic semiconductors, the development of organic n-type semiconductors significantly falls
behind.*"~12 The main reason can be attributed to the difficulty in finding n-type semiconductors
with high charge-carrier mobility and air stability, due to the high sensitivity of electrons to
ambient oxidants, since ambient oxygen and moisture act as electron traps. 1216

To improve the air stability of n-type semiconductors two different molecular design strategies can
be used. One is by introducing strong electron withdrawing substituents such as -CN, -Cl and -F
in the core region, this will lower the LUMO level that not only reduces the electron injection
barrier but also provide an effective barrier for water and oxygen penetration, improving the air
stability of the devices. The other approach is by adding fluorinated substituents at the imide
nitrogen such as fluoroalkyl chains. It is known that fluoroalkyl chains lead to a more densely

packed steric barrier to the atmosphere which can prevent oxygen and moisture penetration.
7,14,15,17

Among the n-type organic semiconductors, naphthalene tetracarboxylic diimides (NDIs) are one
of the most promising, due to their easy synthesis from commercially available precursors high
electron affinity, large w-orbital overlap in the solid state and tuneable optoelectronic properties.
9.1418-20 Consequently, NDI derivatives with fluoroalkyl chains at the imide positions and Cl
substituents in the core are very promising n-type organic semiconductors. The fluoroalkyl chain
substitution at the imide nitrogen positions of the NDI greatly affects the molecular packing and
charge carrier mobility 4°

The molecular packing of organic small molecule materials is strongly related to charge-carrier
transport properties, since close molecular packing with n-orbital overlap between neighbouring
molecules improves the charge carrier transport and facilitates high mobility. By slightly changing
the packing motif and relative orientation of molecules may cause a big difference in the charge
carrier mobility. 71217.21

For organic molecular materials it is very predominant the crystallization into different
polymorphs with various packing arrangements as a consequence of the noncovalent interactions.
22-24 polymorphism has proven to be an important factor to obtain high-performance organic
devices because only specific crystal packing yield to the best mobilities which can be orders of
magnitude higher than the mobilities observed in the other polymorphs, moreover it is not easy to
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tune the crystallization to obtain the desired form, which can be one not thermodynamically stable.
2325.26 Thys, the study of polymorphism in organic semiconductors is tremendously important.

Here we study the polymorphic behaviour of three core-chlorinated NDIs with fluoroalkyl chains
molecules, all the molecules have the same core and different chain lengths, see molecular
structure at Figure 1. The influence of the side chain on the crystal packing was analysed, as well
as the thermal properties of each compound. The focus of this work is to analyse the new
compound CFs-NDI (4,5,9,10-tetrachloro-2,7-bis (2,2,2-trifluoroethyl) benzo[Imn] [3,8]
phenanthroline-1,3,6,8(2H,7H)-tetraone) and compare it with the well-known CsF7-NDI and C4F-
NDI. Both C3F7-NDI and C4F9-NDI have been deeply studied as an active layer of organic field
effect transistors and the crystal structures of the most stable phase are solved. 41214 However, no
polymorph screenings are reported for these molecules. We report also the serendipitously
decomposition of CF3-NDI that was observed in DMSO and led to the formation of a solid solution
of CF3-NDI and CF3;-NDI-OH.

@) N O
Cl Cl 1. Ri=CF;
Seult="
Cl Cl 3. R3=C4Fg
@) Nk O
R

Figure 1 - Molecular structure of studied NDI derivatives.
Experimental Section
Materials

All the core-chlorinated NDIs with fluoroalkyl chains molecules were provided by BASF SE
(Ludwigshafen am Rhein, Germany).

Polymorph screening

The solubility of the three materials was assessed in 14 different solvents at room temperature (see
Table S1 in S.1.). Since the molecules exhibit different solubilities, the solvents used for the
recrystallization experiments were chosen according to the solubility. Recrystallization by solvent
evaporation at room temperature was carried out in the solvents where the solubility was higher
than 5 mg/mL, for the remaining solvents slurry experiments at RT were performed.

Slow cooling crystallization was performed using a Technobis — crystallization systems Crystal16
instrument. For CF3-NDI with a cooling rate of 0.125 °C/min with an acetonitrile (ACN) solution
with a concentration of 12.5 mg/ml starting from 75°C to 25°C, and with a dimethyl sulfoxide
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(DMSO) solution with a concentration of 33.3 mg/mland a temperature range 100°C-25°C. In the
case of C3F7-NDI and CsFo-NDI slow cooling was performed using an acetonitrile (ACN) solution
with a concentration of 3 mg/ml from 75°C to 25°C and a cooling rate of 0.125 °C/min. All the
crystals were left to dry at room conditions before XRD characterization.

X-ray powder diffraction (XRPD)

The powders obtained by recrystallization and the starting material of all the compounds were
characterized by XRPD to identify the crystalline phases. The XRD patterns were obtained in
Bragg—Brentano geometry, over the 20 range of 3—40°, with a step size of 0.01° and a speed of
10.0°/min, using a Rigaku MiniFlex 600 diffractometer with Cu Ko (A = 1.54178 A) radiation
generated from a copper sealed tube with 40 kV and 15 mA.

Variable temperature X-ray powder diffraction (VT-XRPD)

VT-XRPD in transmission mode was performed at ALBA Synchrotron light facility (Barcelona)
at BL04-MSPD (Material Science and Powder Diffraction) beamline using glass capillaries with
a diameter of 0.5 mm, spinning during the measurement. CF3;-NDI and C4F9-NDI powder was
filled and compacted in the capillaries. The beamline was equipped with the high-throughput
Position Sensitive Detector (PSD) MYTHEN and an FMB Oxford hot air blower to control the
temperature. 27 The data were collected with a beam energy of 30 keV (0.41235(1) A).28 The
characterization of CsFo-NDI was executed in a temperature range from 20°C to 275°C in
continuous heating with a 5°C/min heating rate. While for CF3-NDI only room temperature
powder pattern was collected.

VT-XRPD of C3F7-NDI was performed inreflection mode ona PANalytical X’ Pert Pro automated
diffractometer with an X’Celerator detector in Bragg—Brentano geometry over the 20 range of
3-30°, under continuous scan mode with a step size of 0.0167°, using Cu Ka radiation (A=1.5418
A) without a monochromator with 40 mA and 40 kV. The diffractometer was equipped with an
Anton Paar TTK 450 system for measurements at a controlled temperature.

Single crystal X-ray diffraction (SCXRD)

Data collection of single crystal X-ray diffraction of CF3-NDI*PXY, obtained from slow
evaporation at room temperature of a p-xylene solution, was performed with a Rigaku Oxford
Diffraction Xcalibur diffractometer with a Sapphire 3 detector using Mo Ka radiation (A=0.71073
A) at room temperature.

A crystal of CF3-NDI-SS, obtained from DMSO by slow evaporation at room temperature, was
mounted on a cryo-loop and used for a low-temperature (160 K) X-ray structure determination.
All measurements were made on a Rigaku Oxford Diffraction XtaLAB Synergy diffractometer
with a HyPix 6000HE hybrid pixel array detector using Mo Ka radiation (A=0.71073 A) from a
PhotonJet micro-focus X-ray source and an Oxford Cryosystems Cryostream 800 + cooler. A
crystal of CF3-NDI*Form I, obtained from acetonitrile by slow cooling crystallization, was
mounted following the description above but in this case the radiation used was Cu Ka (A=1.54184

A).
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The crystal structure was solved using OLEX 2-1.5 software by recurringto SHELXT codes that
uses the intrinsic phasing and refined with SHELXL-2019/2 with least square L.S. command.

For visualization and image acquisition of the crystal structures it was used CCDC Mercury
2022.1.0.2930

Differential Scanning Calorimetry (DSC)

The starting materials and the crystals obtained were characterized by differential scanning
calorimetry (DSC) using a Mettler-Toledo DSC-1 instrument. The samples were prepared by
weighing approximately 1-4 mg of the powder or crystals in aluminium pans (40 uL) and then
sealed with an aluminium cover. Before the measurement the pan cover was pierced, and the
measurements were performed with a pinhole during two cycles of heating and cooling with a rate
of 5°C/min under a dry N, atmosphere (flow rate 80 mL/min). Different rates of heating and
cooling were tried for better clarity of the thermal events, namely 2°C/min, 5°C/min, 10°C/min
and 20°C/min. All the data were analysed using STARe software.

Thermo-Gravimetric Analysis-Evolved Gas analysis (TGA-EGA)

To characterize the solvate forms of the different materials, TGA-EGA was performed on Mettler-
Toledo TGA coupled with a Thermo Nicolet iS 10IR FT_IR spectrometer with the scan rate of
10°C/min and analysed using STARe software.

Hot Stage Microscopy (HSM)

The thermal behaviour of the different crystals was studied by hot stage microscopy (HSM), the
influence of the temperature was observed on single crystals of C3F7-NDI*ACN and CaFo-
NDI*ACN, obtained by precipitation by gradient temperature in ACN with a cooling rate of -
0.125°C/min. The samples were prepared by placing the crystals on a glass slide and covering with
a coverslip. The sample is then positioned inside of the sealed heating chamber. The thermal
behaviour was analysed using an OLYMPUS BX41 stereomicroscope equipped with a LINKAM
LTS350 platinum plate for temperature control and VISICAM analyser. During the experiment
time-lapse images were taken usinga NIKON DS FI3 high speed camera and analysed using Nikon
NIS Elements software and Linksys32.

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Infrared spectroscopy was performed on all the crystal forms of CF3-NDI, what includes starting
material Form 1, solid solution and the solvate phase. The spectra were obtained using a
Fourier—transformation infrared spectrometer (Spectrometer: Nicolet iS50 and Detector: DTGS
ATR). The spectra were measured over the range of 4000—400 cm 2.

Nuclear magnetic resonance (NMR)

C-NMR and H-NMR were performed on a sample of CF3-NDI*SS using a Bruker Avance Neo
600 MHz spectrometer, equipped with cryoprobe PRODIGY, cooled with liquid nitrogen.
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Hirshfeld surface analysis.

For the Hirshfeld surface analysis of each Form of CF3-NDI, C3F7-NDI and C4F9-NDI it was used
the software CrystalExplorer 17.5. The analysis was carried out using the crystal structures
obtained by single crystal XRD for each Form. The corresponding 2D fingerprint plots were also
generated using CrystalExplorer 17.5.

PASCal

PASCal — Principal Axis Strain Calculator is a web-based tool used to determine the principal
coefficients of thermal expansion from variable-temperature lattice parameters.! The tool requires
the temperature and the unit cell parameters values at each temperature as input data. For CsF-
NDI we used the data from the VT-XRD obtained using a PANalytical X Pert Pro, while in the
case of CsFo-NDI it was used the diffractograms acquired at ALBA. In both cases the cell
parameters were refined using Pawley refinement. The tool returns as output the principal axis of
thermal expansion and the orientation of the principal axes relative to the axes of the unit cell.

Results and Discussion
Polymorph screening

The solubility assessment for the three molecules demonstrates a decrease in the solubility with
the increase of the length of fluoroalkyl side chains related to the low surface free energies of the
fluoroalkyl chains and the fact that they are non-polarizable.

In the case of CF3-NDI, recrystallization experiments by solvent evaporation were performed as
described in the experimental section and yield always to the CF3-NDI*Form I (starting material),
except in DMSO and paraxylene. By solvent evaporation in paraxylene we obtained a solvate
called CFs-NDI*PXY which converts into CF3-NDI*Form | in a couple of hours at room
conditions. When CF3-NDI isrecrystallized in DMSO, both by solvent evaporation and by thermal
gradient precipitation with a slow cooling profile, big orange block crystals are obtained which
only after some efforts were identified as a solid solution of CF3-NDI and a new molecule obtained
by decomposition of CF3-NDI. The characterization of the new molecule was not straight forward,
since it isalways obtained along with the presence of starting compound, however by single crystal
X-ray diffraction, C-NMR, H-NMR and FTIR (Figure S1, S2 and S3) we were able to identify the
new molecule as 4,59-trichloro-10-hydroxy-2,7-bis(2,2,2-trifluoroethyl)benzo[Imn][3,8]
phenanthroline-1,3,6,8(2H,7H)-tetraone (CFs-NDI-OH). One of the chlorine atoms has been
substituted by the hydroxyl group due to the presence of water in the DMSO. The substitution of
the halogen atom was not expected since it happened during a simple recrystallization process,
whereas commonly obtained in presence of a reducing agent such as tetrabutylammonium fluoride
(TBAF).*2

It is worth noting that the crystals of the solid solution of CF3-NDI with CF3-NDI-OH (hereafter
CF3-NDI-SS), are not isomorphic with CFz-NDI*Form I so we tried to seed a solution of CF3-NDI
with a crystal of CFs-NDI*SS to obtain a new polymorph, without any success.
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During the polymorph screening we also performed slurry experiment for ten days in isopropanol
(2PR), chloroform (CHF), dichloromethane (DCM), ethanol (ETH), water (H20) and methanol
(MET), the solid residue was measured by XRD after one day, three days and ten days. In addition,
anti-solvent precipitation and precipitation by gradient temperature were performed in ACN. In all
cases, it was obtained CFs-NDI*Form 1.

Analogous polymorph screening was performed for CsF7-NDI and C4F9-NDI, for both compounds
all the slurry and evaporation recrystallization experiments led to the starting material phase Form
I, with exception for the slurry experiment in ACN that produced the solvate forms:CsF+-
NDI*ACN and C4Fo-NDI*ACN. These solvate forms quickly desolvate into a very poorly
crystalline form which is not ascribable to the starting material and was labelled C3F7-NDI*Form
Il and C4F9-NDI*Form III, respectively, which convert into the starting structure (Form I) over
time. CsF7-NDI*ACN and Cs4F9-NDI*ACN crystals were obtained by precipitation by gradient
temperature with a cooling rate of -0.125 °C/min, the crystals are stable if they remain in the
mother liquor.

Crystal structure

The structures of CF3-NDI*Form I, CF3-NDI*SS and CF3-NDI*PXY were obtained by single
crystal X-ray diffraction. Suitable crystals of CF3-NDI*Form I and CF3-NDI*SS were obtained by
thermal gradient of ACN and DMSO solutions, respectively. CF3-NDI*PXY crystals were
obtained by slow evaporation of a PXY solution. All the crystals exhibit different crystal habits as
shown in Figure 2, CF3-NDI*Form I crystalize in a yellow needle like shape, CF3-NDI*SS grow
as an orange prism while crystals of CFs-NDI*PXY are dark yellow with a block like morphology.

Figure 2 — Crystal habits of CF3-NDI crystal forms.

Both CF3-NDI*Form I and CF3-NDI*PXY are triclinic with space group P1 with the molecule
placed on the inversion centre and halfa molecule in the asymmetric unit, in the case of the solvate
form the asymmetric unit consists of half molecule of CFs-NDI and half molecule of paraxylene.
While for the solid solution the crystal structure was solved with P1 space group, see in Table 1.
The packing of CF3-NDI*Form I matches with the reported packing of NDIs with longer chains,
with slip-stacked molecular packing,* but unlike CsF7-NDI*Form 1 and C4Fg-NDI*Form I, that
show a very interdigitated packing, CFs-NDI*Form I has not interdigitation and it is present a slip
plane with 1.574 A separation between layers, as shown at Figure 3. Despite the presence of the
slippery plane the crystals are brittle upon mechanical deformation.
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Figure 3 —View of layer separation of CFs-NDI*Form I and interdigitation of the molecules of C3Fr-NDI*Form I
and CsFo-NDI*Form I.

In the case of CF3-NDI*PXY the solvent molecules are alternated between the slip-stack packs
with a 1:1 mixed-stack packing, see Figure 4. Similarly, to CFs-NDI*Form I, CF3-NDI*PXY also
displays a slip plane but in this case the distance between the layers is much shorter, more
specifically 0.641 A. Curiously, even though CF3-NDI*PXY shows a tighter packing there are
present far lesser short contacts than in CF3-NDI*Form L
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Figure 4 - View of layer separation of CFz-NDI*PXY and alternated slip-stack of NDI and PXY molecules.

CF3-NDI-SS crystallizes as triclinic P1, the loss of the inversion centre is due to the substitution
of one chlorine atom with a hydroxy group, the diffraction data suggests a substitution of 80%.
The hydroxyl group was confirmed also by the C-NMR. Interestingly the crystal structure of CFs-
NDI-SS shows a shorter distance between n-planes (3.277 A), as displayed in Figure 5, and a more
planar core with the lowest torsion angle of all the structures (0.15° and 0.68°), Figure 6,
suggesting that if a pure compound is obtained with the same packing parameters, it should give
high mobilities inthe solid state. Another indicator for expecting high charge carrier mobilities is
the high density of the crystal structure (2.069 g.cm3)
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Figure 5 - Crystal packing of CF3-NDISS, only the CF3-NDI-OH are shown but it should be considered that 20%
of the solid solution have only Cl in the core.

All the crystal forms of CsF7-NDI have the n-conjugated core quite planar, with a torsion angle of
0.69° for CF3-NDI*Form I, 0.15° and 0.68° for CF3-NDI*SS that have two different values for the
torsion angle since the molecule is not symmetric, and 1.07° for CF3s-NDI*PXY (Figure 6).
Regarding the n-n stacking plane distance, both CF3-NDI*SS and CF3-NDI*PXY show shorter
distances, 3.277 A and 3.395 A, what can be associated to the darker orange colour of the crystals.
All the packing parameters of the crystal structures can be consulted at Table S2.

Figure 6 - NDI core with labelled atoms and dihedral angles of all the different crystal forms of CsF7-ND: a) CFs-
NDI*Form I, b) CF3-NDI+SS with only displayed the core of the CF3-NDI-OH molecule for better clarity and c)
CF3-NDI*PXY.
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Table 1 - Crystal structure parameters of CFs-NDI*Form I, CF3-NDI*SS, CF3-NDI*PXY, C3F7-NDI*Form I and
CsFo-NDI*Form 1.

CF3-NDI*Form

CsF7-NDI*Form

C4Fo-NDI*Form

| CFs-NDI-SS CFs-NDI-PXY | |
ccbc This work This work This work 761582 761581
number
Tem?%at“re 160.15 160.15 RT 100 100
Formula C18H4ClaFsN204 | Ci1sHa8Cl32FsN204s C18H4g;4HFlzNZO4' C22H4ClaF14N204 | C24H4ClaF18N204
Molecular 568.03 553.46 674.19 768.07 868.08
weight
Crystal Triclinic Triclinic Triclinic Triclinic Triclinic
system
Space group P1 P1 P1 P1 P1
a (A) 4.8722(2) 5.83510(10) 7.7798(7) 5.1039(19) 5.5055(7)
b (A) 8.8027(3) 8.09990(10) 8.1543(9) 10.358(4) 9.8095(11)
¢ (A) 11.5608(2) 9.7935(2) 10.6415(7) 12.395(5) 12.7073(15)
a (%) 75.075(2) 97.9620(10) 91.60(7) 111.077(19) 87.786(6)
B (°) 89.777(2) 95.3400(10) 101.96(7) 90.07(2) 81.088(7)
7 ) 82.792(3) 102.323(2) 90.58(8) 96.67(2) 87.289(7)
v (A%) 475.103 444.242 660.08 606.645 676.888
717 1/0.5 1/1 1/0.5 1/0.5 1/0.5
Density
(g.cm?) 1.985 2.069 1.696 2.102 2.13
F(000) 280 274 338
GOF on F2 1.156 1.100 1.039 1.076 1.030
Ri(on F,
126(1) oo 0.0306 0.0695 0.0477 0.0918 0.0397
2
WR (2 all 0.0856 0.2323 0.1049 0.2512 0.1027
data) Rwp

Hirshfeld surface analysis

The Hirshfeld surface and their corresponding fingerprint plots, present in Figure 7, were
calculated with CrystalExplorer to highlight the different packings within the crystal structure of
CF3-NDI*Form I, C3F7-NDI*Form I and CsFe-NDI*Form 1.3 dnorm mapped on the Hirshfeld
Surface shows short intermolecular contacts as red spots, in other words the distance shorter than
the van der Waals distance.34 The Hirshfeld surface plot was mapped over dnom With a range of -
0.2382 to 1.396 for CF3-NDI*Form I, -0.1829 to 1.6553 for C3F;-NDI*Form I, and -0.2058 to
1.2578 for C4Fo-NDI*Form 1. In the three structures it is visible red spots related to O--H contacts,
the only short intermolecular interaction common for all the three structures, although all the
structures have very visible contributions from O--H interactions in the 2D fingerprint plots and
in the surface analysis the O and H atoms involved in the interaction is not the same among the
three structures, as shown in Figure S4. In the case of CF3-NDI*Form I this type of interaction
occurs both between the molecules involved by n-n stack and the molecules in the same plane with
end-to-end interaction. In CsF7-NDI*Form I the O--H interaction is between molecules from
different planes that form the interdigitated packing. In C4Fo-NDI*Form I the O--H contacts are
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CF3-NDI*Form 1

CsF7-NDI*Form 1

CsFo-NDI*Form 1

formed between the molecules in the n-7 stack. In any way, it must be considered that the Hirshfeld
surface analysisis a good indicator of the packing but not necessarily of the interactions potential
since the only factor analysed is the distance between atoms. If we look at the interaction’s
potential by resorting to the mercury tool “UNI intermolecular potentials™ it is possible to conclude
that the strongest interaction for the three crystal structures is the n-n stack interactions, with a
potential significantly higher compared to the other interactions (Figure S5).3%36

With the increase of the fluoroalkyl chain it is noticeable at the Hirshfeld surfaces that the
interactions between the chains become more prominent (F--F contacts) while the interactions
among the core lose importance (C--O contacts). Although the differences follow a trend with the
size of the chains, the bigger variation is observed between CFs-NDI*Form I and the other two
structures, CFs-NDI*Form I and CsFo-NDI*Form I, as it can be seen by the 2D fingerprints plots.
The most dominant interactions in CFs-NDI*Form I are C1 —F contacts contributing 28.1% to the
Hirshfeld surface and O — H that contributes 11.3%, while both CF3-NDI*Form I and CiFo-
NDI*Form I have the same dominant interactions; F —F contacts contributing 29.6% for both
structures and CI—F contacts with a contribution close to 20% in the two structures.
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Figure 7 — Hirshfeld surface analysis and corresponding fingerprint plots for Form | (thermodynamic stable form)
of each molecule.
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Thermal characterization

We performed DSC and TGA on the starting material and on the new forms obtained in the
polymorph screening of all three molecules, to characterize their thermal behaviour and depending
on the results additional analyses such as VT-XRPD and HSM were also carried out.

For CF3-NDI*Form I, DSC analysis was performed with two cycles of heating and cooling. No
transitions were observed, except for the peaks related to the melting at 322°C for both heating
cycles, and the peak of crystallization during the cooling (Figure S6). Similar behaviour was
observed for CF3-NDISS, which shows only the melting peak at 304°C (Figure S7).

TGA and EGA analysis of CF3-NDI*PXY confirmed that it is a solvate form with stoichiometry
of 1:1 with a molecule of PXY for each molecule of CF3-NDI. The PXY molecules are easily
released from the crystal lattice at around 63°C or in a matter of hours at room conditions. The
desolvation is easy to identify since the crystal colour changes from the orange crystals of CFs-
NDI*PXY into the light yellow of the CF3-NDI*Form I (Figure 8). The formation of solvates in
organic semiconductors materials is somewhat uncommon and rarely reported, nonetheless there
are already some publications that report the formation of solvates. 3'-3°

' N\ -14.55%

323.8°C

Heat Flow (mW)
(3w) ssof ssey

50 100 150 200 250 300 350 400\ °C

Figure 8 — Loss of solvent of CF3-NDI*PXY visualized by: a) TGA curve, b) pictures of crystal before and after
desolvation it is worth noting that in this case the desolvation led to a crystal suitable for X-ray diffraction, and the
cell determination confirmed the presence of CFs-NDI*form I.

HSM of CsF7-NDI*Form I showed a complex behaviour in the heating. The crystals show a high
thermal expansion mainly along the long axis of the crystals which can be followed under the
microscope, Figure 9, upon cooling the crystals shrink to the starting dimensions. Ataround 200°C
a partial sublimation and recrystallization on the top glass cover is observed. At 302°C a double
thermal event is present by simultaneously melting and crystallization of the material into CsF7-
NDIe Form II, followed by the complete melting at 304°C consistent with the DSC curve. In the
cooling the crystallization of C3F7-NDI happens at 284°C which we attributed to the Form Il since
at 251°C a solid-solid transition is observed which is ascribable to the transition CsF7-NDI<Form
] 9 C3F7-NDI'FOI‘1’11 l.
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Figure 9 -Picturesfrom hotstage microscopy of CsF7-NDI, a) initial state of CsF7-NDI* Form I crystal, b) expanded
crystal after thermal expansion and respective dimension, ¢) melting and crystallization at 302°C.

A cycle of heating, cooling, and heating again was performed on DSC analysis with heating rates
of 2°C/min, 5°C/min and 20°C/min. Using the rate of 2°C/min it was possible to identify the first
melting followed by recrystallization and second melting as observed in HSM, see Figure 10. Upon
cooling, only the recrystallization is observed, which disagrees with the observation in HSM,
where itwas clear a solid-solid transition. The solid obtained by recrystallizationis Form Il, in fact
by heating it directly melts at 304°C. To confirm the presence of the different forms we
characterized by XRPD the material recovered after the DSC analysis of several batches and the
crystal phases obtained were not consistent and different results were obtained, namely pure CsF7-
NDIe Form I and a mixture of CsF7-NDIs Form Il and CsF;-NDI» Form 1. These results suggest
that CsF7-NDI crystallizes into Form Il which is metastable and can be easily converted in CsF7-
NDIe Form 1. Only inside the DSC pan the environment allowed to obtain pure Form Il at RT,
while different cooling rates or even impurities can promote the transition from CsF;-NDIs Form
Il to C3F7-NDIe Form I.
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Figure 10 — DSC analysis of C3F7-NDI, showing the presence of melting and crystallization followed by a complete
melting.

To better understand the thermal expansion of CsF7-NDI, VT-XRPD was performed by heating
until 200°C and sequent cooling (Figure 11). The XRD patterns during the heating showa variation
of the peaks position, related to the thermal expansion also observed by HSM, to confirm the
importance of the thermal expansion we used PASCal to quantify the expansion coefficients, and
the cell parameters used as input for PASCal are described at Table S3. One of the principal axes
shows a big thermal expansion with a positive thermal expansion (PTE) of 320 MK, the values
of the principal axes’ coefficients and their orientation can be consulted at Table S4. This variation
is reversible and in the cooling the peaks match to the original XRD pattern of each temperature.
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Figure 11 — VT-XRPD of CsF7-NDI in heating and cooling, showing the same behaviour for both since the thermal
expansion of CsF7-NDI is reversible.

In the case of C4sF9-NDI*Form I, DSC analysis was based on heating, cooling, and a second heating
cycle. During the first heating, it is present a solid-solid transition around 276°C ascribed to the
transition C4Fg-NDI*Form I - C4Fo-NDI+Form Il, followed by the melting point at 283°C. This
transition is not reversible therefore on cooling it is only observed the crystallization peak into
CsFo-NDI*Form II which is stable until room temperature. Through the second heating, it is
confirmed the presence of C4F9-NDI*Form II since no transition is observed and the melting point
coincides with the melting point of the first heating C4sFo-NDI*Form II - liquid. The non-
reversible transition C4Fg-NDI*Form I = CsFo-NDI*Form Il is confirmed by the data from VT-
XRPD with a slight change in the temperature of transition around 258°C (Figure 12).
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Figure 12 — Confirmation of non-reversible transition C4sFo-NDI*Form I 2 CsFo-NDI*Form II by DSC and VT-
XRPD.
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The VT-XRPD reveals that C4Fo-NDI*Form II has an intense peak at a low angle, normally
associated to the length of the molecules as observed for NDI-C6 in our previous work.?* The
presence of a low angle peak, ascribable to a long axis suggests that the C4Fs-NDI molecules of in
Form Il pack in a less interdigitated way what causes the increase of the d-spacing. The VT-XRPD
also shows a big thermal shift of the peaks position during the heating, before the transition occurs.
To have better insight of the thermal expansion mechanism, we used PASCal to analyse C4Fo-
NDI*Form I with the values reported at Table S5 as input. Table 2 summarizes the values of the
principal axes’ coefficients and their orientation. The principal axes are a set of orthogonal axes
along which the material responds in a purely linear manner, and they do not correspond to the
unit-cell axes in the case of triclinic systems.3! Overall, the thermal expansion of C4Fg-NDI*Form
| is very anisotropic and quite significant, with an expansion of 9% of the volume, corresponding
to an expansion coefficient of 398 MK, This value is much higher than the normally observed in
common organic systems, that typically present a volume expansion coefficient of 168 MK .40
CsFo-NDI*Form I have negative thermal expansion (NTE) along one principal axis, this behaviour
is not unique for this material since it has been reported in a CSD study that approximately 34%
of organic crystals have NTE in at least one orthogonal axis.*® More specifically, in the area of
semiconductors some examples have also already been described, such as BHH-BTBT and NDI-
C6. 244142 Along the two other axes the expansion is positive, being the highest considered a
colossal thermal expansion (X3=287 MK).#3

Table 2 - Values (ax) of the principal axis of thermal expansion (X1, X2 and X3) and their orientation in regards of
the cell axis, a, b and ¢ of C4aFo-NDI*Form I.

Principal

aneipal | ox (MK | a b ¢
axis

X1 -79 0.1583 0.9250 | -0.3454
X2 184 0.9955 | -0.0135 | 0.0939

Form |

X3 287 -0.0673 | 0.5127 0.8559
Volume 398

C4Fo-NDI*ACN crystals are very unstable, so their XRPD patternwas collected in the presence of
some mother liquor to avoid the desolvation. In fact, C4sFo-NDI*ACN rapidly loses the solvent
converting into C4Fo-NDI*Form III. This last Form is characterized by a low crystallinity with
peaks not ascribable to Form I nor Form Il, as shown in Figure 13.
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Figure 13 — XRD pattern of C4sFe-NDI*Form I, CsFo-NDI*ACN and CsFo-NDI*Form 111

The DSC analysis performed on CsFo-NDI*Form III, shows an exothermic peak with an onset
around 78°C (Figure 14) due to the transition of C4Fo-NDI*Form III into the more crystalline phase
Form Il (higher melting point). C4Fo-NDI*ACN crystals immersed in fomblin were monitored by
HSM and it is clearly visible the solvent release at around 78°C, Figure S9. Moreover, changes in
the crystal morphology are also observed. Once the loss of solvent happens so fast, to observe the
release of solvent of C4sFo-NDI*ACN crystals by HSM it was necessary to keep the crystals in the
mother liquor until the moment of characterization.
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Figure 14 - DSC curve of CsFo-NDI*Form 11, transition from CsFe-NDI*Form Il to CaFo-NDI*Form |

Conclusions

We studied the polymorphic behaviour of three core-chlorinated NDIs with fluoroalkyl chains
compounds CF3-NDI, C3F7-NDI and CsFo-NDI which are appealing for the field of organic
electronics and in particular CsF7-NDI and C4F9-NDI are proved to have satisfactory electrical
behaviour. In the case of CFs-NDI, we did not find any evidence of different polymorphs, only
one pure crystal phase was observed but we isolated a p-xylene solvate form and serendipitously
a solid solution was also discovered. The solid solution is obtained by a partial decomposition of
the original compound in DMSO during the recrystallization process and it was not expected. The
crystal structure of the three crystal forms of CF3-NDI were solved and compared with the known
crystal structures of CsF7-NDI and C4Fo-NDI. Even though CF3-NDI*Form I also packs in a P1
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space group with slip-stacked molecular packing like CsF7-NDI and C4F9-NDI, the molecules are
not interdigitated as observed for the compounds with longer chains, in fact CF3-NDI*Form I have
a slip plane of 1.574A between stacks. CF3-NDI*SS shows a packing very different from CFs-
NDI*Form I, with a shorter distance between z-planes (3.277 A) and interdigitated chains, making
it a good option for device fabrication in theory, however, to be a good candidate for charge
transport it would be ideal to be a pure compound instead of a solid solution. The polymorph
screening carried out for CsF,-NDI and C4F9-NDI gave rise to two new crystal forms for each
compound. Both compounds presenta ACN solvate very unstable outside the mother liquor which
rapidly converts into a poorly crystalline form with main peaks not ascribable to the other
polymorphs, namely C3F7-NDIsForm III and C4Fg-NDI*Form III. Furthermore, we also studiedin
detail the thermal behaviour of the three different compounds. CF3s-NDI shows the simplest
thermal behaviour among the three materials, without any temperature dependent transitions. CsF-
NDI has a more complex behaviour with a big thermal expansion upon heating that can even be
visualized by the change in dimensions of the crystal by HSM, at 302°C simultaneously melting
and crystallization of the material into CsF7-NDIsForm Il is observed followed by the complete
melting at 304°C. Even though CsF;-NDI» Form Il can be observed at RT it is normally as a
mixture of CsF;-NDIsForm | and CzF7-NDIsForm Il since CsF;-NDI*Form | is the
thermodynamically stable form. In the case of C4Fo-NDI it is present an endothermic solid-solid
transition around 276°C ascribed to the transition C4Fo-NDI*Form I = C4Fo-NDIsForm I,
followed by the melting point at 283°C. Since the transition is not reversible the material ends up
as C4sFo-NDI*Form Il at RT. The transition and the thermal behaviour were also followed by VT-
XRPD that shows a big thermal shift of the peaks position during the heating before the transition
occurs. The thermal expansion was quantified using PASCal and we observed that there is an
expansion of 9% of the volume, corresponding to an expansion coefficient of 398 MK, This value
is much higher than the normally observed in common organic systems.
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Chapter 5: Synthesis and characterization of charge
transfer complexes based on NDI derivatives and BTBT
derivatives

Overview

In the last part of my thesis project, | worked on the synthesis and characterization of novel organic
D-A co-crystals based on NDI derivatives as acceptors and BTBT and ditBu-BTBT as donors to
obtain Charge Transfer (CT) complexes. The NDI derivatives chosen for this project were the
same as those studied in the previous chapter, which have four chlorine in the core and C3F;Cl»-
NDI (4,9-dichloro-2,7-bis(2,2,3,3,4,4,4-heptafluorobutyl)benzo[Imn][3,8]phenanthroline-1,3,6,8
(2H,7H)-tetraone) that is known as a semiconductor with good performance in devices, which has
two chlorines in the core, to study how the core substitutions affect the formation of D-A co-
crystals. By recrystallization | obtained six D-A co-crystals that were solved and analyzed
thoroughly. Although the crystal looked suitable for SCXRD they are highly disordered structures
mainly in the BTBT molecules and it was challenging to obtain publishable structures. To
investigate the charge transfer interaction in the new compounds, ATR-FTIR spectroscopy was
carried out in collaboration with Dr Tommaso Salzillo, giving me the chance to expand my
knowledge of this technique.

This project started close to the end of my PhD and | did not have enough time to carry out an
exhaustive characterization of the materials. | focused on the darkest co-crystals which are the
most promising for CT complex. Moreover, | had only 100 mg of each NDI compounds limiting
the number of experiments of recrystallization and characterization.
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Synthesis and characterization of charge transfer complexes
based on NDI derivatives and BTBT derivatives

Introduction

Organic semiconductors (OSCs) have drawn a great amount of attention since they can be
employed in flexible substrates through low-cost and solution-based processing and are easily
tailored through possible chemical modifications for specific applications in optoelectronic
devices such as OFETs, OPVs and OLEDs. 12 Although a lot of studies have been done on crystals
based on monomolecular compounds, both with p-type materials such as pentacene or rubrene and
n-type materials like PDIs and NDIs, more recently it has grown an increasing interest in binary
charge-transfer (CT) organic crystals. °

Organic charge-transfer complexes are two-component systems with a specific stoichiometry, that
can have different degrees of charge transfer (p), one component is an electron donor (D) and the
other is an electron acceptor (A), which normally are unipolar semiconductors in their pristine
form.2® The D-A cocrystal structures may have unique optical or electrical properties, such as high
conductivity and ambipolar charge carrier transport. Much like n-type semiconductors, air-stable
ambipolar materials are also very uncommon, therefore it is extremely important to study and
develop new air-stable ambipolar and n-type materials since they are essential unit blocks in
organic electronics.

However, itis still challenging the design and growth of D-A cocrystals mainly for molecules with
low solubility since they tend to self-aggregate separately into donor or acceptor assemblies alone
instead of D-A cocrystals. *7-1% The supramolecular arrangement of D-A organic solid co-crystals
is a critical parameter for device performance because it affects the degree of charge transfer (p),
which depends on the intermolecular interactions that are normally van der Waals, - interactions
and halogen/hydrogen bonding. 3113

The supramolecular arrangement determines the bandwidth of the highest occupied molecular
orbital (HOMO) of D and the lowest unoccupied molecular orbital (LUMO) of A, hence by
modifying the supramolecular arrangement, it is possible to tune the bandgap, defined as
approximately the energy difference between the LUMO of A and the HOMO of D, and
consequently the charge carrier transport, 11314

Typically D-A organic cocrystals can be divided into two main families, one which shows
segregated stacking (...-D-D-D-... and ...-A-A-A-...), where the molecules form separated D and
A stacks and normally display high electrical conductivity, and one which shows a mixed stack
(...-D-A-D-A-...), where the D and A molecules pack in an alternate way along the stack and
usually are insulators or semiconductors. 461115

Like single-component systems, multi-component CT crystals can also exhibit polymorphism.
Furthermore, the range of crystal forms of CT systems can be significantly extended since the
same D and A can crystalize with different stoichiometries of the two species, this phenomenon is
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called stoichiomorphism. That is why it is vital to study the crystal packing of CT complexes and
to understand when specific n-conjugated systems can generate well-defined n-stacks. 4%14:16-18

Napthalene diimide (NDI) derivatives due to their relatively low reduction potentials are a well -
known m-conjugated electron acceptor, usually used as an n-type semiconductor, which can be
used as a building block of charge transfer complexes. In fact, there are several reports of CT
complexes using NDI as acceptor component. 81920

In this work we study the formation of CT complexes composed of NDI derivatives as acceptor
and BTBT and ditBu-BTBT as donors, the chemical diagram of all the components used in the CT
complexes are shown in Figure 1. The main focus is to understand how different substitutions and
different chain lengths of the NDI molecules influence the formation of CT complexes. The crystal
structures of six different D-A complexes were studied and analyzed. Moreover, the thermal
behavior and a preliminary analysis of the optical gap of the two D-A co-crystals obtained using
compound 2 (C3F7Cl,-NDI) was investigated.

R=CF;, X=Y =ClI
R=CsF;, X=H,Y=ClI
R =CsF7, X=Y =Cl
R:C4F9,X:Y:C|

x =<
< X
A WD P

S S
O/ SNE s
S S

Figure 1 - Chemical diagram of the acceptors (NDI derivatives) and donors (BTBT derivatives) used for the co-
crystallization of the CT complexes.

Experimental Section
Materials

All the core-chlorinated NDIs with fluoroalkyl chains compounds were provided by BASF SE
(Ludwigshafen am Rhein, Germany) while the BTBT compounds were provided by Université
Libre de Bruxelles (ULB). The available amount of each compound was limited and in the case of
the NDIs less than 100 mg of each compound was available.
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Co-crystallization of CT complexes

The CT complexes were all obtained by slurry at room temperature in toluene, and different D-A
ratios were tested, in all cases the amount used was approx. 2-3 mg of powder and 200-250 pL of
solvent. After filtration, the solid material was left to dry under ambient conditions.

The BTBT:CsF;Cl,-NDI complex was obtained by mixing in five separate batches BTBT and
CsF7Cl,-NDI with different molar ratios in a toluene medium (1.5:1, 1.75:1, 2:1, 2.3:1 and 2.8:1).
A Dbright red color saturated solution was produced and left to stir constantly for 1-2h at room
temperature, in all cases the solvated CT complex BTBT:C3F7Cl>-NDI*TOL was obtained.

ditBu-BTBT and CsF7Cl,-NDI were mixedin 1:1, 1.8:1, 2:1 and 1:1.1 mol/mol ratios in a toluene
medium. A light brownish yellow solution is obtained and stirred for 48h at room temperature
causing the change of the solution’s color to black, see Figure 2. In the case of 1:1.1 ratio, the only
ratio with more CsF;Cl,-NDI than ditBu-BTBT, the CT complex was not obtained even after 96h
of slurry, the solution did not change color and remained light brownish yellow.

BTBT and C3F7Cls-NDI were mixed in 1.7:1, 2.5:1, 2.8:1 and 3.2:1 mol/mol ratios and stirredin
a toluene solution for 1-2h at room temperature. The solution turned dark red and for all the
experiments we obtained the same CT complex BTBT:CsF7Cls-NDI.

The solid ditBu-BTBT:CsF;Cl,-NDI complex was arranged by mixing ditBu-BTBT and CsF-Cl.-

NDI with 1.2:1, 1.8:1, 2:1 and 2.2:1 mol/mol ratios and were slurried in a toluene medium for 1-
2h. The solution obtained was dark green.

After 48h

nm

-imm o
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Figure 2 — Solid product of the DA complexes obtained by slurry after 2h, and 48h for ditBu-BTBT:CsF7Cl.-NDI
after changing visual aspect.

Single crystals isolation of CT complexes

Single crystals of six different CT complexes were crystallized, namely BTBT:C3F;Cl,-NDI*TOL,
ditBu-BTBT:CsF;Cl.-NDI, BTBT:C3F7Cls-NDI, ditBu-BTBT:C3F7Cl4-NDI, BTBT:CF3Cl4-NDI
and BTBT:C4FoCls-NDI. BTBT:C3F;Clo-NDI*TOL crystals were obtained by slow evaporation at
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room temperature of a toluene solution. The solution was prepared by adding tolueneto a 1:1 w/w
mixture of C3F;Cl,-NDI and BTBT and then heated at 60°C to facilitate the dissolution. In the
case of ditBu-BTBT:CsF;Cl,-NDI and ditBu-BTBT:C3F;Cl,-NDI, the crystals were achieved by
slow evaporation at room temperature of acetone solutions. In both cases the compounds were
slurried in 200 pL of acetone in a 1:1 stoichiometric ratio for 5 min followed by the addition of
800 puL of acetone and left to evaporation. The crystals of BTBT:CsF;Cls-NDI were obtained by
slow cooling crystallization from a toluene solution with a 1:1 weight ratio using a Technobis —
crystallization systems Crystal16 instrument with a cooling rate of 0.125 °C/min. From this
experiment it was observed two different crystal morphologies: needles and plates, possibly
different polymorphs, and crystals of BTBT from the excess used. BTBT:CF3Cls-NDI and
BTBT:C4F9Cl4s-NDI crystals were crystallized from a mixture of solvents, by mixinga solution of
NDI in acetone and a solution of BTBT in THF. The final solutions were left to evaporate slowly
at room temperature.

X-ray powder diffraction (XRPD)

To identify the crystalline forms of the powder and crystals obtained by co-crystallization, it was
performed XRD after every crystallization experimentand compared with the XRD patterns of the
starting materials. The XRD patterns were obtained using a Rigaku MiniFlex 600 diffractometer
in Bragg—Brentano geometry, with Cu Ka radiation (A = 1.54178 A) from a copper sealed tube
with 40 kV and 15 mA, over the 20 range of 3—40° with a step size of 0.01° and a speed of
10.0°/min.

Single crystal X-ray diffraction (SCXRD)

Data collection of single crystal X-ray diffraction of BTBT:C3F;Cl,-NDI*TOL, ditBu-
BTBT:C3F7Cls-NDI and BTBT:CF3;Cls-NDI was performed with a Rigaku Oxford Diffraction
Xcalibur diffractometer with a Sapphire 3 detector using Mo Ka radiation (A\=0.71073 A) at room
temperature.

SCXRD measurements of ditBu-BTBT:C3F7Cl,-NDI and BTBT:C4F9Cl4s-NDI crystals were made
on a Bruker Apex-Il diffractometer with a Photon 1l detector. Data collection was done with the
Bruker APEX2 program and integrated and reduced with the Bruker SAINT software.

SCXRD data of BTBT:C3F;Cl,-NDI was collected with the Bruker D8 Venture diffractometer
with a microfocused source and Photon Il detector using Mo Ka radiation (A=0.71073 A) at low
temperature (200K).

The crystal structure was solved using OLEX 2-1.5 software by recurringto SHELXT codes that
uses the intrinsic phasing and refined with SHELXL-2019/2 with least square L.S. command.

For visualization and image acquisition of the crystal structures it was used CCDC Mercury
2022.1.0.2122

Differential Scanning Calorimetry (DSC)

The starting material and the crystals obtained were characterized by differential scanning
calorimetry (DSC) using a Mettler-Toledo DSC-1 instrument. The samples were prepared by
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accurately weighing approximately 1-4 mg of the powder in aluminum closed pans (40 pL) with
a pinhole. The measurements were performed during two cycles of heating and cooling with a rate
of 5°C/min under a dry N, atmosphere (flow rate 80 mL/min). All the data were analyzed using
STARe software.

Thermo-Gravimetric Analysis-Evolved Gas analysis (TGA-EGA)

To characterize the solvate forms of the different materials, TGA-EGA was performed on Mettler-
Toledo TGA coupled with a Thermo Nicolet iS 10IR FT_IR spectrometer with the scan rate of
10°C/min and analysed using STARe software.

FTIR spectroscopy

Infrared spectra of the CT crystals BTBT:C3F;Cl>-NDI*TOL, ditBu-BTBT:C3F;Cl,-NDI and their
respective single components were recorded with a Bruker ifs66 Fourier transform IR (FT-IR)
spectrometer coupled toan IR microscope Hyperion 1000 in transmission mode. The spectrometer
is equipped with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector.

Results and Discussion
Crystal structures

The structures of the CT complexes were obtained by single crystal X-ray diffraction. All the
crystals used for the measurements have a needle like morphology, except BTBT:C3F;Cls-NDI
that has a plate like morphology. Although the NDI molecules change only in the length of the
fluorinated chains in the Cl,-NDI series, the CT complexes show a dramatic variability in the
crystal structure.

The first CT complexes considered have CsF7Cl,-NDI as acceptor, with only two chlorines on the
aromatic ring, and BTBT and ditBu-BTBT molecules as donor.

BTBT:CsF;Cl,-NDI*TOL has a 1:1 D-A stoichiometry and the crystals are red and darker than the
pristine reagents suggesting the presence of a stronger charge transfer. The crystal is a solvate with
1:1:1ratio and was solved as triclinic P1 (see Table 2). The uncommon chiral group is due to the
presence of the toluene molecule which cannot be described as disordered on the inversion center.
The BTBT molecules are disordered over two positions, where one is predominant with 90% of
occupancy, while the second position with 10% occupancy could only be described on the sulfur
position. The D-A molecules pack in a 1:1 mixed stack where the donor and acceptor molecules
alternate along the stacking direction with a distance between n-planes of 3.369 A, Figure 3a). The
molecular planes of BTBT and CsF;Cl,-NDI are almost parallel with an inclination angle of 0.59°
and there is a slight rotation of the molecules along their long axis of 13.09°, see Figure 3b). The
solvent molecules are packed between the columns at the same plane as BTBT, as shown in Figure
3c).
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Figure 3 — Crystal structure details of BTBT:CsF7Cl2-NDI*TOL without disorder of BIBT represented for better
clarity, a) w-x stack distance, b) rotation angle, c) columnar arrangement of the DA stacks and solvent positioned
between the columns.

In an attempt to avoid the presence of solventin the crystal structure, we considered ditBu-BTBT
supposing that its bulky chains could prevent the formation of voids in between the stacks and
avoid solvent inclusion in the crystal structure. Indeed, the dark brown crystal of ditBu-
BTBT:CsF;Cl,-NDI appeared anhydrous and is monoclinic with space group P 21/n. Both the NDI
and the ditBu-BTBT are on the inversion center and the molecular arrangementis in a 1:1 mixed
stack D-A-D-A packing with a n-m stack distance of 3.395A and a rotation displacement of the
cores of 29.33°, Figure 4a) and 4b). There is also an inclination angle of 4.07° since the molecular
planes of ditBu-BTBT and CsF;Cl,-NDI are not parallel. It is worth noting that although the n-n
distance is similar to the previous structure, the color is darker suggesting a better CT. The D-A
stacking is parallel to the b axis the adjacent columns are generated by the symmetry operators,
screw axis and glide, thus the molecules are arranged in a herringbone motif, as displayed at Figure
4¢).

X O
. v s
SRR
s W T 0
=

Figure 4 — Crystal structure details of ditBu-BTBT:CsF:Cl2-NDI, a) n-x stack distance, b) rotation angle, c)
herringbone motif formed by adjacent stacks due to symmetry elements, in pink glide operator and in blue screw
symmetry.

We also explored the possibility to obatin CT complexes with the NDI with four chlorine atoms
on the core. The higher substitution on the aromatic part increases the electronegativity of the
acceptor and should promote the formation of CT. We used three different NDI molecules with
different lengths of the fluorinated chains: CF3-Cls-NDI, CsF7Cl4-NDI, and C4FyCl4s-NDI.

90



The co-crystals obtained are summarized in Table 1 and it is possible to verify that among the
different combinations of donor and acceptors the behavior is quite different, in particular the
crystals with CsF7Cl4-NDI which shows a different stoichiometry.

Table 1 — Co-crystals obtained with the series Cl4-NDI as acceptor with different chain lengthsand BTBT and ditBu-
BTBT as donors, and their stoichiometry.

BTBT ditBu-BTBT
CFs-Cls-NDI 1:1 ---
CsF-Cls-NDI 1:2 1:2
C4FoCl4s-NDI 1:1 ---

BTBT:CF3Cls-NDI crystallizes as P2;/c with both D and A molecules on the inversion center and
with a 1:1 mixed stack packing, the D-A-D-A columns show a n-m stack of 3.408A and an
inclination of the molecular planes of 2.23°. The core of BTBT and CF3;Cls-NDI are almost aligned
with a slight rotation angle of 4.60°. The BTBT is disordered over two positions flipped on the
inversion center with occupancy 75:25.

The cell consists of two dimers of D-A that by translation along the shortest axis (c axis) form the
stacking columns. These columns form a herringbone motif with the adjacent columns along the
long axis (b axis) generated by the symmetry elements. The dark red color of the crystal suggests
that the CT is not as strong as in the structures discussed above.

The CT complex of NDI with longest chains (CsFsCls-NDI) and BTBT shows a very similar
packing to BTBT:CFs;Cls-NDI: for this reason, it will be described later for sake of clarity and
easier comparison.

The BTBT:C4F9Cl4s-NDI crystal is also monoclinic P2:/c with both D and A molecules on the
inversion center, in the cell there are two dimers of D-A that create the stacking columns by
translation along the short axis, that in this case is the a axis. As observed in BTBT:CF3Cl4-NDl,
the stacking columns have a herringbone motif along the long axis (¢ axis) with the adjacent
columns.

The columns have a D-A-D-A stack with a distance between n-planes of 3.417A and an inclination
angle of 1.85°. Contrary to BTBT:CFs;Cls-NDI, the core of the molecules is very twisted with a
rotation angle of 66.78°. In this case, the BTBT is also disordered over two positions with
occupancy ratio of 64:36.
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Figure 5 - Crystal structure details of BTBT:CFsCl4-NDI (a and ¢) and BTBT:C4F9Cl4-NDI (b and d), the BTBT

disorder is notshown for better clarity. a) herringbone motif formed by adjacent stacks of BTBT:CF3zCls-NDl, in

pink glide operator and in blue screw symmetry, b) herringbone motif formed by adjacent stacks of BTBT:C4FoCls-

NDI, in pink glide operator and in blue screw symmetry, ¢) rotation angle of BTBT:CF3Cls-NDI, d) rotation angle of
BTBT:CFsCls-NDI.

In the case of C3F7Cl,-NDI with BTBT and ditBu-BTBT, CT complexes obtained have a 1:2 D-A
stoichiometry and very different arangements.

In BTBT:C3F;Cl,-NDI the unit cell structure is triclinic with P1 symmetry with one full NDI
molecule and half BTBT in the asymmetric unitand BTBT positioned on the inversion centre. The
BTBT molecules are disordered in two positions, with 75:25 occupancy ratio. The two positions
are both located in the inversion centre with a rotation from each other of 54.80°, see Figure 6 a).
The molecules pack in a A-D-A-A-D-A fashion, with BTBT molecules inserted in between the
NDI pairs. The molecular planes of BTBT and CsF;Cls-NDI form an angle of 1.66° and are
separated with a distance of 3.372A. Furthermore, the long axis of the BTBT and CsF;Cl4-NDI
molecules form an angle of 62.19° and 60.99°, depending on the BTBT position, as depicted in
Figure 6 b). The molecular planes of the NDI molecules are parallel and are separated by 3.351A,
but do not show a cofacial stack but rather a slipped stack with a shift along the short axis of the
molecule of 3.59A and along the long axis of 1.02A, Figure 6 c).
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Figure 6 - Crystal structure details of BTBT:CsF7Cls-NDI, a) disorder of BTBT and angle between the two
positions, b) rotation angle, ¢) columnar arrangement of the DA stacks and -r plane distance.

The ditBu-BTBT: C3F;Cls-NDI crystal has a triclinic unit cell with PT space group, the
asymmetric unit contains half molecule of ditBu-BTBT and two halves of NDI. Regardless the
stoichiometry, the crystal structure forms 1:1 stacks in a D-A-D-A packing while the extra NDI
molecule is placed aside of the D-A-D-A column with the aromatic ring almost perpendicular to
the stacking plane, and are not directly involved in the CT. The chlorine atoms of the NDIs in the
columns point towards the aromatic ring of the extra NDI molecule Figure 7 b). Inside the stack
the n-planes are separated by 3.392A and are not completely parallel with an inclination angle of
1.97°. In this case the molecules of ditBu-BTBT and C3F7Cl4s-NDI are also fairly rotated in relation
to each other, more specifically with a rotation angle of 45.41°.

Figure 7 - Crystal structure details of ditBu-BTBT:CsF-Cls-NDI, a) rotation angle, b) columnar arrangement of the
DA stacks, with the chlorine of the NDI pointing to the NDI molecules not involved in the CT.
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Table 2 — Crystal structure parameters of BTBT:CsF7Cl2-NDI*TOL, ditBu-BTBT: CsF7Cl2-NDI, BTBT:C3F7Cls-NDI,
ditBu-BTBT: C3F7Cl4-NDI, BTBT:CF3Cls-NDI and BTBT:C4FsCls-NDI.

c FB-CI—ZI|3-I—NDI ditBu-BTBT: BTBT: ditBu-BTBT: BTBT: BTBT:
T oL CsF7Cl2-NDI | 2(CsF7Cls-NDI) | 2(CsF7Cls-NDI) |  CFsCls-NDI CaFsCla-NDI
TemF(’eKr)at”re RT 273 200 100 RT 110
Formula C22HsCl2F1aN20 | C22HeCl2F14N20 | 2(C22HaClaF14N | 2(C22HaClaF1aN | CisHaClaFsN20s | C2aHaClaF13N20
4,C14HsSz, C7Hs 4, C22H24S; 204) C14HsS2 204), C22H24S> , C14HsS2 4, C1aHsS2
M&Lﬁ‘;‘t‘]’tar 1031.64 1051.72 1776.47 1888.67 808.36 1108.42
Crystal system Triclinic Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group P1 P 21/n P1 P1 P 2i/c P 2i/c
a (A) 8.1612(15) 7.1095(3) 10.4799(3) 7.1978(6) 10.2799(13) 7.0950(5)
b (A) 11.0641(15) 8.4838(3) 10.7924(2) 14.2198(9) 18.448(3) 10.9022(7)
¢ (A) 12.273(2) 34.3099(13) 14.5090(3) 17.7108(15) 8.1620(19) 25.0163(17)
(%) 91.280(13) 90 103.864(2) 96.318(6) 90 90
B (°) 109.228(17) 91.007(2) 90.0838(19) 101.537(7) 103.173(17) 91.356(3)
v (©) 98.998(14) 90 102.219(2) 102.462(6) 90 90
\V (A3) 1030.26 2069.1 1554.76 1711.87 1507.14 1934.5
7/17 1/1 2/0.5 1/0.5 1/0.5 2/0.5 2/0.5
De”s'te}g (g.cmr 1.664 1.688 1.897 1.832 1.781 1.903
F(000) 518 1064 876 940 808 1096
GOFon F2 1.030 1.049 1.094 1.155 1.001 1.065
R: (on F,
1>20(1)/ Rex) 0.0837 0.0331 0.0744 0.1056 0.0669 0.0810
2
WR: (F all 0.2135 0.0918 0.2170 0.1900 0.1241 0.2399
data) Rwp

Thermal characterization

We performed DSC on the solid product of the CT complexes formed by CsF;Cl,-NDI and
CsFCls-NDI. Additionally, TGA was also performed on BTBT:C3F;Cl,-NDI*TOL and ditBu-
BTBT:CsF7Cl>-NDI to investigate the thermal behavior. Not all the CT complexes were covered
by thermal analysis due to proximity of thesis submission deadline: further characterization are

programmed for future.

TGA and EGA analysis of BTBT:CsF;Cl,-NDI*'TOL confirmed the solvate nature of the phase
suggesting a stoichiometry of 1:1:1 with a molecule of toluene for each molecule of BTBT and
CsF7Cl,-NDI. The toluene molecules are released from the crystal lattice above 80°C but if the
solvate is stored exposed at room conditions appeared stable for more than one month. On contrary,
ditBu-BTBT: CsF;Cl.-NDI showed no mass loss in the TGA confirming the anhydrous nature as
observed by single crystal XRD.
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Figure 8 — TGA analysis of a) BTBT:CsF7Clo-NDI*TOL where it can be observed the loos of solvent, and b) ditBu-
BTBT: C3F7Cl>-NDI.

To study the unsolvated BTBT:CsF;Cl.-NDI, we annealed the powder of BTBT:CsF;Cl;-
NDI*TOL at 80°C for 1h on a hot plate: a color change from the bright orange/red to a darker
brownish red was observed, as shown in inset at Figure 9. After annealing, the new dark powder
was characterized by XRPD. For better clarity the pattern of the new powder was compared with
the calculated pattern obtained using the crystal structure of BTBT:CsF;Cl.-NDI*TOL, since the
experimental results have two peaks ascribable to the original material CsF;Cl,-NDI. In the
unsolvated material the main peaks of BTBT:C3F;Cl,-NDI*TOL disappear, and a new powder
pattern appeared with one peak at 4.7° indicating a longer d-spacing. Most importantly, these
results show that after losing the solvent the CT complex does not lose crystallinity and packs in
a new unsolvated molecular arrangement. The fact that the new form is darker suggests that the
CT in the new complex is stronger than in BTBT:C3F;Cl,-NDI*TOL, for that reason it would be
very interesting to run some calculations on both forms.

£ 14400 — = BTBT:C,F,Cl,-NDI*TOL-calculated
Z L ~— BTBT:C,F,CL-NDI*TOL
2 e BTBT:C,F,C1,-NDI+TOL (80°C)
& 10000 .
w
= b
£ i Al .
- 6400 i
3600 —
1600 =
*
400 -
0 | ! | . | . | ! | . | . | .
5 10 15 20 25 30 35 40
2Theta (°)

Figure 9 — XRD pattern of BTBT:C3F7Cl2-NDI*TOL obtained experimentally (grey) and calculated (blue). XRD
pattern of BTBT:CsF7Clo-NDI*TOL after annealing at 80°C and further desolvation (purple). Some peaks observed
in the experimental patterns, highlighted with a pink symbol, are related to pure CzF7Cl2-NDI.
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For all the CT complexes, DSC analysis was performed with two cycles of heating and cooling.

The DSC profile of BTBT:C3F;Cl,-NDI*TOL is displayed in Figure 10a).During the first heating,
a broad endothermic event at 98°C (onset 81°C) ascribable to the release of toluene can be
observed, a second sharp endothermic event at 200°C is followed by a broad small peak possibly
related to a liquid crystal formation.

On the second heating, since the compound is no longer a solvate, there is no peak related to the
loss of toluene but the behavior in the 200°C region appears slightly more complex, with one extra
peak present.

At this stage it is not possible to clearly assign the nature of the events and further studies have
been programmed (XRPD analysis after recrystallization from the melt).

The DSC analysis of ditBu-BTBT:C3F;Cl,-NDI is reported in Figure 10b). The DSC profiles
appeared more straight forward, with only two peaks present on the first heating, one at 168°C
with low enthalpy and another attributed to the melting at 289°C. A small signal has been detected
in the 80-100°C region during cooling and second heating as exo- and endo- respectively: at
present day, no clear description of the event is proposed since further characterizations are still in
progress.
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Figure 10 — DSC curves of a) BTBT:C3F7Clo-NDI*TOL and b) ditBu-BTBT:CzF7Cl2-NDI, black line: first heating,
blue line: cooling and red line: second heating.
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The DSC analysis of BTBT:C3F;Cls-NDI, Figure 11a), on the first heating shows a complex
endothermic peak in the 270-290°C region likely ascribable to sample melting even if degradative
process involvement cannot be excluded.

The second heating showed endothermic peaks shifted to higher temperatures, as already stated

above, at this stage it is not possible to clearly assign the nature of the events and further studies
have been planned.

In the case of ditBu-BTBT:CsF;Cl,-NDI, Figure 11b), no transitions were observed, and the
endothermic peak associated to the phase melting at 263°C was observed in both heating cycles as
well as the crystallization peak during the cooling branch at lower temperature (250°C).
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Figure 11— DSC curves of a) BTBT:C3sF7Cls-NDIland b) ditBu-BTBT:CsF7Cls4-NDI, black line: first heating, blue
line: cooling and red line: second heating.
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Infrared Spectra

ATR-FTIR spectra of C3F;Cl,-NDI, BTBT, ditBu-BTBT and respective CT complexes were
collected in the region 4000-500 cm™.

Since there was not enough time to study all the co-crystals with infrared spectroscopy, we chose
to study only BTBT:C3F;Cl,-NDI*TOL and ditBu-BTBT:C3F;Cl,-NDI. This choice was based on
the very dark color of the crystals of ditBu-BTBT:C3F;Cl.-NDI and to be able to compare the
behavior of two D-A complexes with the same acceptor and different but similar donors.

The full spectra of C3F;Cl,-NDI, BTBT and BTBT:C3sF;Cl,-NDI*TOL are displayed in Figure 12
a). In general, the spectrum of the CT complex is more similar to the one of NDI than the BTBT
spectrum. Moreover, the CT complex spectrum shows a shift of several bands compared to the
spectrum of the isolated components. The most significant shifts are observed in the region 1500-
1000 cm™ as shown in Figure 12 b): more specifically the characteristic bands from C3F;Cl,-NDI
at 1241, 1213, 1187 and 1108 cm™ appear to shift frequency to 1235, 1219, 1206 and 1098 cm*
respectively, this shifts confirms the electronic charge transfer transition.

The broad band at 3438 cm suggests potential absorption of water by the CT complex, since this
band is normally associated to a hydroxyl group O-H stretching vibration.
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Figure 12 — ATR-FTIR spectra of BTBT:CsF7Cl2-NDI*TOL, a) full spectra and b) 1500-1000 cm-! region.

The CT complex ditBu-BTBT:CsF-Cl,-NDI and its respective reactants were also characterized
by ATR-FTIR and their spectra can be observed at Figure 13 a). In this case the spectrum of the
CT complex appears to have a more significant contribution of the donor compared to the previous
CT, nonetheless the most significant contribution continues to be from the acceptor. The spectrum
of the complex seemed to have some bands shifted in relation to the original bands from both
donor and acceptor. In the region 3000-2800 cm?, the CT complex have the same bands as the
donor with a significant shift, precisely the donor bands at 2963, 2950, 2898 and 2865 cm shift
t0 2983, 2966, 2924 and 2881 cm™ respectively, Figure 13 a). In the region 1500-1000 cm it also
observed a shiftin the bands but not as substantial, in this case the shifted bands are both from the
BTBT derivative and the NDI derivative, once again the shift of the bands confirms the electronic
charge transfer transition.
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The assignment of the FT-IR bands was not performed at this stage and further in-depth
investigation is programmed to gain more insight into the vibrational spectra interpretation.
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Figure 13 — ATR-FTIR spectra of ditBu-BTBT:C3F7Cl.-NDI, a) 3000-2800 cm-! region, b) 1500-1000 cm-! region
and c) full spectra.

Conclusions

We have reported the design of some novel CT co-crystals based on NDI derivatives and BTBT
and ditBu-BTBT. We studied the crystal structure of six different complexes and found that
depending on the starting single components very different packing arrangements and even
different stoichiometries can be obtained.

The two co-crystals obtained with CsF7Cl,-NDI are significantly different depending on the donor
molecule. The D-A complex with BTBT was isolated as a solvate and when we replace the BTBT
with a bulkier molecule such as ditBu-BTBT, the crystal obtained does not have present toluene
molecules and it showed a much darker color indicating higher CT. In fact, when we anneal
BTBT:C3F;Cl,-NDI*TOL to promote the desolvation the solid product gets darker, suggesting that
the packing without solvent may be closer to the one observed in the co-crystal with ditBu-BTBT.

In general, the most common stoichiometry observed is 1:1 but when using C3F;Cls-NDI as an
acceptor the CT complexes formed with both BTBT and ditBu-BTBT have a 1:2 stoichiometry.
Furthermore, we investigated the influence of chain length in the Cl4-NDI family, by studying CT
complexes formed with CF3-Cls-NDI, C3F7Cls-NDI, C4FoCl4-NDI and BTBT. Surprisingly the
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crystal structures that show bigger similarities are the one with the shortest chain length and the
one with the longest.

We analyzed the thermal behavior of the CT complexes formed by CsF;Cl.-NDI and CsF+Cls-
NDI. In both cases the CT complexes with ditBu-BTBT have a much simpler behavior with a
single sharp peak ascribable to the melting, while the BTBT complexes show several thermal
events occurring close to the melting temperature.

By infrared spectroscopy we were able to confirm the D-A intimate interaction in the co-crystals
of BTBT:C3F;Cl>-NDI and ditBu-BTBT:C3zF;Cl.-NDI based on the shift of the bands observed
especially in the region 1500-1000 cm™.
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Chapter 6: Conclusions

The goal of thisthesis was to compare in a critical way bulk and substrate-induced polymorphism
for best-performing semiconductors. | focused my attention on naphthalene diimides (NDI)
derivatives which show high conductivity as n-type semiconductorsand have great versatility on
deposition processing due to their high solubility. During the thesis, | have acquired good skills
and competencies in polymorphic investigation and solid-state characterizations like structure
determination by X-ray diffraction on single-crystal (SCXRD) and powder (XRPD), thermal
characterization by DSC, TGA, variable-temperature X-ray diffraction (VTXRD) and hot stage

microscopy.

In the first chapters, [ explored and reviewed the crystal forms of N, N’ -bis(n-hexyl) naphthalene-
1,4,5,8-tetracarboxylicdiimide (NDI-C6) both in bulk and in thin film, with special attention to the
thermal behavior. The measurements at variable temperature were collected at beam-line MS-
XO04SA of the PSI synchrotron, ID proposal 20201790. The results highlighted the interesting
behavior of NDI-C6 which shows different solid-solid transitions depending on the thermal history
and high thermal expansion of the material. The results were presented at the Faraday discussions:
On the Crystal forms of NDI-C6: annealing and deposition procedures to access elusive

polymorphs and published on the Faraday discussions journal.

During my secondment at the university of Graz, | studied the thin films of NDI-C6 to identify
possible surface induced polymorphism of NDI-C6 and in particular the possibility to obtain the
pure phases of NDI-C6. Thin filmswere characterized by X-ray reflectivity and grazing incidence
X-ray diffraction, in the last case the measurements were collected at Elettra Sincrotrone Trieste
at the X-ray Diffraction 1 (XRD1) beamline, and it was possible to confirm the presence of the

new phase & which was observed only as thin film.

Using the optimized conditions to get pure phases, | produced OFET devices and studied the
morphology of the different polymorphs during my secondment at the University of Cambridge.
Unfortunately, the devices characterized did not show a good performance and the small

differences observed are likely related to the morphology of the films. Considering that none of
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the phases shows good uniformity and coverage, it was impossible to compare the different

polymorphs' charge transport and electrical properties as reported in the third chapter.

In the second part of my thesis, | focused on core-chlorinated NDIs with fluorinated side chains.
These molecules were provided by BASF a partner of the UHMob consortium. Initially, |
performed polymorph screening in three molecules with the same core (Cl4-NDI) and different
side chain lengths (CFs, CsF; and C4F) as reported in the Chapter 4. To study the behavior of the
systems at high temperatures | collected VT-XRPD at BL04-MSPD beamline of ALBA
synchrotron, ID proposal 2020094721.

The formation of the solvate form of CF3-NDI*PXY prompted me to study the formation of CT
complexes. These types of co-crystals are being studied as new innovative materials. The NDIs
show a high propensity to form donor-acceptor co-crystals with BTBT and ditBu-BTBT, six
different D-A co-crystals were obtained. Chapter 5 covered the synthesis and characterization of
the D-A co-crystals obtained by means of X-ray diffraction, and FTIR spectroscopy in
collaboration with Dr Tommaso Salzillo (Univeristy of Bologna). Unfortunately, this fruitful field
of my research started only during the last semester of the PhD, and I could not go into it properly

due to lack of time.

The UHMob project also promoted networking and collaborations amongst the early-stage-
researchers (ESRs) which were fundamental during my secondments, and the supportive network

was reinforced during the semestral meetings of the UHMab project.
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Appendix A

On the Crystal forms of NDI-C6: annealing and deposition procedures to access
elusive polymorphs

Inés de Oliveira Martins?®, Francesco Marin®, Enrico Modena* 2, Lucia Maini*®

apolyCrystalLine SPA, Via Della Cooperazione, 29 40059 — Medicina (BO) Italy
®Dipartimento di Chimica “G. Ciamician”, via Selmi 2 —Universita di Bologna, 1-40126, Bologna, Italy

Supplementary information

Table S1 - List of Solvents used for solubility screening.

S. Solvent abbreviation | Soluble

No

1 isopropanol 2PR No

2 acetonitrile ACN No

3 acetone ACT No

4 chloroform CHF > 100g/L

5 dichloromethane DCM > 100g/L

6 | dimethylformamide DMF ~10 g/L
@ 50°C

7 | dimethyl sulfoxide DMSO ~10 g/L
@ 75°C

8 ethyl acetate ETA No

9 water H20 No

10 methanol MET No

11 p-xylene PXY ~28mg/ml

12 toluene TOL ~25mg/ml

105



Figure S1 - Hot stage microscopy during the heating of a single crystal NDI-C6, a) Form a at 170°C, b) Form y at 178°C, ¢)
Form 0 at 184°C.

180°C

Transition occuring

168°C

Trasnsition occuring

Figure S2 - Hot stage microscopy during the heating until before the melting of a single crystal NDI-C6, a) Form o at 175°C, b)
Form a2 Form ¢ transition starting at 180°C, ¢) transition into Form 6 complete. Cooling starting from Form ¢ d) Form J at
190°C, e) transition Form 0 = Form y occurring at 168°C, f) transition into Form y complete, g) Form y at 70°C, h) Form f at

58°C.
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Figure S3 — VT-XRPD of NDI-C6, in green Form o at RT before heating, in red Form ¢ at 185°C before melting, in blue Form ¢
at 195°C at cooling after melt and in black Form o at RT after cooling from the melt.

More information about the transitions observed by DSC, such as temperature and enthalpy are summarized
in Table S2.

Table S2 — Transitions observed in the DSC curves.

. Temperature Enthalpy
Transition °C) (kJ.mol)
Form a = Form y
178.7 15.7
Form y - Form §
Form 8 = Form y 163.2 -9.6
. . Form y = Form 3 56.4 -6.3
Without meltin
thou "9 Form = Form y 68.8 7.0
Form y - Form y+a 100.3 -2.3
Form a = Form y
176.7 15.7
Form y = Form &
Form o> Form y 178.2 14.9
Form y = Form 6
Form 6 - Liquid 207.1 22.0
Liquid - Form 204.7 -21.7
With melting Form 6 - Form vy 164.9 -8.7
Form y = Form o 143.0 -3.6
Form o = Form y
175.1 15.4
Form y = Form 6 > >
Form ¢ = Liquid 207.0 21.9
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Figure S4 — Form ¢ on thin films produced with a DCM solution and Form ¢ obtained from quenching of the melt.

Table S3 — Cell parameters of Form a, Form f, Form y and Form 9.

Tm Lattice Volume Space , . 3
Form (°C parameters (A3) group Z, 7’ | Density (gem”)
a=4.89482(5) A Pawley
b=8.2672 (2) A refinement of
Forma | RT | C714:5209(1) f\ 577 P-1 1/0.5 1.25 the cell
0=96.293 (1) parameter of
p=98.064 (1)° KEKJIUO0L
v=93.589 (2)°
a=22.855 A (8) Pawley
b=4.818 (1) A refinement of
c=32.052A (2) the cell
Formf | RT 00° 3528 P21 6/3 1.22 parameter
p=91.833° (2) reported by
y=90° Milita et al.
a= 4.85556(6) A
b= 6.47166(7) A
c= Structure
Formy | 54 19.94656(13) A 603 P-1 1/0.5 1.20 determination
a=92.1464(13)° from Powder
B=95.834(2)°
v=104.2269(12)°
a=8.7946(1) A Pawley
b=8.0212(2) A refinement of
c=37.9396(4) A the cell
Form & | 196.85 o0 2665 P112:/b | 411 1.05 parameter
B=90° reported by
y=95.180(3)° Milita et al.
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Figure S5 — Pawley Refinement of Form o at RT, with a Rwp of 3.43
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Figure S6 - Pawley Refinement of Form f at RT, with a Rwp of 10.66
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Figure S7 — Rietveld Refinement of Form y at 54°C with a Rwp of 3.45, an interval of 20 was excluded from the refinement since

it was present peaks related to impurities.
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Figure S8 - Pawley Refinement of Form 6 at 197°C, with a Rwp of 6.52
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Figure S9 — Thermal expansion indicatrix with positive thermal expansion shown in red and NTE in blue. Crystal packing of
each phase superimposed on the corresponding indicatrix to visualize the direction of the expansion regarding the crystal
packing. a) Form a, b) Form y.
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Appendix B

Polymorph screening of core-chlorinated naphthalene diimides with different
fluoroalkyl side chain lengths

Supplementary information

Table S1 - Summary of solubility assessment of CFs-NDI, CsF7-NDI and CsFo-NDI

Solubility (mg/mL)

Nsé) Solvent Abbreviation CFs-NDI CsF7-NDI C4Fqo-NDI
1 Isopropanol 2PR <5 <5 <5
2 Acetonitrile ACN 5 <5 <5
3 Acetone ACT 10 20 5
4 Chloroform CHF <5 <5 <5
5 Dichloromethane DCM <5 5 <5
6 | Dimethylformamide DMF 50 20 5
7 | Dimethyl sulfoxide DMSO 20 <5 <5
8 Ethyl acetate ETA 5 10 5
9 Ethanol ETH <5 <5 <5
10 Water H20 <5 <5 <5
11 Methanol MET <5 <5 <5
12 P-xylene PXY 10 10 5
13 Tetrahydrofuran THF 50 50 20
14 Toluene TOL 10 10 5
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Figure S1 - H-NMR of CFs-NDI-SS.
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Figure S2 - C-NMR of CF3-NDI-SS.
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Figure S3 - FTIR of CFs-NDI*Form I in red and CF3-NDI*SS in green.
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Table S2 - Packing parameters for all the crystal forms

CF3-NDI'FOI‘In CF3-NDI'SS CF3- C3F7-NDI'FOI‘m C4F9-ND|’FOI‘1’n
| NDIPXY [ I

n-1 stacking 3.413 3.277 3.395 3.423 3.401
Stacking vector 4.872 5.835 7.780 5.104 5.505
X 74.92 75.66 46.41 72.77 78.53
\ 49.37 38.39 55.22 48.44 40.88
Ax 1.268 1.445 5.364 1.512 1.095
Ay 3.173 4.573 4.438 3.386 4.162
Pitch 20.38 23.80 57.67 23.83 17.85
Roll 42.91 54.37 52.58 44.69 50.75
Torsion angle 0.69 0.15 1.07 7.2 15

-

o i\. % gf éiz \.»;g~
N 5 S D
CF3-NDI*Form 1 CsF7-NDI*Form 1 C4Fo-NDI*Form I
Figure S4 - O--H interactions of Form I (thermodynamic stable form) of each molecule.

-

Figure S5 - Intermolecular potentials of CFs-NDI*Form I, CsF7-NDI*Form I and CsFo-NDI*Form I
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Figure S6 — DSC curves of CFs-NDI*Form I, first heating (red line), cooling (blue line) and second heating (red line)
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Figure S7 - DSC curves of CF3-NDI*SS, first heating (red line), cooling (blue line) and second heating (red line)

Table S3 — Unit-cell parameters used as input for the PASCal calculation, obtained by Pawley refinement of the reported cell of

CsF7-NDI*Form I at different temperatures.

RSl Al b (A) c(A) a () B (") v ()
20 5.143578 10.49287 12.27007 112.1219 89.82593 97.03933
30 5.147791 10.50615 12.29644 112.1659 89.88528 97.03637
40 5.151659 10.51916 12.32627 112.2165 89.96531 97.02838
50 5.155901 10.52464 12.35416 112.247 90.01383 97.06119
60 5.161186 10.52294 12.39038 112.2709 90.0308 97.09506
70 5.16428 10.5062 12.46002 112.3641 89.97152 97.0008
80 5.168586 10.51111 12.50245 112.4523 89.99693 96.98892
90 5.171762 10.53045 12.52874 112.5727 90.11031 96.97994

115



Table S4 - Values (ax) of the principal axis of thermal expansion (X1, X2 and X3) and their orientation in regards of the cell axis,
a, b and ¢ of CsF7-NDI*Form I

P”an;ilspal ax (MK™) b c
X1 -11 0.7595 0.6002 0.2508
Form | X2 72 -0.9483 0.3169 -0.0179
X3 320 -0.5319 0.0234 0.8465
Volume 383

Table S5 - Unit-cell parameters used as input for the PASCal calculation, obtained by Pawley refinement at different temperatures
of the reported cell of CaFo-NDI*Form 1.

Temperature

°C) a(A) b (A) c(A) a (%) Q) v (%)
35.57941 5.55044 9.93215 13.27935 84.50596 99.43067 93.4246
38.80761 5.55125 9.93251 13.29235 84.43997 99.43392 93.43442
40.25474 5.5537 9.93269 13.3123 84.34762 99.4414 93.4711
47.26773 5.55599 9.93501 13.32761 84.2437 99.48624 93.49953
51.16383 5.55738 9.93803 13.34715 84.13745 99.49429 93.52905
50.49593 5.55899 9.93986 13.35905 84.07418 99.50869 93.54646
57.62024 5.56023 9.94343 13.37973 83.95292 99.51904 93.56005
59.40132 5.56174 9.9436 13.39068 83.89847 99.52992 93.57307
60.18054 5.56325 0.94374 13.40381 83.83398 99.53743 93.58894
65.96904 5.56559 9.94565 13.42297 83.73449 99.54974 93.61299
72.42544 5.56848 9.94672 13.44029 83.63698 99.5554 93.64258
72.31412 5.5699 9.94783 13.45069 83.58394 99.5606 93.65531
73.64993 5.57119 9.94846 13.46332 83.52425 99.56049 93.66212
77.43472 5.5743 9.9488 13.47989 83.44244 99.56597 93.69081
83.1119 5.57689 9.95035 13.49896 83.35051 99.57873 93.70905
89.23436 5.57957 9.95042 13.51438 83.28088 99.58314 93.73378
92.90783 5.58279 9.95115 13.52492 83.22739 99.59289 93.75406
95.80208 5.58442 9.9514 13.5347 83.17749 99.59059 93.76532
96.24735 5.58659 9.95117 13.54601 83.12474 99.58734 93.77783
97.13789 5.58933 9.95138 13.55826 83.07184 99.60114 93.79394
99.69819 5.59174 9.95141 13.57107 83.01267 99.59891 93.8059
104.4848 5.59519 9.95217 13.5845 82.94193 99.6031 93.82765
109.8281 5.59866 9.953 13.59779 82.87786 99.61348 93.84634
111.4978 5.60236 9.95204 13.61034 82.8244 99.62449 93.8614
116.6184 5.60575 9.95263 13.62184 82.76433 99.62571 93.87964
121.8503 5.609 9.95237 13.63489 82.71217 99.62403 93.88856
124.8559 5.61269 9.95225 13.64231 82.66795 99.63309 93.91095
129.8652 5.61642 9.95325 13.65441 82.60946 99.63579 93.92672
134.6518 5.61983 9.95149 13.66493 82.57168 99.64384 93.93602
137.7687 5.6229 9.95131 13.67591 82.52417 99.64643 93.95435
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140.2177
139.6611
145.4496
148.1212
150.7928
155.1342
158.5851
161.9246
164.7075
168.047
171.4979
175.1713
178.8448
181.9617
185.3012
188.5294
191.8689
195.6537
198.3253
202.1101
205.6723
209.1231
212.24
215.4682
219.3643
222.8151
225.4868
229.2716
232.3884
235.8393
239.1788
243.0749
246.5257
249.6426
252.9821

5.62678
5.63036
5.63577
5.63828
5.64139
5.64504
5.65072
5.6558

5.65944
5.66337
5.66739
5.67112
5.67566
5.67973
5.6843

5.68788
5.69264
5.69672
5.70164
5.70578
5.71056
5.71493
5.7192

5.72351
5.72785
5.73302
5.73763
5.74174
5.74719
5.75169
5.75709
5.76202
5.76613
5.77044
5.77618

9.95012
9.9506
9.94914
9.94893
9.94871
9.94775
9.94767
9.94564
9.94546
9.94361
9.94352
9.94311
9.94221
9.94134
9.93906
9.93652
9.93601
9.93551
9.93235
9.931
9.92937
9.92765
9.92687
9.92466
9.92162
9.91981
9.91723
9.91592
9.91356
9.90879
9.90671
9.90431
9.90308
9.89981
9.89172

13.68569
13.69697
13.71481
13.72096
13.72836
13.73995
13.7512
13.76317
13.77296
13.78198
13.79003
13.80125
13.81013
13.82082
13.83113
13.84132
13.85055
13.86058
13.87191
13.88163
13.89265
13.90124
13.91047
13.91885
13.93009
13.94274
13.95345
13.96255
13.97316
13.98753
14.00028
14.01019
14.0206
14.03033
14.05048

82.47873
82.43508
82.36953
82.34432
82.31692
82.26837
82.218
82.17584
82.14126
82.10692
82.07373
82.0341
82.00232
81.96576
81.93652
81.89949
81.87355
81.83884
81.81491
81.78914
81.75188
81.73048
81.70107
81.67752
81.66468
81.6316
81.61904
81.58477
81.56326
81.55754
81.52773
81.50965
81.48496
81.47404
81.49136

99.65099
99.65488
99.66174
99.66715
99.67587
99.67301
99.68681
99.69628
99.69984
99.7094

99.71795
99.72535
99.72394
99.73347
99.74681
99.75237
99.76381
99.76954
99.76856
99.7885

99.79846
99.80356
99.8178

99.82879
99.84028
99.85197
99.85849
99.86208
99.87138
99.90492
99.90937
99.91215
99.92325
99.92389
99.96722

93.9689
93.98683
93.9994
94.00891
94.02017
94.02953
94.05135
94.06457
94.07167
94.07307
94.08217
94.08951
94.10217
94.1117
94.12299
94.12273
94.13089
94.14067
94.14988
94.14998
94.15199
94.1571
94.15741
94.1553
94.15657
94.15606
94.16447
94.15742
94.16951
94.1468
94.15149
94.15186
94.15633
94.15295
94.10425
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Figure S8 -Desolvation of CsF7-NDI*ACN

Figure S9 - Desolvation of C4Fo-NDI*ACN
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