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Abstract

Single crystals of organic semiconductors are chemically pristine and exhibit nearly perfect
long-range structural order. As such, they provide an ideal platform to investigate intrin-
sic properties. Vibrational spectroscopy techniques, such as Raman and Fourier-transform
infrared spectroscopy (FT-IR), are widely employed techniques for the characterization
of organic materials. They are versatile tools that can be used to study molecular pack-
ing and polymorphism in crystalline organic semiconductors, albeit with poor spatial
resolution. Two fundamentally different scanning probe techniques with infrared spec-
troscopy and imaging capabilities offer a spatial resolution below 100 nm — atomic force
microscopy-infrared spectroscopy (AFM-IR) and scattering-type infrared scanning near-
field optical microscopy (IR-SNOM).

This thesis compares the AFM-IR and the IR-SNOM with each other and to the con-
ventional F'T-IR spectroscopy with regard to their applicability to small-molecule organic
semiconductors. To this end, single crystals of TIPS-pentacene, TIPS-tetraazapentacene,
rubrene and perfluorobutyldicyanoperylene carboxydiimide (PDIF-CNjy) are used as the
testbed. Significant differences are observed in the spectra of the crystals depending on
the technique and polarization of incident light that are associated with the intrinsic
molecular structure and packing as well as the different working principles of the applied
methods. Furthermore, the imaging mode of the AFM-IR and the IR-SNOM is tested on
solution-deposited microcrystals of PDIF-CNs.

Micro- and nanostructures of layered organic materials can also be created by liquid-phase
exfoliation (LPE), a popular technique used to produce two-dimensional nanosheets from
layered inorganic crystals. The orthorhombic and the triclinic polymorphs of rubrene are
dispersed in aqueous surfactant solution by ultrasonication. Distinct nanostructures of
rubrene, referred to as nanorods and nanobelts, are formed that are isolated via liquid
cascade centrifugation. Their crystalline nature is confirmed through electron diffraction
measurements and Raman spectroscopy. Absorbance and photoluminescence (PL) of the
dispersions are found to be similar to rubrene solutions due to random orientations of the
nanostructures, however, their PL lifetimes are comparable to the macroscopic crystals.
The likely arrangement of rubrene molecules within the nanorods and the nanobelts is

deduced from AFM images, electron diffraction patterns, and IR-SNOM spectra.






Kurzfassung

Einkristalle organischer Halbleiter zeichnen sich durch chemische Reinheit und nahezu
perfekte, langreichweitige Ordnung aus, wodurch sie ideale Modellsysteme fiir die Un-
tersuchung intrinsischer FEigenschaften darstellen. Schwingungsspektroskopische Tech-
niken wie Raman- und Fourier-Transformations-Infrarot-Spektroskopie (FT-IR) finden
breite Anwendung in der Charakterisierung organischer Materialien. Sie sind vielseit-
ige Werkzeuge fiir die Untersuchung der molekularen Packung und der verschiedenen
Polymorphe kristalliner organischer Halbleiter, bieten jedoch nur begrenzte raumliche
Auflosung. Zwei fundamental verschiedene Rastersondentechniken ermoglichen hinge-
gen Infrarot-Spektroskopie mit einer rdaumlichen Auflésung von unter 100 nm — die
Rasterkraft-Infrarot-Spektroskopie (AFM-IR) und die Infrarot-Rasternahfeldmikroskopie
(IR-SNOM).

Diese Arbeit vergleicht AFM-IR, IR-SNOM und die konventionelle FT-IR-Spektroskopie
untereinander im Hinblick auf ihre Anwendbarkeit auf molekulare organische Hal-
bleiter. Diese Untersuchungen werden an Einkristallen von TIPS-Pentacen, TIPS-
Tetraazapentacen, Rubren und Perfluorbutyldicyanoperylen-Carboxydiimid (PDIF-CNy)
durchgefithrt.  Abhéangig von der Messmethode und der Polarisation des einfallen-
den Lichtes zeigen sich bedeutende spektrale Unterschiede, welche die intrinsische
Molekiilstruktur und molekulare Packung ebenso wie die Charakteristika der Messmeth-
ode widerspiegeln. Dariiberhinaus wurde der Mikroskopie-Modus von AFM-IR und IR-
SNOM anhand von l6sungsabgeschiedenen PDIF-CNy Mikrokristallen getestet.

Mikro- und Nanostrukturen organischer Schichtmaterialien lassen sich ebenfalls durch
die Flissigphasen-Exfolierung (LPE) erzeugen — eine weitverbreitete Methode zur Pro-
duktion zweidimensionaler Nanolagen ausgehend von anorganischen Schichtkristallen.
Orthorhombische und trikline Polymorphe von Rubren werden in wéassriger Ten-
sidlosung durch Ultraschall dispergiert. Dabei bilden sich charakteristische Nanostruk-
turen von Rubren, die als Nanostabe und Nanobander bezeichnet werden und durch
Fliissigphasen-Kaskadenzentrifugation isoliert werden konnen. Elektronenbeugung und
Raman-Spektroskopie bestatigen ihre kristalline Natur. Die Absorption und Photolumi-
neszenz (PL) der Dispersionen dhneln denen von Rubrenlosungen aufgrund der ungeord-
neten Orientierung der Nanostrukturen. Im Gegensatz dazu sind ihre PL-Lebensdauern
vergleichbar zu denen makroskopischer Kristalle. Auf Basis von AFM, Elektronenbeu-
gung und IR-SNOM-Spektren wird die wahrscheinliche Anordnung der Rubrenmolekiile

innerhalb der Nanostdbe und Nanobéander aufgeklart.
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Chapter 1

Introduction

Organic electronics, a multidisciplinary research field that focuses on the development of
(opto)electronics centred around organic semiconductors has exponentially grown from
its infancy just a few decades ago to being the backbone of a multi-billion dollar indus-
try today. Much of its advancement can be attributed to consistent scientific work that
has been carried out towards designing, synthesizing, and characterizing novel organic
materials to improve their structure-(opto-)electronic property relationship, stability, and

processability.

Semiconductors are those materials whose electrical conductivity, o, lies between that of
conductors (o > 10* S m™) and insulators (¢ < 107® S m™), and can be controlled via an
external stimulus. Organic semiconductors, in particular, constitute a class of semicon-
ductors composed of carbon-rich molecules. The fundamental property of these molecules
that enable them to conduct electronic charge is molecular conjugation, or in other words,
the presence of alternating single and double bonds between carbon atoms that are cova-
lently bound together. Such an arrangement is often referred to as m-conjugation because
it results in the delocalization of one of the four valence electrons, called the 7w electron,
of each carbon atom within the conjugated system. It is these 7w electrons which are

responsible for electronic charge transport in organic semiconductors.

There are three device categories that are central to both scientific research as well as
technological applications in the context of organic electronics — organic field-effect tran-
sistors (OFETSs), organic light-emitting diodes (OLEDs), and organic photovoltaic cells
(OPVs). Although each of their underlying operational mechanism and functionality
are very different, what is common to them is the important role that charge transport
and energy transfer play in determining the device performance. Molecular structure
and packing are two intrinsic factors that strongly influence these phenomena since small
changes to the structure can alter the packing and therefore the extent of m-orbital overlap
between adjacent molecules that determines charge transport and energy transfer efficien-
cies.1? Tt is, therefore, imperative to characterize the arrangement of molecules in organic

solids.
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Although X-ray diffraction (XRD) is generally the method of choice to gain insights
into molecular packing, alternative techniques that can locally probe the orientation of
molecules and resolve spatial inhomogeneities in films without destroying the samples
are often necessary. Vibrational spectroscopy techniques, such as Raman and Fourier-
transform infrared spectroscopy (FT-IR) are powerful tools that provide good a under-
standing of both structure of individual molecules as well as their orientation, albeit with
low spatial resolution. To examine the innate long-range arrangement of molecules, single
crystals of organic semiconductors would be ideal as they are chemically pristine, free of
grain boundaries, and have nearly perfect structural order. However, for most practical
purposes, polycrystalline films are used which warrants the investigation of molecular
orientation with high spatial resolution. Two scanning probe based techniques combined
with infrared spectroscopy, called atomic force microscopy-infrared spectroscopy (AFM-
IR) and infrared scanning near-field optical microscopy (IR-SNOM), offer the advantage
of good chemical specificity along with superior spatial resolution. Their applicability to

highly ordered molecular crystals is explored in this thesis.

Besides molecular structure and packing which have a clear effect on the properties
of solid-state organic materials, reducing the dimensions of a system also dramatically
changes the properties as established since long, for example, with the help of graphene?
and single-walled carbon nanotube.? Usually, bottom-up solution- or vapour-based meth-
ods are employed to generate low dimensional materials. However, an increasingly popular
top-down technique called liquid-phase exfoliation (LPE) has been used to produce 2D
counterparts of a range of predominantly inorganic crystals in the last decade.’ In all
the cases so far, the exfoliated materials have strong in-plane covalent or coordination
bonds. It is not understood whether molecular crystals with only non-covalent in-plane
-7 interactions can also be exfoliated via LPE. In this thesis, the application of LPE to
non-covalently bound organic single crystals of rubrene is investigated. Furthermore, the
local orientation of molecules in the resulting nanostructures is deduced by comparing

their IR-SNOM signals with those of the corresponding macroscopic crystals of rubrene.

The organization of this thesis is as follows. Chapter 2 summarizes the properties and
current knowledge of the research on small-molecule organic semiconductors with a special
focus on rubrene. The employed vibrational spectroscopies and the related state-of-the-
art techniques are described. The chapter ends with a discussion about liquid exfoliation

and size selection.

Chapter 3 details the materials and protocols used in the preparation of samples. It also

presents the characterization techniques employed in this work.

Chapter 4 examines the far-field absorbance spectra acquired from a selection of organic
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single crystals and compares them with the amplitude and phase signals obtained from
the spectroscopy mode of the AFM-IR and the IR-SNOM, respectively. Furthermore, the
nanoimaging and nanospectroscopy capabilities of the two techniques were tested on a
polycrystalline film. The resulting amplitude and phase maps were compared with the

height images and correlated to the spectra.

Chapter 5 demonstrates liquid-phase exfoliation of two different polymorphs of rubrene
single crystals. Microscopic as well as spectroscopic characterization of thus derived nanos-
tructures are performed and the results are compared with those of the corresponding
macroscopic crystals and rubrene solution. Additionally, the local orientation of the
molecules within the nanostructures is deduced from their IR-SNOM signals and the pro-

posed molecular packing is presented as an illustration.

Finally, in Chapter 6, the main insights drawn from the entire study are revisited and

perspectives on the course of further research are offered.






Chapter 2

Background

2.1 Small-Molecule Organic Semiconductors

The rapidly emerging field of organic electronics is supported mainly by two classes of
materials: conjugated polymers and conjugated small-molecules. Although the earliest
accounts of photovoltage and photoconductivity measurements on organic materials date
back to the late 19th and early 20th centuries,® it was not until the 1980s that organic
electronics came into being as a distinct field of research following the works of Heeger et
al. on polyacetylene, and Warta and Karl on naphthalene crystals.”® A wealth of organic
materials have since then been developed whose electrical properties are of metallic, semi-
conducting and even superconducting nature.”'* Small-molecule organic semiconductors
(OSCs), comprising of polyarenes and polyacenes with typically 2 to 10 benzene rings, are
the focus of this thesis. These materials have not only been successfully implemented in
organic field-effect transistors (OFETS), organic light-emitting diodes (OLEDs) and or-
ganic photovoltaic cells (OPVs) but have also allowed for fundamental studies on charge
transport and energy transfer that govern the operation and reliability of organic elec-

tronic devices.

A key difference between organic semiconductors and the traditional inorganic ones (e.g.,
silicon) that impacts their properties and processing is that organic crystals are character-
ized by weak van der Waals bonding, whereas inorganic semiconductors are held together
by covalent bonds in their solid-state. Based on the current understanding, a direct conse-
quence of the weak intermolecular interactions is the presence of large thermal molecular
motions that limits charge transport in crystalline OSCs.'? These thermal motions cause a
localization of charge carriers because of which the charge transport mechanism in molec-

ular crystals is neither band-like nor hopping but something in between.

The HOMO (highest occupied molecular orbital) and the LUMO (lowest occupied molec-
ular orbital) are discrete energy levels in OSCs that are analogous to the valence and
conduction bands, respectively, of inorganic semiconductors. In small-molecule organic

semiconductors, it is well-established that their opto-electronic properties, such as the en-
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ergy gap between the HOMO and the LUMO, and the charge carrier mobility, are primar-
ily determined by the structure of an isolated molecule and the intermolecular packing.'3
For instance, a weak intermolecular overlap of the orbitals results in a small bandwidth
(~ 0.1 V) and low mobility of charge carriers (< 1 cm? V™' §1).13 Therefore, materials
with favourable molecular structures exhibiting desirable molecular arrangements in the
solid state that can also be processed easily and integrated readily in devices are nec-
essary. Although this seems very challenging, with judicious molecular design strategies

high performing OSC materials have been realized.
2.1.1 Organic Field-Effect Transistors

A common approach to probe the electronic properties of organic semiconductors is by
incorporating them into field-effect transistors which are then called organic field-effect
transistors (OFETs). Based on the electric field effect,'* OFETs enable a systematic study
of charge transport on the surface of OSCs by allowing for continuous tuning of charge
density induced by the external electric field. An OFET consists of several components
— the organic semiconductor, the gate dielectric, the gate electrode, and the source and
drain electrodes, all deposited on a substrate as shown in Figure 2.1. A single crystal
or a thin film of the OSC may be used. In the latter case, an OFET is more specifically
called as a thin-film transistor (TFT).19

Source Drain

Gate Electrode

Figure 2.1: Schematic of the cross-section of a standard organic field-effect transistor.

OFETs operate as voltage-controlled current sources.!> When a voltage is applied be-
tween the gate electrode and the semiconductor (the gate-source voltage), a thin sheet
of mobile charge carriers of opposite polarity to that at the gate electrode is induced in
the vicinity of the semiconductor-dielectric interface. These charges constitute the drain
current that flows through the semiconductor when a voltage between the drain and the
source electrodes is applied. Since the charge carrier density in the semiconductor is a

function of the gate-source voltage, the drain current can be modulated by altering the
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gate-source voltage. A parameter called field-effect mobility, which is a measure of how
quickly charge carriers can move in response to an external electric field, is of paramount
importance to assess device performance.'® In general, higher the mobility, more efficient
is the device. Field-effect mobility is, therefore, also used as a metric to compare different

OSCs, and materials research focuses on strategies to improve it.
2.1.2 General Molecular Design Strategies

Theoretically, organic semiconductors cannot be strictly categorised as p- or n-type mate-
rials since they are not usually doped. Hence, they are in principle ambipolar. However,
transport of either the electrons or the holes can be suppressed by traps,!” and predomi-
nantly p- or n-type behaviour is observed depending on whether charges can be injected.
Therefore, in extended m-conjugated systems with HOMO lying close to the Fermi energy
level of the injecting electrode, Ep, the hole injection barrier (¢) is smaller which results
in preferential hole injection and hence hole transport.!® On the other hand, if the LUMO
is situated closer to the Ep, injection of electrons into the LUMO of the semiconductor is
facilitated due to low electron injection barrier (¢.), leading to n-type behaviour. Here, it
is very important that the LUMO of the OSC is below the trap level of molecular oxygen'®
and water-oxygen complexes.' In a third scenario, when the band gaps of the OSCs are
small, both ¢, and ¢, are small, resulting in hole as well as electron injection leading to

ambipolar behaviour.?

H

(a) (b) Y (c) (d)
- o O
8 I S S
p QD o <
5.4 u G i
W, ra( ()

Figure 2.2: Molecular structures of a few well-known p-type organic semiconductors: (a) pen-
tacene, (b) TIPS-PEN, (c¢) C8-BTBT, and (d) DNTT.

H

Acenes and their derivatives are prominent candidates among small-molecule OSCs. Pen-

tacene (see Figure 2.2(a)), for example, is a benchmark p-type OSC whose remarkable

7
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2124 are attributed to the electron rich aromatic core with

charge transport properties
strong intermolecular overlaps in the solid state, as well as perfect alignment of the HOMO
(-5.1 eV) with the Fermi energy level of gold (-5.1 eV) that is conducive to hole injec-

t.2> However, pentacene (and higher order acenes) are barely soluble in

tion and transpor
common organic solvents and also suffer from poor environmental stability due to photo-
oxidation. To overcome these issues, Anthony et al. incorporated triisopropylsilylethynyl
(TIPS) groups at the C-6 and C-13 positions of the pentacene core.?® This molecule, called
TIPS-pentacene (TIPS-PEN, Figure 2.2(b)), was a game changer for acene chemistry.
It has been shown that the insertion of the TIPS group stabilizes the electron rich pen-
tacene backbone by lowering the LUMO energy level. It also reduces the triplet energy and
thus prevents singlet oxygen sensitization leading to minimization of photo-oxidation.?
Furthermore, the alkyl groups of the TIPS moiety drastically improves the solubility of
the molecule and also forces the acene backbones to adopt face-to-face m-stacking in spin-
coated films.?6 Hole mobilities of > 1 cm? V- s7! were reported in early studies,?® however,
various TIPS substituted acenes have been synthesized and their structure-property rela-
tionships have been studied. In particular, heteroacenes (where one or more carbon atoms
of the acene skeleton are replaced with nitrogen, oxygen, sulphur or phosphorus) with the
TIPS groups, such as triethylsilylethynyl anthradithiophene (TESADT),* difluorinated

(di-F) TESADT?® and their derivatives3! are found to be promising.

Thiophene-based heterocycles form an important sub-class of p-type small-molecule semi-
conductors that are highly stable under ambient conditions owing to the low lying HOMO
levels (-5.0 eV to -5.5 eV) arising from the electron-rich sulphur.'® Bao and co-workers
were the first to report heteroacenes with a single thiophene ring and they showed that
by increasing the number of fused rings they could raise the HOMO level and there-
fore, lower the band gap.??33 They also observed that when the benzene/thiophene rings
were not linearly fused, the HOMO energy level was lowered and the HOMO/LUMO
gap increased.®* Thin film mobilities of these molecules were found to be in the range of
0.1-0.6 cm? V! 1. The group of Takimiya is credited with the invention of a series of
thiophene, selenophene and thiazine fused ring systems with or without end-substitutions
that have performed exceedingly well as p-type semiconductors.?®3% Going from mono-
to dialkyl end-substituted benzothienobenzothiophene (C,-BTBT), the mobility was seen
to improve, as was the effect of increasing the length of the side chain.?” Various other
alkylated phenylene-thiophene oligomers, such as dithienothiophene (DTT)?® and dinaph-
thothienothiophene (DNTT)3%? also show above average performance in OFETs. Molec-
ular structures of C8-BTBT and DNTT are provided in Figure 2.2(c),(d). Rubrene, a
tetracene derivative, is regarded as a touchstone of all small-molecular OSCs. Its features
and properties are discussed in detail in Section 2.2. For a more complete picture of all

the available p-type semiconductors and their structure-property relationship, the reader
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is directed to several comprehensive reviews.!10:2541

When it comes to n-type OSCs, the LUMO energy level of the molecule plays a signifi-
cant role in its performance. For efficient electron injection, the energy barrier between
the work function of the injecting electrode and the LUMO should be as small as pos-
sible. One of the reasons why a vast majority of OSCs show poor n-type behaviour is
because this energy difference is rather high when gold or silver (the prototypical elec-
trode materials with a large work function) are used. An easy solution is to use electrodes
with low work function, such as calcium or magnesium; however, these materials are
extremely susceptible to moisture and air. Other reasons why OSCs show suppressed
electron mobility is because of their own instability in air and electron trapping at the
semiconductor-dielectric interface due to the presence of residual impurities and hydroxyl

groups existing as silanols in the case of the typically used SiO, dielectric.?%42
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Figure 2.3: Molecular structures of a few well-known n-type organic semiconductors: (a) per-
fluoropentacene, (b) TIPS-TAP, (c) tetracyanopentacene, and (d) PDIF-CN,.

The general idea to improve electron transport is to lower the LUMO energy level of
the semiconductor while ensuring that the orbital overlap between adjacent molecules is
good. It has been determined theoretically and demonstrated empirically that a LUMO
level of -3.6 eV or lower is necessary to realize stable electron transport in OSCs.!” The
strategy that is adopted to preferentially lower the energy of the LUMO is to induce
electron deficiency in the m-system by introducing electron withdrawing functionalities.*3
Perfluorination(Figure 2.3(a)) has been found to significantly increase the electron affini-
ties of acenes. Perfluoropentacene, for example, has a LUMO energy level at around -
3.67 €V that is lower than that of pentacene at -3.0 eV and shows an electron mobility
of 0.22 cm? V! s1.4 Cyanated acenes are known to have significantly low LUMO energy
levels because of the highly electron withdrawing cyano group. Glocklhofer et al. re-

ported a one pot synthesis of 6,13-dicyanopentacene and 5,7,12,14-tetracyanopentacene,

both which have a deep LUMO of -4.16 eV and -4.54 eV.*> While the former exhibits
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ambipolar behaviour, tetracyanopentacene transports electrons with a mobility of around
2.2 x 10% ecm? V! s, It is therefore, important to note that even a material with low
LUMO level can show poor electron transport if the orbital overlap is suboptimal. A com-
mon issue with cyanated acenes is that they are not solution-processable. The molecular

structure of tetracyanopentacene is shown in Figure 2.3(b)

N-heteroacenes, otherwise known as azaacenes, present a very promising class of n-type
OSCs. Although not tested for their semiconducting properties until two decades ago,
N-heteroacenes have been a subject of interest for synthetic organic chemists for a long
time.?%47 They are ideal candidates to test structure-property relationships since their
molecular packing and electronic properties can be tailored by changing the number of
nitrogen atoms, their positions in the acene backbone, as well as their valency. Simple
N-heteroacenes like tetraazatetracene and tetraazapentacene already show a considerable
lowering of their LUMO energy levels (-4 eV and -4.14 eV, respectively) that renders
them as n-type materials albeit with very low mobilities (8.9 x 10 cm? V! st and
3.8 x 10* ecm? V! §71, respectively).*® However, they are insoluble in common organic sol-
vents which restricts them to vapour-based deposition techniques. Following the success of
TIPS-PEN, Miao et al. synthesized 6,13-bis(triisopropylsilylethynyl)-tetraazapentacene
(TIPS-TAP, Figure 2.3(c))*that showed a LUMO of -4.01 V. The bulky TIPS groups
not only make the molecule soluble but also shield the nitrogen atoms from the environ-
ment, thus slowing down the degradation of TIPS-TAP drastically.?® Xue and co-workers
published an electron mobility of 13.3 cm? V-1 57! in solution-grown single crystals of TIPS-
TAP,? one of the highest values of electron mobility reported till date, although this value
is highly unreliable and probably overestimated due to non-ideal device characteristics.
Liang et al. synthesised a silylethynylated N-heteropentacene with nitrogen atoms on
the end rings that showed ambipolar transport, thus indicating that the position of the
nitrogen atoms on the conjugated backbone strongly influences its properties.®® Other
notable molecules in this class include halogenated and cyanated N-heteroacenes which

are known to further increase the electron affinity and improve charge transport.>? 54

Imide groups are excellent inducers of high electron affinity and providers of thermal sta-
bility, and as such they have been incorporated into acenes to generate n-type OSCs.
Perlyene diimide and its derivatives, in particular, have gained ample attention for their
electron deficient m-conjugated cores and more importantly, for the ease with which they
can be functionalized at the imide nitrogen atom and within the core to tune their proper-
ties.?>?0 A distinguished member of this family of molecules is N,N’-1H,1H-perfluorobutyl-
dicyanoperylene carboxydiimide (see Figure 2.3(d)), commonly known as PDIF-CNs.
Core-cyanation enhances the air-stability of the material by lowering the LUMO and the

fluoroalkyl chains at the imide nitrogen act as kinetic barriers against atmospheric water
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and oxygen by inducing close packing of the molecules, thus further increasing the mate-
rial’s resistance to degradation.®® PDIF-CNj is, therefore, a highly stable molecule whose

-1

electron mobility in its single crystal form was measured to be 6 cm? V! s in vacuum

and ranges between 0.8 and 3 cm? V! 57! in ambient conditions.5”

The pursuit of better n-type OSCs which not only have higher mobilities but also show
increased stability and solution-processability has always been a priority within the or-
ganic electronics community. There has been significant progress, as discussed, since the
early reports on fullerene, copper phthalocyanine, TCNQ and their derivatives. Many
reviews over the years have closely tracked the development of n-type materials and offer

thoughtful insights on the synthetic strategies, properties and functionalities.!0:20:27-414347

2.1.3 Organic Semiconducting Single Crystals

Thin films of small-molecule organic semiconductors used in device fabrication enable
quick characterization of the material but do not facilitate a systematic study of its
intrinsic properties owing to chemical and structural imperfections. Single crystals, on the
other hand, have high chemical purity, are free of grain boundaries, and show long range
structural order with minimal traps and defects. As such, organic semiconducting single
crystals (OSSCs) of small-molecules provide a better platform to investigate the intrinsic
electronic and optical properties. Following the report by Podzorov et al. on single
crystal OFET?® based on rubrene, a number of studies examining the nature of charge
accumulation and transport in single crystals were published.?®%* What these studies also
revealed was that the charge carrier mobilities measured in single crystal OFETs were
at least an order of magnitude higher than their TFT counterparts. Another important
observation was that of anisotropic charge carrier mobility which reflects the low symmetry
of molecular packing in OSSCs,%° although this had been previously reported by Warta
and Karl for naphthalene single crystals.® As a consequence, single crystals became the

testbed for carrying out fundamental studies.

2.1.4 Growth of OSSCs

Single crystal OFETS initially constituted only crystals of rubrene,”® tetracene® or pen-

tacene,%? all of which were grown from the vapour phase. There are two growth methods
— vacuum sublimation and physical vapour transport (PVT).%67 The former involves
sublimation of a small quantity of the semiconductor powder under vacuum in a clean
quartz tube provided with a temperature gradient. Due to convection currents, the sub-

limed material recrystallizes in the cooler regions of the tube. In the PVT setup there is
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no vacuum, instead an inert gas under ambient pressure transports the vapours to cooler
regions (see Chapter 3.2.1 for more details). Crystals grown by these methods are found
to be pristine both chemically and structurally. There are, however, a few drawbacks —
i) the dimensions of the crystals cannot be controlled, ii) crystals are prone to scratches
and breakage as they have to be picked up by hand and placed suitably on substrates, and
iii) not all materials sublime easily, thermal decomposition is not uncommon. To tackle
these problems, several solution-based techniques have been developed. Although most

of them yield thin films, there are a few with which single crystals can be obtained.

Drop-casting, for example, involves covering a substrate with the solution of the OSC and
letting the solvent evaporate spontaneously, leaving behind well-faceted single crystals
(see Chapter 3.2.1). Again, specific dimensions are hard to achieve but it is a simple
technique with no material wastage. Another straightforward method to access single
crystals is by reprecipitation. A supersaturated solution of the OSC is injected into an
antisolvent following which single crystals of the OSC precipitate out (more information
about this can be found in Chapter 3.2.1). The droplet pinning strategy is an effective
way to grow dense arrays of single crystals® or large crystalline domains.%*™ Here, a di-
rectional growth of crystals is promoted by pinning the solution to a piece of silicon wafer
called the pin. Nucleation occurs at the edge of the droplet and as the contact line of the
droplet recedes towards the pin, the solute molecules deposited on the initial seed crystals
crystallize. In another method developed by Nakayama et al., an inclined solid substrate
was used to spatially confine the OSC solution droplets and limit the solvent evaporation
only to the exposed sides resulting in large areas of single crystals.”* The method was also

extended to produce crystal arrays by using a stamp with arrays of inclined protrusions.

Solution-shearing, blading, and zone-casting, all of which fall under the umbrella term
“meniscus-guided coating” are popular methods to obtain films with large crystalline do-
mains.” All of them involve a blade or a bar that is either moved over a solution reservoir
or holds a drop of the solution over a substrate placed on a movable heating stage. As
the blade or the stage is moved, the meniscus is dragged leaving behind a thin film of the
solution which crystallizes as the solvent evaporates. Highly oriented single crystalline
ribbons of TIPS-TAP were prepared using zone-casting.”™ Although solution-grown single
crystals are not as immaculate as vapour-grown ones due to trapped solvent molecules
or other impurities, they are still high performing as evidenced by many reports.51:68:7
Several excellent reviews provide a good overview of all the available solution-processing

techniques, compatible materials, and challenges.” ™7
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2.1.5 Molecular Packing in OSSCs

An organic crystal is composed of identical molecules stacked together closely and regu-
larly that are bound by weak intermolecular forces, such as hydrogen bonds or van der
Waals interactions. Therefore, the properties of the crystal are strongly dependent on
the arrangement of the molecules with respect to each other. The organization of indi-
vidual molecules inside a crystal lattice and the resulting intermolecular interactions are
determined by the chemical structure of the molecule. Its shape, size, and steric factors
are all consequential in the formation of molecular crystals. Ultimately, the energetically
favourable packing of the molecules is regulated by the balance between the exchange

repulsion and the attractive forces (dispersion, electrostatic, and induction terms).%"

From previous discussions, it is clear that the field-effect mobility in small-molecule OSCs
is sensitively dependent on the molecule itself. For charge transport to take place, the
charge (hole or electron) has to hop from one molecule to another which can be described
in the simplest way by Marcus theory,?° although more suitable models have been de-

1281 Volecular structure

veloped over the past few years such as transient localization.
and packing together determine the charge transfer integral and the reorganization en-
ergy both of which eventually govern charge transport.®? The charge transfer integral,
otherwise known as electronic coupling, is defined as the splitting of the HOMO or the
LUMO energy levels between adjacent molecules which in turn reflects the strength of the
intermolecular interaction. And, the reorganization energy is a measure of the strength of
electron-phonon coupling. To achieve high mobility, the reorganization energy should be
minimized and the transfer integral maximized. In general, this can be realized by tuning

the intermolecular distance and the 7-7 overlap.

Organic semiconducting molecules typically arrange themselves in one of the four packing
motifs shown in Figure 2.4.*' Although strict face-to-face packing would result in the
strongest m-7 overlap, molecules do not arrange themselves in such a pattern because of
the large electrostatic repulsion that would then exist.”” As a result, the molecules are
either translated or rotated relative to one another. When molecules are rotated about
the plane of their conjugated core from their strictly cofacial configuration to minimize
the exchange repulsion, the herringbone packing motif is observed. Within this motif
there are two types — herringbone (face-to-edge) without -7 overlap between adjacent
molecules (Figure 2.4(a)), and herringbone with 7-7 (face-to-face) overlap between ad-
jacent molecules (Figure 2.4(b)). By default most acenes and heteroacenes, in the solid
state, arrange themselves into the former type.! Rubrene, on the other hand, adopts a
cofacial herringbone packing in an orthorhombic lattice. There also exists mixed herring-

bone motif, called sandwiched herringbone, where a pair of molecules interact face-to-face,
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but then interact in an face-to-edge fashion with adjacent pairs. This was first observed
by Bao and co-workers in certain mono-halogenated tetracene derivatives.®® In the same
study, they also report that a dihalogenated tetracene derivative shows a linear face-to-

face m-stacking.
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Figure 2.4: Schematic representation of the typical molecular packing motifs adopted by small-
molecule organic semiconductors. (a) Herringbone (face-to-edge), (b) herringbone (face-to-face),
(c) 1D face-to-face, and (d) 2D brick-wall packing.

When molecules are translated by a short distance along their long or short axis from
a strictly cofacial configuration, it results in 1D m-stacking (Figure 2.4(c)) and 2D
brick-wall (Figure 2.4(d)) assembly, respectively. They are sometimes also referred to
as the 1D /2D slipped cofacial stacking or 1D/2D lamellar w-stacking motifs. Usually,
molecules which are 2D disc-shaped, such as hexabenzocoronene (HBC) or have periph-
eral substituents that can lead to steric hindrance like dichlorotetracene, conform to the
1D face-to-face motif. In the latter case interactions between the substituents and the
aromatic rings tend to stabilize the cofacial packing.®* For this reason, most of the n-type
and ambipolar materials which have electron-withdrawing groups show strong intrastack
and poor interstack (between laterally placed stacks) interactions leading to 1D pack-
ing. In 2D slipped stacking arrangement, each molecule interacts with four neighbouring
molecules and therefore, presents 2D electronic coupling. TIPS-PEN and TIPS-TAP are
exemplary molecules in this category which also show very high mobilities. In general,

acenes and heteroacenes with bulky trialkylsilyl side groups are known to adopt this mo-
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tif.] The TIPS groups act as steric directors inhibiting face-to-edge alignment while at
the same time forcing the aromatic backbones to adopt a face-to-face packing, resulting
in a 2D slipped stacking arrangement. However, it is interesting to note that the packing
is dependent on the size of the substituent with respect to the acene length.*® When the
diameter of the roughly spherical substituent is less than half the length of the acene,
1D slipped stacking of the molecules is observed. If the diameter is approximately the
same as half the acene length, the molecules assume 2D brick-wall packing. As the size of
the subsituent is increased, the packing reverts to 1D and with further increment to face-
to-edge herringbone arrangement, as the volume of the substituent will then be able to
completely cover the acene backbone. Perylene diimide derivatives like PDIF-CN, with
long fluoroalkyl side-chains also show 2D slipped stacking. It can be inferred that the
cyano groups on the aromatic core promote a side-by-side interaction between stacks and
the alkyl side-chain prevents edge-to-face stacking simultaneously. Alkylation, in general,
is observed to increase intermolecular interactions due to large dispersion forces which
brings the molecules closer, leading to a dense packing.?>® This effect is very prominent
in the case of C,-BTBT where longer the alkyl chains, more enhanced is the conjugated

molecular overlap.®”

It is common for organic crystals to show polymorphism (that is, the existence of a
material in multiple crystal structures) and phase transitions between the different poly-
morphs (each individual form of a material). Several acenes, like tetracene, pentacene,
a-sexithiophene,®® show a low temperature and a high temperature polymorph. Rubrene,
on the other hand, exhibits three different polymorphs based on the growth method.®”
The molecules arrange themselves very differently within the different crystal structures
resulting in distinct characteristics. Rubrene in its orthorhombic polymorph adopts a
face-to-face herringbone motif, whereas in its triclinic polymorph assumes a 2D slipped
stacking motif. More information about rubrene’s polymorphs and their properties can

be found in the next section.

The packing motif that an OSC molecule adopts also determines the morphology of the
bulk crystal. Massaro et al. provide computational results that indicate that in acenes
and thiophenes where molecules are packed in face-to-edge herringbone motif, the equilib-
rium morphologies are barrel shaped with several facets governed by the point group.?*!
Molecules in 1D cofacial stacking show very little interstack interactions which result in
narrow, needle-like crystals. On the other hand, molecules conforming to 2D slipped stack-
ing motif interact strongly across and within stacks which results in a faceted, platelet-like

crystal morphology.

In summary, small-molecule semiconductors offer great flexibility in tailoring their prop-

15



Background

erties through careful molecular design. Various synthetic strategies have enabled the
tuning of (i) HOMO/LUMO levels, (ii) packing and hence charge transport, and (iii) pro-
cessability, however with a very complex interplay of all. Single crystals of small-molecule
OSCs are ideal systems to investigate intrinsic behaviour and structure-property rela-
tionships owing to their near-perfect chemical purity and structure. Molecular packing
within the crystals, in addition to molecular structure, influences charge transport. Of
the different motifs that the molecules typically arrange themselves into, 2D 7-7 stacking

facilitates the most efficient charge transport with rubrene being an exception.

2.2 Rubrene

Rubrene, a tetraphenyl derivative of tetracene, is an evergreen material that has held
the attention of scientists for decades since its first synthesis in 1936.2 Outstanding
photophysical and semiconducting properties, such as fluorescence quantum yield of unity
in molecular rubrene®® and a contact-free intrinsic hole mobility of 40 cm? V™ s in

crystalline rubrene,” have provided the impetus for sustained research on this material.

O

e
O &

Figure 2.5: Molecular structure of rubrene showing the tetracene backbone with four phenyl
groups substituted at the 5,6,11,12 positions.

As a result, rubrene has made its way into a number of applications — as a laser dye,” in

59-61,96

organic field-effect transistors (OFETSs) as the charge transport layer, as a host or

dopant in organic light-emitting diodes (OLEDs)?" % and organic photovoltaic (OPV)

101-103 104,105

devices, and as a spacer in organic spin-valves (OSVs). The molecular structure

of rubrene is shown in Figure 2.5.
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2.2.1 Polymorphs

In order to access intrinsic properties, a vast majority of research on rubrene is performed
on its single crystals owing to their defect-free and high purity attributes in addition to
superior structural order. To date, three different polymorphs of rubrene — orthorhombic,
triclinic, and monoclinic, have been reported.' A quick and reliable identification is

possible via lattice phonon Raman spectroscopy.®’

Figure 2.6: Packing of rubrene molecules in the (a) orthorhombic lattice, (b) triclinic lattice,
and (c) monoclinic lattice, as viewed along the a-axis. (d, e, f) Corresponding view along the
c-axis. The respective unit cells are indicated with the crystallographic a-axis shown in red,
b-axis in green, and c-axis in blue. Hydrogen atoms are omitted for the sake of clarity.

Single crystals of rubrene with the orthorhombic lattice are grown via the physical vapour
transport (PVT) method (see Chapter 3.2.1),%” where the molecules arrange themselves
into a herringbone packing motif as shown in Figure 2.6(a).!°” The most commonly ob-
served morphologies of the orthorhombic polymorphs of rubrene are platelets and needle-
like crystals among others such as thin foils and cotton-wool-like structures.!®® The tri-

clinic polymorph of rubrene is seen in 1D ribbon-shaped crystals, with the molecules
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adopting a 2D face-to-face slipped-stacking motif (see Figure 2.6(b)). Finally, the mon-
oclinic polymorph of rubrene is observed in 2D hexagonal or rhombic plate-like crys-
tals where molecules in consecutive layers are arranged almost perpendicularly to each
other, as shown in Figure 2.6(c). Both triclinic as well as monoclinic single crystals
of rubrene are grown from solution following a reprecipitation technique.!’® In all three

polymorphs, the m-stacking occurs along the a-axis (red-coloured axis) as shown in Fig-
ure 2.6(d),(e),(f).

Besides single crystals, polymorphism in thin films of rubrene has also been explored.
Thermal evaporation of rubrene followed by abrupt heating is known to produce crys-
talline rubrene films exhibiting either the orthorhombic or the triclinc phase.!® ! Spin-
coated and annealed rubrene films also show the same two crystal structures depending

on the polymer binders used, as demonstrated by Jo and co-workers.!1?

2.2.2 Electronic Properties

Although 7-stacking is observed in all three polymorphs of rubrene, the degree of 7-7
overlap between adjacent molecules is vastly different. The orthorhombic form shows
maximum overlap, resulting in very efficient electron coupling®® while the monoclinic
phase exhibits minimal interactions between neighbouring molecules. As a result, the
orthorhombic polymorph has been widely studied as a p-type semiconductor in OFETs.
Podzorov et al. fabricated single crystal OFETSs using rubrene and achieved a hole mobil-
ity of 8 cm? V! 571,59 Subsequently, a vast amount of research efforts was directed towards
understanding charge transport and improving field-effect mobility in rubrene single crys-
tals. Investigation of its intrinsic properties using air-gap transistors revealed anisotropy
of carrier mobility and increase of mobility with decreasing temperature.®® Mobility along
the m-stacking axis (a-axis, see Figure 2.3(d)) was found to be significantly higher at
15.4 cm? V! s71 in comparison to the mobility along the b-axis (4.4 cm? V- s71).99 A study
on the influence of different dielectrics on the mobility of rubrene single crystal demon-
strated that crystal/dielectric interface plays a crucial role, with high-£ dielectrics leading
to increased polaron-induced self-trapping of charge carriers.''3!14 Takeya and co-workers
minimized interface trap density by laminating rubrene crystals on SiOs substrates pre-
treated with high density self-assembled monolayers (SAMs) and determined the contact
resistance-free intrinsic hole mobility of rubrene to be 40 cm? V- s71.11° The Hall effect has
also been observed in rubrene single crystals, which together with high mobilities and the
negative temperature dependence of mobility, provides unambiguous proof of band-like

64,116

transport in rubrene, and contradicts the assumptions of the hopping model.*?:8!

With the use of appropriate gate dielectrics, electrode materials and design, ambipolar
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transport has been realized in rubrene single crystals.!!”'?® Takahashi et al. first re-
ported ambipolar OFETs of rubrene crystals consisting of a hydroxyl-free poly(methyl
methacrylate) (PMMA). Reduced electron traps at the semiconductor-metal interface re-
sults in enhanced electron transport. The hole and electron mobilities were found to be
1.8 and 0.011 cm? V! 57!, respectively.!'” More recently, Kanagasekaran et al. have im-
proved these values to 22 cm? V! s (hole mobility) and 5 cm? V! s (electron mobility)
by incorporating a staggered electrode structure comprising of Au or Ca, polycrystalline
rubrene and tetratetracontane.!?® The ambipolar behaviour in rubrene crystals has been
exploited to construct complementary metal oxide semiconductor (CMOS) inverters and
light-emitting FETs. 119121123 Additionally, owing to rubrene’s high hole mobilities, single
crystals of rubrene have been used in combination with inorganic n-type 2D materials such
as MoS,, to generate van der Waals heterostructures that show ambipolar behaviour. 24126
Ambipolar FETSs thus fabricated have been further used as phototransistors or as building

blocks in CMOS inverters.

It is not only single crystals but also thin-films of rubrene whose field-effect mobilities have
been examined.!%%112:127 Fysella et al. have prepared highly crystalline films of rubrene
by using a suitable underlayer between the substrate and thermally evaporated rubrene.
Post-deposition annealing results in orthorhombic crystalline film with grains as large as

500 pm showing hole mobilities as high as 3.5 cm? V- 1,127

Most importantly, due to the high reproducibility of single crystals of rubrene, it is the
benchmark semiconductor for testing transport theories. Several interesting experiments
such as the measurement of Seebeck coefficient,'?® anisotropy of charge transport,'?* and

negative isotope effect on charge transport have been carried out on rubrene crystals.
2.2.3 Optical Properties

Rubrene can be purchased as an orange powder with a strong absorption in the blue and
green regions of the visible spectrum. Its most striking feature is a photoluminescence
quantum yield (PLQY) of unity in solution,”® that has inspired considerable amount of
research on rubrene’s optical properties. Although the PLQY of single crystals of rubrene
is low, other properties such as long exciton diffusion lengths, high photoconductivity,
waveguiding, and good singlet fission efficiencies are beneficial for optoelectronic appli-
cations. It has been experimentally observed that unlike in rubrene solution where only
singlet state absorption takes place with low quantum yield of intersystem crossing, in or-
thorhombic rubrene crystals triplet formation takes place via singlet fission.'3? It is these
triplet excitons that are responsible for high surface photocurrents in rubrene crystals

because of their long lifetime (~ 1 ps) and large diffusion length (~ 5 pm).'®! Irkhin and
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Biaggio have further shown that the exciton mobility in the crystals is highly anisotropic
with the long-range diffusion present only in the direction of the m-stacking.!3? Further-
more, experimental results are consistent with theoretical calculations that show that the
red component of rubrene’s PL originates from triplet-triplet fusion process, whereas the

yellow-green PL is associated with charge-transfer singlet excitons.!3!

An interesting characteristic of rubrene crystals is their strong absorption and emission
anisotropy. The twofold axis of rotation (M axis) of a rubrene molecule as it is found
in orthorhombic rubrene crystals lies parallel to the short axis of the backbone (or par-
allel to c-axis, see Figure 2.6(a)) and the transition dipole moment corresponding to
the strongest low-energy electronic transition is along this axis.!®® Such a combination
results in strong absorption and emission anisotropy which in turn have a large impact
on the spectra obtained from rubrene crystals under different illumination and detection
geometries. The strongest absorption band of orthorhombic rubrene for c-polarized light
is observed at 2.32 eV and is followed by a higher-energy vibronic progression with a
band separation of 0.17 eV. The absorption band observed at 2.8 eV distinguishes the
orthorhombic rubrene crystal from rubrene solution and amorphous solid. Interestingly,
majority of the PL of orthorhombic rubrene crystal is emitted with c-polarization with
the main emission peak at 2.2 eV. However, this is redshifted from the intrinsic PL due
to self-absorption since the strongest absorption is in the same direction. The intrin-
sic c-polarized emission has the main band centred at 2.22 eV followed by lower-energy
vibronic progression with a separation of 0.15 eV. Different polymorphs of rubrene are
expected to show a different degree of self-absorption determined by the extent of overlap

of their absorption and emission spectra as well as the surface quality of the crystals.

In orthorhombic crystals, the reabsorbed light along the c-axis (perpendicular to the ab

134 Similar waveguiding effects are also seen in the

facet) is self-guided towards the edge.
1D triclinic ribbons and the 2D monoclinic plates.!'® With regard to the lifetimes, all
solid samples of rubrene are characterized by a multi-exponential decay with the mono-
clinic crystal displaying the longest lifetime, followed by the triclinic form and lastly the
orthorhombic phase with the shortest lifetime.'®® The short lifetime component of each
polymorph is attributed to the self-quenching phenomena in solid-state aggregates of red-
emissive materials.'®® Rubrene in solution, on the other hand, shows a single exponential

decay with a lifetime as long as 13 ns.1%

Absorbance and emission of an amorphous film of rubrene are slightly redshifted with re-
spect to the solution due to the combined effect of higher polarizability and static disorder
in its environment.?% It is, however, crucial to note that as with the crystals and solutions

of rubrene, reabsorption effects may have an influence on the PL position of films as well.
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The occurrence of singlet fission as well as triplet fusion leading to delayed fluorescence!®”

in addition to the formation of polaron pairs from the singlet excited state!®® has been

investigated in disordered films of rubrene.

2.3 Vibrational Spectroscopy of Organic Molecules

2.3.1 Infrared Spectroscopy

One of the most important and widely used techniques of analytical chemistry is infrared
(IR) spectroscopy. Although the infrared region of the electromagnetic spectrum en-
compasses the near-infrared (13000-4000 cm™), the mid-infrared (4000-400 cm™) and the
far-infrared (< 400 cm™) sub-regions,'® the term ‘infrared’ in this thesis only refers to
the mid-infrared section. When photons of this energy are absorbed by molecules they are
excited to higher vibrational states, and the spectroscopy technique that measures these
vibrational transitions of molecules is termed IR spectroscopy. A material’s IR absorption

properties is described by its complex refractive index (N) at the macroscale by,

NA)=nA)+i -k (2.1)

where, A is the wavelength of light, n and k are the real and imaginary components of
the complex refractive index that are related to scattering and absorption, respectively.

In the case of non-magnetic materials, N is related to the dielectric permittivity (e) by,

N = eV (2.2)

Rele] =n* — K* (2.3)

Imle] =2-n-k (2.4)

The vibrational energy levels (F,) according to the harmonic oscillator model is given
by,141

E, = (v + %)hw (2.5)

where, the vibrational quantum number v = 0, 1, 2,..., & is the reduced Planck constant,

1/2 with k being the force constant that characterizes the stiffness

and frequency w = (k/m)
of the bond and m the effective mass. The vibrational levels of a harmonic oscillator are

schematically shown in Figure 2.7(a).
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Figure 2.7: (a) Schematic of the vibrational energy levels of a harmonic oscillator evenly
separated by hw. Even in its lowest state the oscillator has a non-zero energy. (b) Illustration of
the different types of stretching (top) and bending (bottom) molecular vibrations. The arrows
indicate the direction of simultaneous change of either bond length or bond angle in the plane
of the paper. The ‘+” and ‘-’ indicate bending of the bonds out of and into the plane of the
paper, respectively.

The selection rule for a change in the vibrational state caused by the absorption or emission
of radiation is that there must be a change in the electric dipole moment of the molecule
when its atoms are displaced relative to one another. Only such vibrations are said to be

IR active. Mathematically this is denoted as,

on
(@)} £0 (2.6)

where, n is electric dipole moment and ) is the normal coordinate of a normal mode.
Normal coordinates are theoretically determined set of coordinates that describe the mo-
tion of all atoms (called the normal modes) by approximating the intramolecular potential
with a harmonic function.'*> A non-linear molecule with X number of atoms will have
3X-6 vibrational degrees of freedom, otherwise known as vibrational modes. Even for a
fairly simple molecule, there are several vibrational modes that couple together to give
rise to a complex spectrum. The intensity of an absorption peak is proportional to the
square of the derivative of the electric dipole moment with respect to the normal coordi-
nate, and the position is determined by the stiffness of the bond along with the masses of

the atoms at each end. The resonance frequency expressed in wavenumbers follows from

SEANE 2)

1

Equation 2.5 as,

where, v is the wavenumber of an absorption maximum in cm™ and c¢ is the speed of
light. Molecular vibrations either involve a change in bond length leading to stretching
vibrations (symmetric or asymmetric) or a change in bond angle resulting in bending

vibrations (scissoring, rocking, wagging, or twisting), as shown in Figure 2.7(b).
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Figure 2.8: Unpolarized IR absorbance spectrum of PDIF-CNs (inset). The skeletal vibrations
of the molecule are observed between 600 and 1700 cm™, whereas vibrations localized to its
functional groups can be seen above 2000 cm™. Here, the peaks at 2220 cm™ and 3040 cm™

correspond to C=N and =C-H stretching vibrations, respectively.

An example of IR absorbance spectrum of an organic molecule is shown in Figure 2.8.
Some vibrations are localized to the functional groups and the corresponding absorption
peaks appear in the 1700-4000 cm™ range, while others called skeletal vibrations involve
atoms from a large part of the molecule or the entire molecule. The absorption bands asso-
ciated with skeletal vibrations are observed between 600 and 1700 cm™ and are regarded
as the “fingerprint” of the molecule. It is important to note that several factors such

143,144 145,146

intermolecular interactions, combination and

39

as intramolecular conformations,
overtone bands, and Fermi resonance!®® can cause shifts in position and intensity of the
absorption peaks. These perturbations hold crucial chemical and structural information
which can be extracted by using advanced IR techniques and performing theoretical cal-

culations followed by rigorous analysis.

With polarized IR light the absorbance of a sample along specific directions can be probed.
From this the orientation of the molecules can be deduced as only those vibrational modes
with the transition dipole moment vector (i.e., electric dipole moment that is associated
with the transition between two states) or its component aligned parallel to the incident

electric field are excited.
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Figure 2.9: Schematic of an FT-IR microscope with a Michelson interferometer in the trans-
mission mode. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

To record high quality IR spectra and perform chemical imaging within reasonable time-
frames, a Fourier-transform infrared spectrometer (FT-IR) coupled with IR microscope
is predominantly used. The basic components of an IR microimaging setup are shown
in Figure 2.9 — a broadband thermal source, a Michelson interferometer, an optical
microscope, and a focal plane array (FPA) detector. The polychromatic light that emerges
from the source (Globar or Nernst) is directed into the interferometer where the moving
mirror introduces an optical path difference between the two arms resulting in a modulated
exit beam that is incident on the sample. In the transmission mode, assuming the losses
from reflection are negligible, the transmittance (7") is defined as the ratio of the intensity
of the transmitted beam () to the intensity of the incident beam (/) and is further related
to the absorption coefficient (cap,s) and the path length of light inside the sample (1) by,

I
T = (I_()) = ¢~ %abs'! (2.8)

It follows from Equation 2.8 that the absorbance (A) of the sample is

A=—log(T)=~-c-1 (2.9)
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where, 7 the molar absorptivity and ¢ the molar concentration of the sample are related
t0 Qaps through agps = 7 - ¢. The transmitted signal then reaches the detector (mer-
cury cadmium telluride) following which it is amplified, converted to a digital form by an
analog-to-digital converter and transferred to a computer. Here, the raw data (called an
interferogram) which contains information about the transmission of light at each mirror
position is converted to an actual spectrum of transmittance as a function of wavenumber
by the mathematical method of Fourier transformation. The Fourier transform essentially
converts the distance domain (here, the displacement of the mirror) to its inverse domain

(wavenumber in cm™).

The lateral resolution of IR microscopes like optical microscopes is limited by the diffrac-

tion of light. It is approximated by the Rayleigh criterion,

0.61- A
r:< i ) (2.10)

where, 7 is the lateral resolution, A is the wavelength of light, and NA is the numerical

aperture of the objective. Clearly, from Equation 2.10 the lateral resolution of an IR
microscope tends to be several micrometers which is too low to resolve nanoscale features.
Although successful attempts have been made to improve image quality by employing

148,149

FPAs with small pixel sizes, and compensate for the resulting poor signal-to-noise

151,152

ratio by using synchrotrons'®® and quantum cascade lasers, IR microscopes are still

deficient in lateral resolution for utility in nanoscale science and technology.

2.3.2 Raman Spectroscopy

A complementary technique to IR spectroscopy is Raman spectroscopy, also a non-invasive
and non-destructive technique that provides information about molecular structure and
interactions, crystallinity, phase, and polymorphism. It is based on the Raman effect
which, classically speaking, describes the inelastic scattering of light that occurs when
electromagnetic radiation interacts with matter. When an electric field is incident on
a sample, it disturbs the electronic charge distribution in the molecule thus inducing a
dipole moment even in an otherwise non-polar molecule. This induced dipole moment
(p) is related to the electric field (E) by,

p=a-E (2.11)

where, «, the proportionality factor, is the molecular polarizability that determines the

extent to which the external field is able to distort the sample’s electron density out of
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Figure 2.10: Energy level diagram of the different states involved in elastic and inelastic
scattering of light.

Depending on the nature of interaction between the excitation radiation and the sample,
there are two types of scattering — (i) elastic and (ii) inelastic, as shown in Figure 2.10.
Elastic or Rayleigh scattering occurs when the incident light and the scattered light have
the same energy resulting in zero frequency shift. Whereas, inelastic or Raman scattering
is further sub-divided into (i) inelastic Stokes scattering where the scattered light is red-
shifted with respect to the excitation frequency and (ii) inelastic anti-Stokes scattering
where the scattered light is blueshifted with respect to the incident light. As with IR
spectroscopy, there exists a selection rule for Raman spectroscopy as well which states
that the inelastic scattering of light results from the non-zero derivative of the electronic

polarizability along the Q-th normal coordinate at equilibrium geometry, that is,

Ox
<%>0 £0 (2.12)

This implies that the vibrations observed with Raman spectroscopy are different from
those seen with IR spectroscopy. It is important to note that the intensity of a signal
from Raman scattering cross-sections is proportional to the square of (i) the gradient of
the polarizability and (ii) the electric field, and (iii) to the fourth power of frequency of
the excitation laser. The Raman intensity, is however, typically six orders of magnitude
smaller than the signal from IR absorptivity.!*® Technological developments have not only
enabled signal enhancement via resonant Raman scattering or surface enhanced Raman

scattering (SERS), but also combined the chemical specificity and sensitivity of Raman
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spectroscopy with the high spatial resolution of confocal microscopy leading to imaging
of samples. The main components of a Raman microscope include a monochromatic laser
excitation source, an optical microscope, stray light filtering system, a spectrometer (dis-
persive or interferometric) and a detection system (typically a charge-coupled device).
The spatial resolution is still limited by the wavelength of the laser (e.g., 532 nm) but is

much better than that of an IR microscope.

Raman spectroscopy is usually employed to identify molecules and understand their con-
formation based on their intramolecular vibrations. However, when certain molecular
crystals show polymorphism, the chemical identity of the different polymorphs being the
same implies that their intramolecular vibrational modes are similar or even identical. In
this case, it would be beneficial to study their intermolecular modes. These modes which
are composed of collective translational or rotational motions of the molecules in the unit
cell produce dynamical deformations of the crystal lattice called lattice vibrations or lat-

! Since lattice phonons

tice phonons that cause Raman shifts in the range 10-150 cm’
involve intermolecular interactions, they are very sensitive to molecular packing and hence
the lattice phonon Raman spectra serve as fingerprints of individual crystal structures.
Polymorphs of several well-known OSCs such as pentacene, tetracene, a-sexithiophene
and rubrene have been identified from their lattice phonon pattern which has further en-
abled in-situ characterization of phase purity.888%154155 Ag such, lattice phonon Raman
spectroscopy is a powerful tool to probe structural information in a fast, reliable manner
and acts as a complementary technique to X-ray diffraction (XRD) by providing access

to lattice dynamics.

In recent years, it has been established that the interaction between a charge carrier and
the inter- and intramolecular vibrations of an organic semiconducting molecule, called
electron-phonon interactions, leads to charge localization that results in less efficient
hopping transport.1281:156-160 Thege electron-phonon interactions comprise of two com-
ponents — the local component that corresponds to changes in the vibrational levels of
the molecule and is associated with high-wavenumber (7 > 200 cm™) intramolecular vi-
brations, and the non-local component that arises from changes to the transfer integral
and is mainly related to the low-wavenumber (7 < 200 cm™) intermolecular vibrations or
lattice phonons.'®® Low-wavenumber Raman spectroscopy is one of the techniques used

to analyse the impact of these lattice phonons on charge transport.

2.4 AFM-IR

It is well-established that while FT-IR provides rich chemical information it is limited

in lateral resolution to several micrometers because of the diffraction of long-wavelength
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(2.5-25 pm) mid-IR radiation. To circumvent this constraint imposed by diffraction of
light, a few advanced methods involving scanning probe techniques have been developed.
The AFM-IR, originally known as photothermal induced resonance (PTIR), is one such
method that combines the high lateral resolution of atomic force microscopy (AFM) and

140,161,162 Tt oherates by employing an

the high chemical specificity of IR spectroscopy.
AFM tip to locally and instantaneously detect thermal expansion of the sample resulting
from the absorption of mid-IR radiation. Unlike FT-IR, the spatial resolution of AFM-IR
does not depend on the wavelength of light but only on the radius of the apex of the AFM
tip which is typically only a few nanometers.'%31% Ags a result, IR spectra and chemical
images with nanoscale resolution are achievable. Alexandre Dazzi and co-workers are
credited with the development of the state-of-the-art AFM-IR!S” which has been used
for the chemical characterization of a range of materials and samples such as polymers,

proteins, cells and tissues, quantum dots, solar cells, etc.
2.4.1 Working Principle

The top-side illumination setup of an AFM-IR is shown in Figure 2.11. It consists of
a tunable laser that produces pulsed mid-IR radiation, which when incident on a sample
excites the molecules to higher vibrational states. As and when the molecules return to
their ground state, a part of the vibrational energy is dissipated as heat. It is this heat

that causes a rise in temperature and subsequently, thermal expansion of the sample.

Deflection laser

Photodiode
Pulsed, tunable

Mid-IR laser

Cantilever

Sample o

Figure 2.11: Schematic of an AFM-IR setup with top-side illumination. Adapted with per-
mission from Ref.[147]. Copyright 2020 American Chemical Society.

Assuming that the electric field is uniform inside the sample and n? >> x? (see Equa-

tion 2.1), the power absorbed by the sample (Pg;) is given by, %7

Pabs:IO'O‘Opt'V'ﬂ"i<ﬁ) (213)
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where, oy, contains all the optical constants and parameters and V is the volume of
the sample. The maximum temperature increase (AT,,.;) inside the sample when the
duration of the laser pulse (t,) is shorter than the thermal diffusion time is derived from

the Fourier heat equation and is,

P -t t—t
ATes(t) = | =2 b 2.14
(t <v.p.q,>€xp( - ) (214

where, p is the density of the sample, C, is the heat capacity of the material, and 7 =

(p-C,-a*)/k with k being the thermal conductivity of the environment and a the size of
the sample (e.g., radius of a sphere or length of a cube). The resulting thermal expansion

(u(t)) due to increase in temperature of the sample is then,
u(t) =a G- degp - AT az(t) (2.15)

where, G is a geometric constant, and a.,, is the thermal expansion coefficient of the
sample. From Equations 2.13, 2.14 and 2.15 it is clear that there exists a linear
relationship between the power absorbed and the product of wavenumber and optical
absorption coefficient, the temperature increase and the power absorbed, and finally the
thermal expansion and the temperature increase. Consequently, the thermal expansion is
also proportional to the the wavenumber multiplied by the optical absorption coefficient.
Therefore, by measuring the thermal expansion as a function of wavenumber, the absorp-

tion spectra of the sample is obtained in the AFM-IR.

The AFM tip itself detects the thermal expansion of the sample as it induces a force
impulse on the cantilever that drives it into oscillations. It has been found that in most
cases the cantilever’s oscillation amplitude is directly proportional to the power absorbed,
which in turn is linearly dependent on the optical absorption coefficient.'6%168 Thus, by
measuring the oscillation amplitude of the cantilever either as a function of wavenumber
or of sample position, the AFM-IR enables acquisition of both IR absorption spectra as

well as chemical maps of the sample.

Typically, a quantum cascade laser is used in AFM-IR for its high repetition rate (1 MHz
and higher) which allows synchronization with different resonance frequencies of the can-
tilever. As such, the cantilever can be made to oscillate continuously at a specific frequency
by matching the repetition rate of the quantum cascade laser and therefore eliminate the
damping of the photodetector signal. This is called “resonance enhanced AFM-IR” which
enables efficient excitation of the cantilever into continuous wave oscillations and thus
improves the sensitivity of the detection of IR absorption. Using metal-coated tips and

substrates is shown to further enhance the sensitivity.l®® However, as demonstrated re-
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cently by Morsch et al., the specular reflectance and thermal response of the substrate as
well as the resulting interference effects have an influence on the local absorption spectra
and maps. These factors along with the non-uniformities in specimen thickness should be
considered while interpreting data from the AFM-IR.!™

Until recently, the AFM-IR was used in contact mode which prevented its application to
soft and loosely adhered samples. In order to overcome this limitation, tapping AFM-IR

171 Using this novel

mode has been developed which is based on heterodyne detection.
mode, structure and composition of drug-carrying nanoparticles of size less than 200 nm
have been unravelled,'™ drug-metal nanoparticle interactions have been investigated,'™

and drug partitioning at lipid-polymer phase boundaries has been demonstrated.!™

2.4.2 Applications

The AFM-IR has shown great versatility in the analytical characterization of various ma-
terials and samples where conventional FT-IR microspectroscopy has failed. Studies on
polymers, polymer blends and composites have especially benefited from this technique,
gaining crucial insights into composition, distribution, crystallinity and orientation. In
multilayer polymer films, for instance, ensuring uniformity and compatibility of different
layers is of great importance. By tuning the laser to a specific absorption band that is
strongly excited in one of the layers, variations in uniformity were recorded.'” The AFM-
IR has also been employed to reverse engineer the composition of multilayer films by
comparing spectra from the AFM-IR to reference FT-IR spectra.!™17 A study showed
phase segregation of acrylonitrile butadiene into regions rich in polybutadiene and do-
mains mainly composed of polystyrene based on characteristic peaks of polystyrene.'””
In another study, different polymeric components in high impact polypropylene could be
quantified and their distribution was identified by analysing relative peak intensities.!™
In addition to thin films, polymeric fibres have also been investigated using the AFM-IR.
The presence of two distinct phases — crystalline and amorphous, of electrospun fibres
of a biodegradable polymer were determined based on different spectroscopic features.
With the help of the imaging mode, it was revealed that the crystalline and amorphous
phases separated into a core and shell structure, respectively.!™ Molecular orientation
in certain polymer fibres was examined by changing the polarization of incoming light.
As the incident electric field was aligned with a specific molecular bond, the absorption

increases which results in a stronger AFM-IR signal.6®

Life sciences have also exploited the AFM-IR for a number of purposes. Cell studies that
measure its physiological state, ageing and disease have used the AFM-IR.!8%181 Marcott

et al. mapped human tissue like skin and hair to understand their chemical composition
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in order to optimize skincare and haircare products and treatments.'®? Furthermore, in-
sights into the process of protein aggregation that results in certain neurodegenerative
diseases have been gained because of the AFM-IR which can resolve intermediate and

secondary structures of proteins.®3

Other areas where the AFM-IR has been utilized include perovskite solar cells where
electromigration was visualized,'® in plasmonics to study localized surface plasmon res-
onances in InAs nanostructures,'® and in the semiconductor field for the investigation of
quantum dots, phonon absorption, interlayers and interfaces.'®189 Finally, the AFM-IR
has also been used to examine the material composition of artworks in an effort to under-

stand their degradation and formulate better preservation and restoration methods.'

Surprisingly, samples composed of small-molecule organic semiconductors have so far not
been studied with the AFM-IR. This is likely because of their low coefficients of thermal
expansion (CTE) that range between 10 and 170 ppm/K and may result in poor quality of
the AFM-IR signals.!®! Polymeric semiconductors, on the other hand, have a significantly
higher CTE that vary from 50 to 500 ppm/K.

2.5 IR-SNOM

Scanning near-field optical microscopy (SNOM) is another advanced technique that cir-
cumvents the diffraction limit by coupling radiation to an optical antenna placed at a
distance less than the wavelength of light, in the so-called “near-field” of the sample.
The IR-SNOM, much like the AFM-IR, also exploits the superior lateral resolution of
an AFM and merges it with the very good chemical specificity of IR spectroscopy. It
works by focusing light at the apex of a metallic, scanning probe tip and measuring the
modified amplitude and phase of scattered light resulting from tip-mediated light-sample
interactions.'®? 1% The AFM tip enables electric field confinement and enhancement, and
thus offers high spatial resolution and surface sensitivity. The IR-SNOM has shown great
potential in characterizing layered materials such as graphene and hexagonal boron nitride

(h-BN), plasmonic nanostructures, polymers as well as biological samples.?196

2.5.1 Working Principle
A schematic of the IR-SNOM setup is shown in Figure 2.12. It is a complex system con-
sisting of an atomic force microscope integrated with a broadband mid-IR laser unit and a

Michelson interferometer-based asymmetric Fourier-transform spectrometer.!* The AFM

tip which not only provides topographic information of the sample but is responsible for
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the electric field confinement and enhancement that is necessary for achieving subwave-
length resolution (=20 nm)7 is central to the IR-SNOM. Typically, platinum/iridium
coated probes that enable spectrally flat enhancement are used. A metallic substrate such

as gold-coated silicon can further improve the local field enhancement.!4?
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Figure 2.12: Schematic of an IR-SNOM setup with an asymmetric Michelson interferometer.
Adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

The near-field interaction between the tip and the sample is described by the complex-
valued, frequency-dependent scattering coefficient o(w). It carries information about the
local dielectric properties (and therefore the local refractive indices) of the tip and the
sample, and is related to the measured amplitude s(w) and phase ¢(w) signals of the

backscattered light as follows: 97198

o(w) = s(w) - @ (2.16)

A relationship between the scattered electric field E,., and the incident electric field Ej,.
is then established through the scattering coefficient by,

Foa(w) = 0(w) + Eipe(w) (2.17)

In order to eliminate the background contributions, a “pseudoheterodyne” detection tech-
nique is adopted.'?® Here, the detector signal is demodulated at higher harmonics of the
vibrational frequency of the tip (£2) and the near-field interferogram of the demodulated
signal is obtained by vibrating the reference mirror in the Michelson interferometer using

a piezoelectric actuator. Fourier transformation of this near-field interferogram yields
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near-field spectra given by,*”

Ep(w) = on(w) - R(w) - Eipe(w) (2.18)

where, n is the demodulation order and R(w) is the spectral response of the instrument.
Analogous to classical FT-IR measurements, the near-field spectra are normalized to ref-
erence spectra (K, ,.f(w)) recorded from a spectrally flat (that is, o,(w) = constant)

substrate such as gold-coated silicon. The scattering coefficient of the tip-sample is there-

fore,
E,(w)
on(Ww) = == (2.19)
En,ref (w)
It has been established that the imaginary part of the scattering coefficient (Im[o(w)] =

s(w) - sin[¢p(w)]) is associated with local absorption in the case of organic materials.?0%-201

That is, a, = Im[o(w)].

From an accurate mathematical description of the scattering coefficient extracted from
the point-dipole model'®? or the finite-dipole model,?*? it is known that o(w) depends on

the surface response function, 5(w), such that,

€(w) —1

B(w) = EOES]

(2.20)
and where, €(w) is the complex-valued dielectric function of the sample. Under specific
conditions for thin films of weak molecular oscillators (e.g., organic molecules) where the

sample thickness << X\ and the substrate is spectrally flat,

on(w) x f(w) (2.21)

Hence, it follows that the scattering coefficient depends exclusively on the local dielectric
function of the sample and by measuring it, it is possible to determine the real and
imaginary parts of €(w) and thus, k(w) (see Equations 2.1 and 2.2). For molecular
vibrations of organic materials x(w) can be approximated to Im[3(w)].'?" Given that the
far-field absorbance A of the sample is proportional to x(w), a linear chain of dependencies
is established: a, o< Im[f(w)] x k(w) ox A. From this, the connection between the near-

field and the far-field absorption can be approximated to,
an(w) < A (2.22)

Therefore, mid-IR spectroscopy performed using the IR-SNOM (also known as nano-
FTIR) enables chemical identification of any material exhibiting vibrational resonances

at very high spatial resolution by correlating with the corresponding spectra from conven-
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tional FT-IR measurements. To this end, the phase (¢(w)) as a function of wavenumber
is compared with the standard FT-IR absorbance spectrum of a material. Additionally,
with a tunable laser such as a quantum cascade laser, the IR-SNOM is capable of ac-
quiring IR-maps by scanning the AFM tip over a specified area of the sample at a fixed
wavelength. This allows for direct visualization of nanoscale changes in, for example, ma-
terial composition, molecular packing, stresses and strains across the sample. Sometimes,
however, the interpretation of signals from the IR-SNOM can be challenging, especially
for thicker samples (i.e., thickness > \) because of complex tip-sample interactions. In
this case, tip and sample specific modelling would be necessary to be able to extract in-
formation about the sample’s local absorption. Moreover, the signals are also sensitive to
substrate effects?®® which can further complicate the analysis of IR-SNOM data.

2.5.2 Applications

The capabilities of the IR-SNOM have been tested to a great extent on low dimensional
materials. Visualization of grain boundaries and defects in graphene, the most widely
studied van der Waals material, was made possible by the IR-SNOM.2042% The interfer-
ence between surface plasmon waves launched by the AFM tip and the reflected waves
from the grain boundaries and defects is what revealed their presence. In h-BN, surface
phonon polaritons were imaged using the IR-SNOM.2° The technique has also enabled
the examination of plasmon-phonon coupling and plasmon delocalization in heterostruc-
tures of graphene and h-BN.2°7 This study also showed that the IR-SNOM can effectively
distinguish between different heterostructures and can accurately distinguish graphene
stacks with different layer numbers. Plasmonic nature of other 2D materials, such as
MoS, and its interactions with graphene and SiO5 have also been investigated with the
IR-SNOM.2%8210 T the study of single-walled carbon nanotubes, the IR-SNOM could
differentiate between metallic and semiconducting species, and image Luttinger-liquid

plasmons.?t1 213

The application of IR-SNOM has also been extended to polymers and biological materials.
For example, using the carbonyl resonance as a vibrational probe, local concentration of
PMMA in disordered quasi-lamellar structures of the block copolymer — PMMA-b-PS,
was provided by the IR-SNOM.2' Although very challenging, nanoimaging and nanospec-
troscopy of certain dried biological samples, such as melanin granule in human hair and
collagen fibrils in damaged human tendons, and tobaccomosaic virus in aqueous environ-

ments have also been carried out.?!5 217

Various bulk materials and thin films of small-molecule organic semiconductors have also

been probed with the IR-SNOM to obtain insights into molecular orientation, phase mix-
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ing and lattice strains. Raschke et al. imaged and quantified molecular orientation and
crystallinity in aggregates and polycrystalline films of perylene tetracarboxylic dianhy-
dride (PTCDA), an organic semiconductor, with the combination of single wavelength
imaging and broadband spectroscopy that the IR-SNOM provides.?'® In a study by West-
ermeier et al., structural inhomogeneity in pentacene thin films was uncovered. Coexis-
tence of two different phases — the bulk phase and the thin film phase of pentacene was
documented by measuring a shift in one of the vibrational resonances using the nano-FTIR

mode, and their morphological difference was imaged in the nanoimaging mode.?!?

2.6 Comparison of AFM-IR and IR-SNOM

While both the AFM-IR and the IR-SNOM fulfil the objective of spectroscopic mapping
with high spatial resolution, they are not equivalent techniques, but complementary. The
key difference is that the AFM-IR measures light that is absorbed by the sample, whereas
the IR-SNOM detects scattered light. The signal recorded by the AFM-IR is a direct
measurement of the sample’s absorption coefficient; on the other hand, the IR-SNOM is
the result of a complex interaction between the tip, the sample and the substrate with the
phase component connected to the sample’s absorption. Another significant difference is
that the IR-SNOM is primarily a surface sensitive technique,'®? while the signal in the
AFM-IR comes from a greater depth of the sample.'® Although both techniques are capa-
ble of providing useful information about inorganic, organic, as well as biological samples,
the AFM-IR is preferred for the latter two. This suggests that materials with large ther-
mal expansion coefficient and small refractive index are better suited for measurements
with the AFM-IR and vice versa for the IR-SNOM. Therefore, discreet selection of the
method for the material is imperative to harness the full potential of these two versatile
IR techniques. The case of small-molecule organic semiconductors is, however, not as
clear. They exhibit low CTEs as well as low refractive indices, which makes it unclear if
one technique is preferred to the other. Other intrinsic properties such as the structure of
an individual molecule or the packing in the solid state may also have an influence on the
signals detected in the AFM-IR and the IR-SNOM, but are not yet not well understood.

2.7 Liquid Exfoliation and Stabilization

The successful isolation of atomically thin layers of graphene from graphite by Geim and
Novoselov using an adhesive tape??° initiated a new field of research on the process of
exfoliating layered materials as well as on the layer dependent properties of the exfoli-

ated structures. Besides graphene, a number of materials with strong in-plane (intra-
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layer) covalent bonds and simultaneously weak out-of-plane (inter-layer) van der Waals
interactions such as transition metal dichalcogenides (e.g., WSy and MoS,), hexagonal
boron nitride (h-BN), black phosphorus, metal oxides and hydroxides (e.g., MnOs and
MggAly(OH)16) have been investigated.??' 22° Exfoliation of these materials results in

high-aspect-ratio nanosheets with large surface areas ideal for surface chemistry.

In recent years, liquid-phase exfoliation (LPE), pioneered by Coleman et al.,??6 has be-
come the method of choice to produce 2D nanosheets from their bulk 3D counterparts
mainly owing to its simplicity, affordability, and potential scalability. The process is fairly
straightforward — a layered crystal immersed in a stabilizing liquid such as a solvent, an
aqueous surfactant or polymer solution is exfoliated into 2D nanosheets by imparting
either shear or ultrasonic energy. Provided the surface energy of the solvent/aqueous
solution matches that of the layered material, the net exfoliation energy is reduced and
the nanosheets are stabilized electrostatically or sterically against reaggregation.??” Apart

228

from graphite?”® and h-BN,??® LPE has been successfully applied to a wide variety of

layered materials like transition metal dichalcogenides,?*° pnictogens (e.g., black phos-
phorus),?? metal oxides,?"?3? hydroxides®%2?** and sulfides®® as well as I1I-VI?3¢:237 and
IV-VI semiconductors.?*®23 More recently, its applicability has been further extended to
synthetic organic layered materials such as 2D polymers,?¥ 2D covalent organic frame-

241 and metal organic frameworks.?*? The as-produced dispersions from this method

works
are highly polydisperse with lateral sizes of the nanosheets ranging from 40 to 400 nm
and thicknesses of 1 to 10 monolayers, with the tendency of small sheets being thinner
and large sheets being thicker by nature.?*3 As a result, size selection becomes a requisite
for effective examination of size and thickness dependent material properties and for ap-
plications. A centrifugation-based method called “liquid cascade centrifugation” (LCC),
developed by Backes and co-workers, has not only proven to be an efficient strategy to
access dispersions that are separated by size of the nanosheets but has also facilitated

controlled dispersion enrichment in monolayer ensembles.?44

Exfoliation of novel layered materials and formulation of functional inks via LPE requires
careful selection and fine-tuning of several process parameters starting with how the en-
ergy required to break interlayer forces is provided. One of the well-established methods
is ultrasonication either by using sonic baths or tip sonicators. The principle strategy here
is that the ultrasonic waves generate cavitation bubbles which turn into high-energy jets
as they collapse, thus delaminating and fragmenting the material with tensile and shear
forces.?*® Between bath and tip sonication, the former delivers lower intensities to the
sample and the position of the sample-containing vial in the tank is crucial to avoid non-
uniform distribution of sonic energy. In the latter case, energy is imparted directly to the

sample in its dispersed medium. It has been found that for inorganic layered materials,
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tip sonication results in larger amounts of exfoliated material in shorter periods of time.?46

A major concern in both the methods is the heating of samples which affects quality and
quantity of exfoliated materials. It can be prevented by periodically replacing the water
in the sonication bath or by using a chiller. Although ultrasonication is the preferred
method for its ease of use and cost-effectiveness, issues with regard to reproducibility
and scalability persist. A good alternative is shear exfoliation in rotor/stator mixers or
rotating blade blenders where high yields of exfoliated material with comparatively larger

nanosheets are achievable simply by increasing the volume.?*7

The second prominent factor that strongly influences the efficiency of exfoliation via LPE
is the choice of the dispersion medium or stabilizer. The role of a stabilizer is two-fold:
it reduces the net exfoliation energy while also preventing the aggregation of exfoliated
nanostructures. The question of what is an appropriate stabilizer is largely dependent on
the material that is to be exfoliated. Organic solvents such as N-methyl-2-pyrrolidone
(NMP) and dimethylformamide (DMF) have been regularly used??6-230:248 t¢ stabilize
graphene and h-BN. They offer the advantages of protection against degradation of chem-
ically unstable materials like black phosphorus??® and adjustable rheological properties,
but at the same time are extremely toxic and have high boiling points. For these reasons,

aqueous surfactant solutions have been in use to obtain colloidally stable dispersions.?4%-250

A fundamental principle of thermodynamics is that a system maintained at a constant
temperature will tend to spontaneously change in the direction which will lower its free
energy. Hence, in a colloidal dispersion where particles (dispersed phase) are suspended
in a medium (continuous phase), aggregation is expected occur over time. The stability
of a colloidal dispersion is, therefore, the tendency of the dispersed phase to continue to
remain discrete (or avoid agglomeration) in the continuous phase. It is defined by the in-
teraction between the particles, mainly the van der Waals attraction and the electrostatic

repulsion, both of which contribute to the overall free energy of the system.

The DLVO theory (named after Derjaguin, Landau, Verwey and Overbeek)?1252 classi-
cally describes the balance between the two opposing forces — van der Waals attraction
and electrostatic repulsion to characterize the stability of a colloidal dispersion. The col-
loidal particle develops a net surface charge due to the surfactant and as a result, there
is an effective surface potential which leads to the formation of an electric double layer
consisting of a layer of immobile charges (Stern layer) followed by diffuse charges (diffuse
layer), as shown in Figure 2.13(a). When two such charged particles approach each
other, the long-range electrostatic repulsive forces come into play. For the two particles
to aggregate, certain energy is required to overcome the repulsion which is indicated by

the electrostatic repulsion curve (see Figure 2.13(b)). As the particles get closer, the
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short-range van der Waals attractive forces which is a combination of different dipole-
dipole interactions (i.e., Keesom, London, and Debye forces)!* have to be surpassed if
the particles are to remain discrete. This is indicated by the van der Waals attraction
curve. The DLVO theory combines the repulsive and attractive energies to obtain a net
interaction energy, as shown in Figure 2.13(b). If the net interaction energy is present
in the repulsive regime, then its maximum is called the energy barrier which indicates the
stability of a dispersion. Provided the energy of the interacting particles is high enough to
clear this barrier, they will cross over to the attractive regime where they are “trapped”

together.
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Figure 2.13: (a) Illustration of a charged colloidal particle and the electric double layer sur-
rounding it. (b) The net interaction energy curve of two charged colloidal particles in close
proximity.

The environment of the dispersed phase can be altered to change the height of the energy
barrier with the help of surfactants, as mentioned above. Surfactants are usually or-
ganic molecules that are amphiphilic, that is, both hydrophobic (or non-polar) as well as
hydrophilic (or polar) groups are present.?>® In the case of aqueous dispersions, these am-
phiphilic surfactants adsorb onto the surfaces of the hydrophobic dispersed phase through
their non-polar group via non-covalent forces while the polar group interacts with the
surrounding water (see Figure 2.14). Depending on the type of surfactant — cationic,
anionic, zwitterionic, or non-ionic, re-aggregation is blocked by electrostatic and/or steric
repulsion. Typically, ionic surfactants promote electrostatic stabilization where attractive
van der Waals are counterbalanced by repulsive forces between charged colloidal particles.

Whereas, non-ionic surfactants facilitate stabilization through steric effects.?54

A quantitative indicator of the stability of a dispersion is its zeta potential whose mag-
nitude reflects the degree of electrostatic repulsion between two closely spaced, similarly

charged particles. It is strictly equal to the electric potential at the slipping plane (see
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Figure 2.13(a)) and not the surface potential or the Stern potential which are defined

at different positions. Values of £30 mV or higher indicate very stable dispersions.?®

A number of surfactants have been tested to stabilize nanomaterial dispersions of which
sodium cholate (SC), sodium deoxycholate (SDC) and sodium dodecylbenzenesulfonate
(SDBS) are among the ones employed often. An illustration of stabilization of a dispersion
with varying nanosheet sizes and thicknesses achieved with the help of sodium cholate is

shown in Figure 2.14.

Hydrophilic face

Hydrophobic face %
Sodium Cholate Hydrate / /

Figure 2.14: Molecular structure of sodium cholate hydrate and an illustration of its adsorp-
tion on nanosheets of different sizes and thicknesses in a dispersion. Note that the surfactant
molecules are adsorbed on both faces of the nanosheets.

As mentioned above, the LPE technique suffers an inherent bottleneck in that the result-
ing dispersion following exfoliation is a heterogeneous mixture of nanosheets of different
lateral sizes and thicknesses. This is neither ideal for studying intrinsic, size-dependent
properties nor for exploiting the full potential of the exfoliated material in applications.
Therefore, different separation strategies involving centrifugation, such as density gradi-

256-258 and liquid cascade centrifugation,?**?5 have been explored.

ent ultracentrifugation
Of these, the latter is less complex and is used in this thesis (see Chapter 5), hence it is

described below.

2.8 Sedimentation and Size Selection

As mentioned above, centrifugation-based techniques have been employed to effectively
separate nanomaterials based on their lateral size. Centrifugation involves the use of
centrifugal force to separate particles by way of sedimentation. However, two other forces,
namely the buoyant force and the frictional force also act on the particle. It is only when
the centrifugal force exceeds the sum of these two counteracting forces that the particles

sediment at a constant rate.
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Stokes’ law which describes the motion of a spherical particle in a gravitational field can be
used to describe sedimentation of particles.?®? It relates the terminal velocity of a particle
(v, also referred to as settling velocity or rate of sedimentation) to a number of factors
— the radius of the particle (), density of the particle (p,), density of the surrounding

medium (p,,), viscosity of the medium (11), and the gravitational acceleration (g), as

Y (27”2(%——%)9> (2.23)

)

follows:

Because of the very weak gravitational field of Earth, the sedimentation rate of especially
small particles can be very slow which why a centrifuge is used to produce high accel-
erations. In this case, the gravitation acceleration in Equation 2.23 is replaced with the
centrifugal acceleration which is the product of the square of the angular velocity (w) and

the radius of the rotor (R), resulting in

v = <2T2(pp — pm)Rw2> (224)
)

Hence, the sedimentation rate is higher for larger particles with bigger difference in density
between the dispersed and continuous phases. It can be maximized by increasing the
speed and/or the radius of the rotor and by using a low-viscosity medium for dispersion.
Note that the acceleration applied to a dispersion in a centrifuge is expressed as “relative
centrifugal force” (RCF) in units of g. It takes into account both rotational speed as
well as the radius of the rotor. An important parameter that is used to characterize the
sedimentation of a particle is the sedimentation coefficient (s).2%! It is defined as the ratio
of the sedimentation rate of a particle to the applied acceleration and expressed in units

of Svedberg (1 S = 107'® s). Therefore,

v

= 2.25
$= 7 (2.25)
Therefore, from Equations 2.24 and 2.25,
m
= 2.26
° 6 pur ( )

where, m is the difference in mass between the particle and the surrounding fluid of equal
volume. The sedimentation coefficient thus only depends on the properties of the particle
and the medium in which it is dispersed. Even for non-spherical particles, it still depends
only on the mass and any one of its dimensions. As a result, in a polydisperse mixture,

the heavier and larger particles sediment faster compared to the lighter and smaller ones.

Liquid cascade centrifugation (LCC) is an established method that allows size selection

40



Background

following LPE. It is a multi-step process where the dispersion containing exfoliated ma-
terial is subjected to several consecutive centrifugation steps, each at a higher rotation
speed than the previous one. After each run, the supernatant is collected and passed down
the “cascade” while the sediment is retained and redispersed in fresh solvent/solution. A
fraction of the starting dispersion containing nanomaterials of a particular size distri-
bution is thus trapped between two centrifugation steps, and with each increasing step
smaller particles are collected.?*6 What is critical for efficient size selection is the care-
ful and complete decantation of the supernatant after each step. Other factors include
duration of centrifugation and centrifugal acceleration, one or both of which need opti-
mization depending on the density of the material as well as the density and the viscosity
of the stabilizing liquid, as discussed above. The two big advantages of LCC are low
material wastage and high concentration of nanomaterials in the sediment fractions. On
the downside, layer-dependent selection is hard to achieve, that is, small and thick struc-
tures cannot be separated from the large and thin ones with LCC. However, this problem
can be partially overcome by the so-called secondary cascades.?** Nevertheless, the LCC
technique has been successfully demonstrated on a large number of materials suspended

in different solvent and surfactant solutions.?2%-233,236,244,259

Liquid-phase exfoliation in combination with liquid cascade centrifugation is a powerful

approach to access tunable properties of layered materials for real-world applications.
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Chapter 3

Materials and Experimental Methods

3.1 Semiconducting Materials

The four materials used in this thesis are 6,13-bis((triisopropylsilyl)ethynyl)pentacene
(TIPS-PEN),  6,13-bis((triisopropylsilyl)ethynyl)-5,7,12,14-tetraazapentacene  (TIPS-
TAP), 5,6,11,12-tetraphenyltetracene (rubrene), and N,N’-1H,1H-perfluorobutyl-
dicyanoperylene carboxydiimide (PDIF-CNy). Their molecular structures are shown in
Figure 3.1 and information about their source and purity are provided in Table 3.1.
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Figure 3.1: Molecular structures of (a) TIPS-PEN, (b) TIPS-TAP, (c) rubrene, (d) PDIF-CNa.

Table 3.1: Organic semiconducting materials used in this thesis, their source and purity.

Organic Semiconductor Source Purity
TIPS-PEN Sigma-Aldrich > 99% (HPLC)
TIPS-TAP In-house* N/A

Rubrene Sigma-Aldrich N/A, further purified**
PDIF-CN, Polyera Corporation | N/A, further purified**

* TIPS-TAP was synthesized by Dr. Sebastian Hahn in the Bunz group at the Institute
of Organic Chemistry, Heidelberg University, Germany, according to Ref. [49].

** Further purification of rubrene and PDIF-CN, was achieved by the physical vapour
transport method (see below).
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3.2 Preparation of Samples

3.2.1 Single Crystals

Single crystals of TIPS-PEN and TIPS-TAP were grown by the drop-casting method,
where a small volume of the solution is pipetted onto a substrate placed inside a glass
Petri dish, as shown in Figure 3.2(a). A solvent-rich atmosphere is provided by placing
a few drops of the solvent around the substrate, to ensure slow crystallization. The Petri
dish is then covered and left undisturbed until the solvent completely evaporates, leaving
behind crystals of the material on the substrate.. With chlorobenzene as the solvent
(99.8%, Sigma-Aldrich), solutions of 0.5 wt% TIPS-PEN and TIPS-TAP were prepared.
A double-side polished silicon wafer with a native oxide layer was cut into 1 cm sided
square substrates and subjected to sonication in deionised water, acetone and isopropanol
for 10 min each. Following this preliminary cleaning procedure, the substrates were blow-
dried with a nitrogen gun and placed in the UV /ozone cleaner for 15 min. The solutions
were then drop-cast onto these ultraclean substrates placed in pre-cleaned Petri dishes,
under ambient conditions. After ~ 24 hours of crystallization, well-faceted, micrometer-
sized single crystals of TIPS-PEN and TIPS-TAP were obtained (see Figure 3.2(b)).

(a)

0.5cm

Figure 3.2: (a) Schematic of single crystal growth by the drop-casting method. (b) Photograph
of a sample showing crystals grown by the drop-casting method.

A vapour-based method called physical vapour transport (PVT)% was employed to grow
single crystals of orthorhombic rubrene and triclinic PDIF-CNy. A long, pre-cleaned
quartz tube that housed five smaller glass tubes was placed inside a horizontal growth
furnace such as the one in Figure 3.3(a). Resistance wire wound around an outer glass
casing provided a temperature gradient and thus determined the three different zones —

source zone, crystal growth zone, and impurity deposition zone.

Using a temperature controller and a gas-flow meter (to control the flow rate of argon, the
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Figure 3.3: (a) Schematic of the physical vapour transport (PVT) method. (b) Photograph
of rubrene crystals grown by the PVT method.

carrier gas), the tubes were baked for a few hours to eliminate any residual moisture. Once
the furnace was brought back to room temperature, the starting material was introduced
into the source zone and baked again at 150 °C. After a couple of hours, the temperature
of the furnace was slowly increased in steps of 10 °C until the sublimation temperature
of the material was reached. The setup was then left undisturbed until all of the starting
material sublimed and deposited as crystals in the growth zone. The tubes containing
the impurities (if any) were cleaned while those with the crystals were stored for use.
To obtain higher quality crystals, a tube containing the crystals from the first round of

sublimation was used as the starting material in the subsequent re-sublimation step.

Rubrene and PDIF-CNy were sublimed at 290 °C under an argon flow rate of 50 and
75 scem, respectively. Crystals from twice-purified rubrene (see Figure 3.3(b)) and
once-purified PDIF-CN, were then laminated onto pre-cleaned double-side polished native

silicon substrates.

The triclinic polymorph of rubrene, used for exfoliation experiments, was prepared by
a solution-based method. The procedure established by Huang et al.,'% yields needle-
like crystals of rubrene via a simple reprecipitation technique and was adapted here. A
small amount of rubrene (~50 mg) was first purified in the PVT furnace by placing it
in the source zone and heating it to around 260 °C overnight until only the impurities
sublimed. Clean rubrene powder was retrieved and used to prepare a 30 mM solution
in choloform (>99%, Sigma-Aldrich) that was sonicated for 5 min to ensure complete
dissolution of rubrene. 50 pL of this solution was quickly injected into a vial containing
2.5 mL of methanol (>99.8%, Sigma Aldrich), after which it was allowed to rest at 25 °C
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overnight. Several micrometer-sized rubrene crystals with jagged edges precipitated from
the turbulent mixing of the good and poor solvents (here, chloroform and methanol,

respectively) as shown in Figure 3.4. The crystals were then collected via centrifugation.

(b)

Figure 3.4: (a) Photograph of triclinic crystals of rubrene grown via the reprecipitation method.
(b) Dark-field optical micrograph of a single needle-like triclinc rubrene crystal.

3.2.2 Polycrystalline Film

A discontinuous film of PDIF-CN, was fabricated by spin-coating, another solution-based
technique. Here, a substrate centred on a vacuum chuck is covered with a solution of
a material and spun at high speeds. The combined effect of the resulting centripetal
force and surface tension of the liquid causes a thin, uniform layer of the solution to
form on the substrate. The solvent then quickly evaporates because of the airflow within
the spin-coater, leaving behind a film of the material on the substrate. Figure 3.5(a)
illustrates the different steps involved in spin-coating and Figure 3.5(b) shows an optical
micrograph of the spin-coated PDIF-CN, film.

(@) ®) |

>

Figure 3.5: (a) Schematic of the spin-coating process. Deposition of the solution is followed by
spinning and thereafter, formation of the film as the solvent evaporates. (b) Optical micrograph
of a discontinuous film of PDIF-CNjy crystallites.

A concentrated solution of 5 mg of PDIF-CN, in 1 mL of anhydrous chloroform (99.0-
99.4%, Sigma Aldrich) was prepared by heating the mixture at 110 °C for 15 min. Upon
filtering the ink through a 0.2 pm PTFE filter, it was spin-coated onto a pre-cleaned
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native silicon substrate coated with gold at 2000 rpm for 30 s. Subsequently, the sample
which consisted of a discontinuous, polycrystalline film of PDIF-CN, was annealed for an

hour at 110 °C. All the processing steps were carried out inside a dry nitrogen glove-box
(MB-200B, MBRAUN).

3.3 Liquid-Phase Exfoliation and Size Selection

3.3.1 Exfoliation by Bath Sonication

Orthorhombic rubrene crystals, grown by the PVT method, were collected in 15 mL of
aqueous sodium cholate (>99%, Sigma-Aldrich) solution of 2 ¢ L' concentration in a
50 mL centrifuge tube (from VWR). Subsequently, the centrifuge tube was immersed in a
Branson 2800 water bath sonicator at one of the two hotspots. The ultrasonication bath
was then operated at full power for 4 h to exfoliate the crystals. The water in the bath
was exchanged with ice-cold water every 30 min to prevent heating of the dispersion.

The triclinic rubrene crystals, which were grown in solution, were first subjected to cen-
trifugation at 1000 ¢ for 1 h using a Hettich Mikro 220R centrifuge equipped with a
1195A fixed-angle rotor. The supernatant — a mixture of methanol and chloroform, was
discarded. The sedimented crystals were re-dispersed in 2 g L' aqueous sodium cholate
and sonicated, as before. The schematic in Figure 3.6 shows rubrene crystals dispersed

in aqueous surfactant solution and the resulting stock dispersion after exfoliation.

Exfoliation by =
Bath Sonication

Figure 3.6: Rubrene crystals dispersed in an aqueous solution of sodium cholate (2 g L)
undergo exfoliation by bath sonication, resulting in a stock dispersion of exfoliated and stabilized
rubrene, and a sediment comprising of unexfoliated rubrene crystals.
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3.3.2 Size Selection via Liquid Cascade Centrifugation

The selection of exfoliated rubrene by size was achieved through liquid cascade centrifu-
gation as developed by Backes et al.?** Stock dispersion of exfoliated rubrene in sodium
cholate solution was distributed equally into several 1.5 mL Eppendorf tubes and cen-
trifuged at 100 ¢g for 1 h at 15 °C in a Hettich Mikro 220R centrifuge equipped with a
1195A fixed-angle rotor. The supernatant was transferred to fresh tubes and the sediment,
which consisted of unexfoliated rubrene, was discarded. Subsequently, the centrifugation
was continued at 100 g for 2 h followed by 1000 g and finally at 30,000 ¢, for 1.5 h each.
The sediment after each centrifugation step was collected in 0.1 g L' aqueous sodium
cholate solution, thus yielding three dispersions (see Figure 3.7) which were used for
UV/VIS, fluorescence, lifetime and zeta potential measurements. Each dispersion was

labelled according to the lower and upper relative centrifugal force applied at each step.

Supernatant Supernatant Supernatant "

TN T N N

100 g 100 g 1000 g 30,000 g

— | —_— —_— —
Th 2h 1.5h 1.5h
Rl * Sediment * Sediment S~ Sediment
collected collected collected
"0-0.1kg" "0.1-1k g" 130k g"

Figure 3.7: Schematic of size-selection by liquid cascade centrifugation. Labels given to the
three collected dispersions are within quotes.

3.4 Characterization Techniques

3.4.1 Optical Microscopy

An Olympus BX51 microscope with an in-built camera was employed to acquire optical
micrographs of the samples either in the bright-field or the dark-field mode. Different
objectives from Olympus (5x, 10x, 20x, 100x) were used to obtain images of different
magnifications. The scale bar and other parameters such as brightness and contrast were

adjusted on the Stream Essentials software.
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3.4.2 Atomic Force Microscopy (AFM)

Samples of exfoliated rubrene crystals were prepared for AFM by pipetting about 15 pL of
diluted sediments (with deionised water) onto pre-cleaned 0.5 x 0.5 cm? Si/SiO, substrates
at 150°C. Topography images of samples were collected using Bruker’s Dimension Icon
Atomic Force Microscope in the ScanAsyst® mode with either the ScanAsyst-Air or the
OLTESPA-R3 tips. Surfaces were scanned typically at a rate of 0.2-1 Hz with a resolution

of 512 or 1024 samples/line. Processing of images was performed using Gwyddion 2.48.
3.4.3 Scanning Electron Microscopy (SEM)

Scanning electron micrographs of samples were recorded using a JEOL JSM-7610F field
emission scanning electron microscope. Both the in-lens detector (for good material con-
trast) as well as the in-chamber detector (for good topographic contrast) were employed
to acquire secondary electron images. Low acceleration voltages of 0.5-1 kV and short
working distances of 6-12 mm were used. For better topographic contrast of the crys-
tallites of PDIF-CN,, this sample was imaged with a tilt of 8.6°. To minimize charging

effects, gold-coated native silicon was used as a substrate.
3.4.4 Transmission Electron Microscopy (TEM)

TEM imaging and selected-area electron diffraction (SAED) measurements on exfoliated
rubrene crystals were carried out by Dr. Haoyuan Qi at the Electron Microscopy Group
of Materials Science, Ulm University, Germany. A FEI Titan 80-300 with image-side
spherical-aberration-correction operated under 300 kV was employed. A low dose rate
of 0.15 ¢ /A%s and an exposure time of 15-20 s for SAED acquisition were used in order
to minimize electron radiation induced damage of samples. Continuous rotation electron
diffraction (cRED) was performed by Dr. Tatiana Gorelik (same affiliation as above) on
a triclinic crystal of rubrene using a Thermo Fisher Talos TEM operated under 200 kV.
Diffraction patterns were recorded by rotating the specimen stage from -40° to 40° at a
rate of about 1°/s and with 1° step size.?®? The 3D reconstruction of the unit cell and

analysis were executed using EDT Process and PETS2 software.
3.4.5 UV/VIS

Extinction spectra of exfoliated rubrene dispersions as well as that of rubrene solution

were measured using Agilent’s Cary 6000i UV-Vis-NIR spectrophotometer. A baseline
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was first collected using either 0.1 g L' aqueous solution of sodium cholate or chloroform,
which was then automatically used by the acquisition software, Scan 4.2, to correct the
baselines of the samples. An integrating sphere (also from Agilent), which is a hollow
spherical cavity with highly reflective white coating on the interior surface, was used to
collect the absorbance spectra of the dispersions by detecting diffuse scattered and trans-
mitted light. A sample placed at the center of the sphere is illuminated through a narrow
entrance slit after which both scattered and transmitted light undergo multiple reflec-
tions before reaching the photodetector (attached to the integrating sphere) without any
spatial information. A baseline correction is applied by measuring the absolute scattered
and transmitted light using a reference sample (0.1 g L' aqueous sodium cholate solution
or chloroform). All measurements were carried out with a quartz cuvette of 4 mm path

length, with a spectral resolution of 0.5 nm and an integration time of 0.1 s.
3.4.6 Fluorescence and Lifetime Measurements

Photoluminescence (PL) spectra of the rubrene dispersions as well as that of its solution
were measured with a Horiba Fluorolog®-3 fluorescence spectrometer equipped with a
450 W xenon excitation lamp. Double monochromators were used for both excitation
(1200 lines/mm grating blazed at 330 nm) and emission (1200 lines/mm grating blazed at
500 nm). The dispersions or solutions were placed in a 4 x 10 mm? quartz cuvette and the
emission was collected perpendicular to the excitation direction. That is, the excitation
light passed through the 10 mm side of the cuvette and the emission was recorded from
the 4 mm side. The emission spectra of triclinic rubrene dispersions and rubrene solution
were acquired by exciting the samples at 495 nm, while that of orthorhombic rubrene
dispersions at 500 nm. The excitation spectra of triclinic rubrene dispersions and rubrene
solution were obtained for emission at 550 nm and 560 nm, respectively, and that of or-
thorhombic rubrene dispersions at 600 nm. The photoluminescence excitation/emission
(PLE) maps of all the samples were acquired for an excitation range of 350 to 570 nm
and an emission range of 500 to 750 nm. A bandwidth of 5 nm on both the excitation

and emission sides and an integration time of 0.1 s were used for all measurements.

PL of orthorhombic and triclinic rubrene crystals was measured by the spectrally filtered
output of a Fianium WhiteLase SC400 supercontinuum laser with a repetition rate of
20 MHz and ~10 ps pulse duration. With the use of appropriate long pass filters, the
samples were excited and the emitted PL was collected through the same 50x objective
from Olympus (NA = 0.7). The spectra were acquired by exciting the samples at 450 nm
and dispersing the emitted light in an Acton SpectaPro SP 2358 grating spectrograph
(150 lines/mm) before being detected by a liquid nitrogen cooled InGaAs line camera
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from Princeton Instruments (OMA V:1024-1.7 LN). All spectra were corrected to account
for the wavelength-dependent detector sensitivity by employing a broadband calibration
light source of known spectral power distribution from Thorlabs (SLS201L/M). The PLE
maps of crystals were obtained for an excitation range of 400 to 495 nm and an emission
range of 450 to 800 nm.

Time-correlated single-photon counting (TCSPC) was performed by directing the PL of
rubrene dispersions, solution and crystals excited at 493 nm using the same supercontin-
uum laser as above to a fibre-coupled silicon avalanche photodiode from Micro Photon
devices and the histograms of photon arrival times were constructed using a PicoQuant
PicoHarp 300 counting module. The instrument response function (IRF) was recorded
on the attenuated laser signal. Finally, PL lifetimes were derived from reconvolution fits

using SymPhoTime 64 software.
3.4.7 Raman

Samples of exfoliated rubrene were prepared by depositing ~5 nL of the collected sedi-
ments onto pre-cleaned 0.5 x 0.5 cm? Si/SiO, substrates at 150°C. Orthorhombic crystals
of rubrene were laminated onto a pre-cleaned native silicon substrate, while the triclinic
crystals were drop-cast. Low-wavenumber vibrational Raman modes of crystals and ex-
foliated crystals of rubrene were measured using inVia" confocal Raman microscope from
Renishaw. To avoid photoluminescence, all samples were excited by a 785 nm edge laser
through a 50x objective (Olympus, NA 0.5) with a long working distance. The Raman
emission was collected using the same objective and dispersed by a 1200 lines/mm grat-
ing. The spectra of exfoliated rubrene were acquired with an integration time of 10 s at
10% laser power, while the spectra of single crystals are an average of 100 accumulations

recorded with 1 s integration time and 5% laser power.
3.4.8 FT-IR

FT-IR spectra of single crystals were recorded with Bruker’s Hyperion 1000 infrared
microscope connected to a Tensor 27 FT-IR spectrometer. Light was incident normally
on the ab facet of the crystals with the electric field oriented in the plane of the crystal
facet for both polarized as well as unpolarized IR spectroscopy. Polarized-IR spectra
were acquired by inserting a linear polarizer into the beam path and manually rotating
it to change the direction of the incident electric field. Spectra of the samples were
automatically normalized to the background spectrum collected from a bare double-side

polished native silicon substrate using the OPUS software (Bruker). All measurements
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were performed in the transmission mode with a spectral resolution of 2 cm™.
3.4.9 AFM-IR

A nanolR2-s" system from Bruker at Bundeswehr University Munich, Germany, was used
to acquire AFM-IR spectra and maps of samples. The required mid-IR wavelengths were
provided by tunable pulsed quantum cascade laser chips that covered a a spectral range
of 910 to 1722 cm™ with a gap from 1482 to 1510 cm™. All measurements were performed
with a gold-plated AFM tip (PR-EX-nIR-10) in contact mode. Spectroscopic data was
obtained by fixing the position of the tip on the sample and scanning the wavenumber
range. The absorbance spectrum thus collected is a measure of the cantilever’s oscillation
amplitude normalized by the laser power, as a function of wavenumber. The spectral
resolution was kept constant at 2 cm™. Polarization-dependent spectra of single crystal
samples were recorded by manually rotating the crystal. The incident laser light was
linearly polarized with a vertical polarization axis (see Figure 2.11) and had an angle
of incidence of 70°. Topography and amplitude images were simultaneously acquired by

scanning the tip across a section of the sample, keeping the wavenumber fixed.
3.4.10 IR-SNOM

Single crystals for IR-SNOM measurements were either grown or laminated on pre-cleaned
double-side polished native silicon substrates. Crystallites of PDIF-CN, and exfoliated
rubrene were deposited on gold-coated native silicon substrates via spin-coating and drop-
casting, respectively. The Nano-FT-IR and the imaging modules of neaSNOM, a prod-
uct of Neapec GmbH, were employed to gather IR-SNOM data of the samples. Plat-
inum/iridium coated tips from Neaspec, optimized for spectroscopy as well as imaging,
were used in the tapping mode for all measurements. A mid-IR broadband laser spanning
a spectral range of 900 to 1700 cm™ was part of the spectroscopy module. Before mea-
suring the sample’s amplitude and phase spectra, a reference signal was recorded from
a highly reflective, spectrally flat substrate such as gold-coated silicon. This was used
by the software (neaSCAN) to normalize the sample’s spectra, thereby eliminating the
instrument’s influence. A good signal-to-noise ratio and a spectral resolution of 5-10 cm™
were achieved by adjusting the interferometer center and distance, respectively. The imag-
ing module was connected to a tunable quantum cascade laser with a wavenumber range
of 1020 to 1097 ecm™ from Daylight Solutions. Near-field amplitude and phase images
together with topography of a section of the sample were acquired by tuning the laser
to the required wavenumber and a power setting of 1.5 mW. Background removal was

performed automatically following a pseudoheterodyne detection scheme.'%?
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3.4.11 Zeta Potential

Zeta potential measurements were carried out using a Malvern Panalytical Zetasizer Nano
ZSP equipped with a 633 nm Helium-Neon laser together with a DTS1070 folded capillary
cell. Prior to each measurement, the capillary cell was equilibrated with the aqueous
sodium cholate solution. The sample viscosity was assumed to be the same as the viscosity
of water at 20 °C (1.0031 mPa s) and the Smoluchowski approximation was employed.
Each of the six dispersions was measured five times with ten runs per measurement,
with no delay in between the measurements. A Gaussian function was used to fit the
distribution data of each measurement, following which the center of the Gaussian were

extracted and averaged.

3.4.12 Computational Methods

Density functional theory (DFT) calculations were performed by Dr. Jie Han in the
Theoretical and Computational Chemistry group (Interdisziplindres Zentrum fiir Wis-
senschaftliches Rechnen), Heidelberg University, Germany. The Gaussian 09 (Revi-
sion D.01) program package was utilized to carry out gas-phase calculations. At the
DFT/B3LYP/6-31+G* level of theory, the ground state equilibrium structures of TIPS-
PEN, TIPS-TAP, rubrene and PDIF-CN, were optimized, and subsequently, their IR and

Raman modes were calculated.
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Chapter 4

AFM-IR and IR-SNOM for the Characterization of

Crystalline Organic Semiconductors

The results of the study presented in this chapter were published in reference [147]:
V. J. Rao, M. Matthiesen, K. P. Goetz, C. Huck, C. Yim, R. Siris, J. Han, S. Hahn,
U.H.F. Bunz, A. Dreuw, G. S. Duesberg, A. Pucci, J. Zaumseil, “AFM-IR and IR-SNOM
for the Characterization of Small Molecule Organic Semiconductors”, The Journal of
Physical Chemistry C 2020, 124, 5331-5344. Single crystals of rubrene and PDIF-CN,
were grown by Maik Matthiesen and DFT calculations were performed by Dr. Jie Han.

4.1 Motivation

As discussed in Chapter 2, both the AFM-IR and the IR-SNOM, although fundamen-
tally different techniques, provide nanoscale spatial resolution as well as rich chemical
information using an AFM tip in combination with IR spectroscopy. Both techniques
show great versatility in investigating a range of samples. The AFM-IR is favourable
for the study of polymer blends, composites and biological materials such as proteins,

178,182,263-266 \hile the IR-SNOM has been used more often for molecular

267271

cells and tissues,

crystals, inorganic monolayers as well as some polymeric and biological materials.

The functionality of small organic molecules with extended w-conjugation, as described in
Chapter 2, depends strongly on their molecular structure and packing and therefore, a
better understanding of the structure-property relationship on the micro- and nanoscale is
desirable. Surprisingly, there are very few studies where AFM-IR or IR-SNOM have been
employed to investigate these materials which raises the question about the applicabil-
ity of the two techniques.67:171:174,196,218,219.272 Tyrthermore, the lack of a comprehensive
study comparing both the techniques on the same material system makes it hard to es-

tablish the advantages and disadvantages of each.

Single crystals of small-molecule organic semiconductors provide an ideal platform to ex-

amine intrinsic properties of materials. The absence of grain boundaries, low density
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of defects and very high purity make them ideal candidates to ascertain the applicabil-
ity of novel techniques such as the AFM-IR and the IR-SNOM. For this purpose, single
crystals of TIPS-PEN, TIPS-TAP, rubrene and PDIF-CN,; have been employed here.
TIPS-PEN and TIPS-TAP are p- and n-type semiconductors, respectively, with similar
molecular structure and packing in their single crystal lattice. Hence, comparing the
spectra acquired from them using the AFM-IR and the IR-SNOM will help to under-
stand the influence of small compositional differences to the observed spectral features.
Rubrene differs largely from TIPS-PEN and TIPS-TAP in both structure and packing,
and here the orthorhombic polymorph will be used to shed light on the effect of molecu-
lar packing on spectral information gain. Lastly, the significance of the orientation of the
m-conjugated core is explored through a single crystal of the n-type PDIF-CN,. The spec-
tra acquired from the single crystals of the four molecular semiconductors using AFM-IR
and IR-SNOM are compared with one another and to the classical FT-IR. Unpolarized
FT-IR spectrum provides access to all the intramolecular vibrational modes of a material
and thus serves as the perfect reference. Linearly polarized FT-IR measurements, on the
other hand, excite only specific modes depending on the arrangement of the molecules in

a crystal and as a result, assist in determining the molecular packing.

To explore the spatial resolution and accessible local spectral information, the nanoimag-
ing and the nanospectroscopy capabilities of the AFM-IR and the IR-SNOM are tested
with a polycrystalline film of PDIF-CN,.

4.2 Infrared Spectroscopy on Single Crystals

In this section, the amplitude and the phase signals of the single crystals of the four
molecules obtained through the AFM-IR and the IR-SNOM, respectively, are compared
with one another and to the absorption spectra from the FT-IR. Polarized IR spectroscopy
is performed where possible to determine and/or corroborate the molecular orientation in

each of the well-faceted crystals.
4.2.1 TIPS-PEN

A single crystal of TIPS-PEN grown from solution as described in Chapter 3.2.1 was first
investigated using the FT-IR. An absorbance spectrum with non-polarized light served
as a reference. Following this, the absorbance spectra for different in-plane orientations
of the electric field with respect to the long edge of the crystal (see Figure 4.1(b)) were

acquired.
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Figure 4.2 (top) shows the FT-IR reference spectrum (x) of TIPS-PEN with several
absorption peaks, as expected for an organic molecule. Under polarized illumination,
the position, shape and intensity of the peaks change depending on the direction of the
electric field of the incident light. As an example, consider the peak at 1176 cm™. At 0°,
where the in-plane electric field is parallel to the long axis of the crystal, it is strong. At
45°, the peak disappears; but, reappears even stronger at 135°. Studying the vibrational
mode corresponding to this peak helps to elucidate the observed behaviour. As shown

in figure Figure 4.3, the peak at 1176 cm™!

originates from exciting rocking vibrations
restricted to the pentacene core. The associated dipole derivative unit vector (red arrow)
and the displacement vectors (blue arrows) lie in the plane of the backbone of TIPS-PEN.
The orientation of the electric field with respect to the dipole derivative unit vector (also
known as transition dipole moment vector) directly influences the excitation of this mode.
Therefore, the peak is most intense when the electric field is parallel to the m-conjugated

core of TIPS-PEN oriented at 135° with respect to the long edge of the single crystal.

(a) Y (b) | ‘ .
. &
I -

E
(©  side-view Top-view

TIPS-PEN

Figure 4.1: (a) Molecular structure of TIPS-PEN. (b) Optical micrograph of a single crystal
of TIPS-PEN with the in-plane orientations of the electric field indicated. (c) Packing of the
TIPS-PEN molecules in the crystal lattice (unit cell indicated) as seen from the side and the top.
Hydrogen atoms are omitted for the sake of clarity. Adapted with permission from Ref.[147].
Copyright 2020 American Chemical Society.

It is known that in a free-standing single crystal of TIPS-PEN, the molecules stand on

one of the TIPS groups, arranging themselves in a 2D slipped-stacking motif with a small
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tilt angle as shown in Figure 4.1(c).?”® The same molecular orientation is observed in
crystals grown on a substrate, corroborated by the polarization dependence of several
other absorption peaks. For example, the strong mode at 1461 cm™ has the transition
dipole moment vector lying in the plane of the backbone but pointing downwards (see
Figure 4.3). For all orientations of the electric field, the intensity of the peak remains

the same, as expected for the molecular arrangement shown in Figure 4.1(c).
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(a.u.)

| | |
3 N | ’|I| A —45°
52 = | | "1 90°
= | whdiron]
a LU’ 1] i ! - 135°
€ 1 [N
< R |

Phase
(*)

1000 1100 1200 1300 1400 1500 1600

Wavenumber (cm™)

Figure 4.2: Polarization-dependent absorbance spectra from FT-IR and amplitude spectra
from AFM-IR, and phase spectrum from IR-SNOM of a single crystal of TIPS-PEN. Absorbance
spectrum with non-polarized light (x) is shown for reference. Dashed lines correspond to the
modes seen in the FT-IR spectra, solid lines indicate modes which are present only in the AFM-
IR and IR-SNOM spectra and the asterisks mark those peaks whose vibrational modes are
presented below. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

IR-spectra acquired with the AFM-IR are shown in Figure 4.2 (middle). The differ-
ent angles, here, again indicate the angle between the electric field and the long edge

of the crystal which was achieved by rotating the crystal with respect to the AFM tip.
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Almost all the modes seen in the FT-IR spectra are also observed with the AFM-IR,
although noisier. Peak position, shape and intensity are nearly identical, especially above
1100 cm™.

Changing polarization has the same effect on peaks at 1176 cm™ and 1460 cm™. There is,
however, a peak at 1262 cm™ in all the AFM-IR spectra that is completely absent in the
FT-IR spectra. The presence of this medium-intensity peak can be explained by consid-
ering the relative orientation of the transition dipole moment vector of the corresponding
mode and the direction of the incident electric field. One of the differences between the
two techniques is the angle of incidence of light (AOI). In the case of the FT-IR, light
is incident nearly perpendicular to the substrate which, for s-polarized light, means the
electric field vector lies in the plane of the substrate. Therefore, only those modes with
an in-plane component of the transition dipole moment vector are excited by FT-IR. The
AFM-IR, on the other hand, has an AOI of 70° and as a result the vertically polarized
incident light excites those modes with an out-of-plane component as well. Figure 4.3
shows the vibrational mode corresponding to the peak at 1262 cm™. Its transition dipole
moment vector lies out-of-plane of the backbone with a strong component normal to the
substrate given the tilt angle of the TIPS-PEN molecules (see Figure 4.1(c)), hence this
mode becomes visible in the AFM-IR spectrum.

Finally, the phase signal of a single crystal of TIPS-PEN was acquired with the nanospec-
troscopy module of the IR-SNOM, as shown in Figure 4.2 (bottom). There are no
polarization dependent spectra here because the incident laser polarization is enhanced
only in the direction perpendicular to the sample by the metallic tip and the refractive
index of the substrate. Therefore, measuring spectra for electric field directions parallel
to the sample yields nothing meaningful. The corresponding amplitude signal is provided
in Figure A.2 of the Appendix. The modes observed with the IR-SNOM are not directly
comparable to those from the FT-IR. The peaks are slightly shifted, their shapes and rel-
ative intensities are different. Moreover, there are several additional peaks, at 1102 cm™,
1267 cm™ and 1320 cm™ that were not observed with the FT-IR. In comparison to the
AFM-IR, the mode at 1267 cm™ in the IR-SNOM corresponds to the mode at 1262 cm™
in the former. In the IR-SNOM, where the enhanced electric field is parallel to the tip
and therefore perpendicular to the sample, all those modes with an out-of-plane compo-
nent of the dipole derivative unit vectors become visible. The mode at 1267 cm™, with
its out-of-plane transition dipole moment (see Figure 4.3) is therefore seen here as well.
Other strong excitations, at 1367 cm™ and 1462 cm™, appear as a single peak in the
phase signal, whereas, in the FT-IR and AFM-IR spectra they are split into two peaks of
varying intensities dependent on the orientation of the electric field. This is due to the

lower spectral resolution of the IR-SNOM spectrum.
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Table 4.1 gives the position and intensity of selected modes at different polarizations for
the three techniques. For a full list, refer to Table A.1 of the Appendix.

1176 cm-! 1262 cm-! 1461 cm-!

Figure 4.3: Visualisation of the vibrational modes corresponding to selected absorption peaks
of TIPS-PEN. Blue and red arrows (lying in the plane of the paper and scaled to improve
visibility) indicate the displacement vectors and the dipole derivative unit vectors, respectively.
Atoms of hydrogen are shown in white, carbon in gray and silicon in gray-green. Adapted with
permission from Ref.[147]. Copyright 2020 American Chemical Society.

Table 4.1: Comparison of position and intensity” of the most prominent absorption peaks of
a single crystal of TIPS-PEN for different polarizations and IR spectroscopic techniques. This
table was adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

TIPS-PEN | FT-IR (cm™) | AFM-IR (cm™) | IR-SNOM (cm™)
1176 1176
0° 1262 1267
1461 1460 1460
45° 1262
1463 1460
(1176)
90° 1262
1463 1460
1176 (1176)
135° 1262
1461 1460

* Intensity of the peaks is indicated as: bold font - strong; regular font -
medium; within brackets - weak.
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4.2.2 TIPS-TAP

A molecule very similar to TIPS-PEN in molecular structure, except for the four nitrogen
atoms in the m-conjugated core, is TIPS-TAP as shown in Figure 4.4(a). A free-standing
single crystal of TIPS-TAP shows the same 2D slipped-stacking arrangement of molecules
standing on one of the TIPS groups at an angle, (see Figure 4.4(c)).

(a) (b)
\Si/ —
i85

I ¥
N N
N N —
50 um
s ~
N N
(c) Side-view Top-view

TIPS-TAP

Figure 4.4: (a) Molecular structure of TIPS-TAP. (b) Optical micrograph of a single crystal
of TIPS-TAP with the in-plane orientations of the electric field indicated. (c) Packing of the
TIPS-TAP molecules in the crystal lattice (unit cell indicated) as seen from the side and the top.
Hydrogen atoms are omitted for the sake of clarity. Adapted with permission from Ref.[147].
Copyright 2020 American Chemical Society.

A single crystal of TIPS-TAP grown on a substrate from solution (see Chapter 3.2.1),
as shown in Figure 4.4(b), was used to measure the absorbance, amplitude and phase
spectra with the FT-IR, AFM-IR and the IR-SNOM, respectively. As with TIPS-PEN,
several absorption peaks are observed (see Figure 4.5) as well. Change in intensity with
polarization of some of the peaks, for example, at 1315 cm™, bears a strong correlation
to the molecular orientation within the crystal. This mode, which arises from coupled
stretching and rocking modes restricted to the backbone of the molecule (see Figure 4.6),
shows high intensity at 0° and 45° but is completely absent at 135°. Its transition dipole

moment vector lies in the plane of the m-conjugated core. Another mode, the one at
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1460 cm™, does not change with polarization. It is the same mode as seen in TIPS-PEN
where vibrations are from all over the molecule with the transition dipole moment vector
lying in the plane of the backbone but pointing downwards. Correlating the direction of
the incident electric field to the orientation of the transition dipole moment vector and the
corresponding intensities confirms that molecules in single crystals of TIPS-TAP grown

by the drop-casting method adopt the same molecular packing shown in Figure 4.4(c).
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Figure 4.5: Polarization-dependent absorbance spectra from FT-IR and amplitude spectra
from AFM-IR, and phase spectrum from IR-SNOM of a single crystal of TIPS-TAP. Absorbance
spectrum with non-polarized light (x) is shown for reference. Dashed lines correspond to the
modes seen in the FT-IR spectra, solid lines indicate modes which are present only in the AFM-
IR and IR-SNOM spectra and the asterisks mark those peaks whose vibrational modes are
presented below. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

Polarization-dependent AFM-IR spectra (see Figure 4.5 (middle)) show a good corre-
spondence to the FT-IR spectra in terms of peak position, shape and intensity. Similar
to what was observed with TIPS-PEN, all modes above 1100 cm™ are better resolved.
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Intensities of peaks at 1315 and 1460 cm™ also show the same polarization-dependent be-
haviour as with FT-IR. Analogous to the 1262 cm™ mode seen for the TIPS-PEN crystal,
there is a peak at 1228 cm™ for the TIPS-TAP crystal, although not as well resolved. This
additional mode results from vibrations on the TIPS groups, as shown in Figure 4.6,
with the dipole derivative unit vector pointing out of the molecule’s backbone. The strong
out-of-plane (of the substrate) component of this vector leads to its visibility in the AFM-
IR spectra but not in the FT-IR spectra because of the difference in AOI, as discussed

above.
4 ).
“9 ] «dd

oo

1228 cm-" 1315 cm-!

Figure 4.6: Visualisation of the vibrational modes corresponding to selected absorption peaks
of TIPS-TAP. Blue and red arrows (lying in the plane of the paper and scaled to improve
visibility) indicate the displacement vectors and the dipole derivative unit vectors, respectively.
Atoms of hydrogen are shown in white, carbon in gray, nitrogen in blue and silicon in gray-green.
Adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

The IR-SNOM phase spectrum of a single crystal of TIPS-TAP is shown in Figure 4.5
(bottom) and the corresponding amplitude spectrum can be found in Figure A.2 of
the Appendix. Nearly all the modes observed in the absorbance and amplitude spectra
from the FT-IR and the AFM-IR, respectively, are also seen in the phase signal of TIPS-
TAP, with some peaks shifted by a maximum of 5 cm™. All modes with an out-of-plane
component are also observed with the IR-SNOM. As such, a weak mode at 1227 cm™
is seen which corresponds to the peak at 1228 cm™ in the AFM-IR spectra. Since the
component of the transition dipole moment vector of this mode parallel to the enhanced
polarization direction of the IR-SNOM is small, the mode is not strong. The mode at
1462 cm™ is, however, strong even in comparison to that in the FT-IR and the AFM-
IR spectra. This can be attributed to the large out-of plane component of the dipole
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derivative unit vector. A comparison of the modes in Figure 4.6 in terms of position and
intensity for the three techniques is given in Table 4.2. For a full list of all the modes,
see Table A.2 of the Appendix.

Table 4.2: Comparison of position and intensity” of the most prominent absorption peaks of a
single crystal of TIPS-TAP for different polarizations and IR spectroscopic techniques. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

TIPS-TAP | FT-IR (cm™) | AFM-IR (cm) | IR-SNOM (cm™)
1228 1227
0° 1315 1314 1310
1460 1460 1462
1228
45°
1464 1460
1228
90° (1315) 1314
1464 1460
1228
135° 1315 1314
1461 1460

* Intensity of the peaks is indicated as: bold font - strong; regular font -
medium; within brackets - weak.

4.2.3 Rubrene

Rubrene single crystals grown by the PVT method (see Chapter 3.2.1) are typically
platelet-like with well-defined facets, as shown in Figure 4.7. As in the previous two
cases, polarization-dependent absorbance spectra for different in-plane orientations of the
electric field (see Figure 4.7(b)) with respect to the long edge of the crystal were ac-
quired. Rubrene molecules in PVT-grown crystals assume a layered herringbone packing
in an orthorhombic lattice, as shown in Figure 4.7(c). Because the molecules in each
layer are arranged in a zig-zag pattern, excitation of the same modes for different polar-

izations can be expected.

FT-IR measurements (Figure 4.8, top) reveal several absorption peaks, of which only
two medium-intensity peaks at 1031 and 1069 cm™ exhibit a small variation in intensity
with change in electric field orientation (see Figure 4.7(b)) but neither of which disap-
pears completely. The C-H bending vibration on the four phenyl substituents, as shown

in Figure 4.9, gives rise to these two modes.
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Figure 4.7: (a) Molecular structure of rubrene. (b) Optical micrograph of a single crystal of
rubrene with the in-plane orientations of the electric-field indicated. (c) Packing of the rubrene
molecules in the crystal lattice (unit cell indicated) as seen from the side and the top. Hydrogen
atoms are omitted for the sake of clarity. Adapted with permission from Ref.[147]. Copyright
2020 American Chemical Society.

Polarization-dependent amplitude spectra of a single crystal of rubrene (Figure 4.8, mid-
dle) acquired with the AFM-IR show the best correspondence to the FT-IR spectra so far.
In comparison to the AFM-IR spectra of the previous two crystals, the signal-to-noise ratio
is much better and even the peaks below 1100 cm™ are well resolved. Since the PVT-
grown rubrene crystal was thinner than the solution-grown TIPS-PEN and TIPS-TAP
crystals, the improved signal-to-noise ratio cannot be attributed to the thickness of the
crystal; instead, it could be a result of a higher thermal expansion coefficient. An addi-
tional mode at 1394 cm™ is excited because of the oblique incidence of polarized light.
It is a strong mode that originates from coupled vibrations from the entire molecule,
and whose intensity is polarization independent. As shown in Figure 4.9, the transition
dipole moment vector of this mode lies in the plane of the m-conjugated core, orientated

along the c-axis. Therefore, it is expected to be visible in the IR-SNOM signal as well.

Indeed, the phase signal of rubrene single crystal (Figure 4.8, bottom) has two strong
modes — at 1031 cm™ and 1394 cm™ — both of which have the transition dipole moment

vector oriented along the enhanced electric field direction (Figure 4.9). The correspond-
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ing amplitude spectrum from the IR-SNOM is shown in Figure A.2 of the Appendix.
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Figure 4.8: Polarization-dependent absorbance spectra from FT-IR and amplitude spectra
from AFM-IR, and phase spectrum from IR-SNOM of a single crystal of rubrene. Absorbance
spectrum with non-polarized light (x) is shown for reference. Dashed lines correspond to the
modes seen in the FT-IR spectra, solid lines indicate modes which are present only in the AFM-
IR and IR-SNOM spectra and the asterisks mark those peaks whose vibrational modes are
presented below. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

Table 4.3 provides a comparison of the position and intensity of the most prominent
modes of rubrene at different polarizations for the three techniques. A complete list of all

IR modes of rubrene is given in Table A.3 of the Appendix.
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1031 cm-! 1394 cm™!

Figure 4.9: Visualisation of the vibrational modes corresponding to selected absorption peaks
of rubrene. Blue and red arrows (lying in the plane of the paper and scaled to improve visibility)
indicate the displacement vectors and the dipole derivative unit vectors, respectively. Atoms
of hydrogen are shown in white and carbon in gray. Adapted with permission from Ref.[147].
Copyright 2020 American Chemical Society.

Table 4.3: Comparison of position and intensity” of the most prominent absorption peaks of a
single crystal of rubrene for different polarizations and IR spectroscopic techniques. This table
was adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

Rubrene | FT-IR (cm™) | AFM-IR (cm™) | IR-SNOM (cm™)
1031 1028 1027
0° (1069) (1068) 1070
1394 1392
1031 1028
45° 1069 1068
1394
1030 1028
90° 1069 1068
1394
1031 1028
135° 1069 (1068)
1394

* Intensity of the peaks is indicated as: bold font - strong; regular font -
medium; within brackets - weak.

67



AFM-IR and IR-SNOM for the Characterization of Crystalline Organic Semiconductors

4.2.4 PDIF-CN,

To study the effect of the orientation of the m-conjugated core on the different IR spectra,
a single PVT-grown crystal of PDIF-CN; was employed (see Chapter 3.2.1). Although
the molecules of PDIF-CN, assume a 2D slipped-stacking arrangement in the single crys-
tal (Figure 4.10), like TIPS-PEN and TIPS-TAP, the long-axis of the core is oriented
differently with respect to the substrate. It is nearly upright unlike the other two crys-
tals where it is parallel to the substrate. This leads to a much stronger out-of-plane

polarizability that should mainly become visible in the IR-SNOM spectra.

FZCW 45°
ie5°
O _N__O I R 0°
CN 200 um
NC
OO (c) Side-view Top-view
07 N0 ="f\¢=’“; -u:\;
quz
FZC\CF3
PDIF-CN,

Figure 4.10: (a) Molecular structure of PDIF-CNs. (b) Optical micrograph of a single crystal
of PDIF-CNy with the in-plane orientations of the electric field indicated. (c) Packing of the
PDIF-CNy molecules in the crystal lattice (unit cell indicated) as seen from the side and the top.
Hydrogen atoms are omitted for the sake of clarity. Adapted with permission from Ref.[147].
Copyright 2020 American Chemical Society.

Figure 4.11 (top) shows the IR spectrum of a single crystal of PDIF-CN, for differ-
ent linear polarizations of the incident light (see Figure 4.10(b)). Three main sets of
doublets at 1114/1124 cm™, 1221/1247 cm™, and 1351/1362 cm™ make up the spectra,
wherein, the intensity of each peak within a doublet varies with change in polarization.

1

For example, the modes at 1114 and 1124 cm™ are a result of coupled vibrations from

all over the molecule, as shown in Figure 4.12. However, each peak within this doublet
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shows a different polarization dependence because their total transition dipole moment

1

vectors are oriented differently. Intensity of the peak at 1114 cm™ is maximum at 0°,

whereas the peak at 1124 cm™ is most intense at 90°.
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Figure 4.11: Polarization-dependent absorbance spectra from FT-IR and amplitude spectra
from AFM-IR, and phase spectrum from IR-SNOM of a single crystal of PDIF-CN,. Absorbance
spectrum with non-polarized light (x) is shown for reference. Dashed lines correspond to the
modes seen in the FT-IR spectra, solid lines indicate modes which are present only in the AFM-
IR and IR-SNOM spectra and the asterisks mark those peaks whose vibrational modes are
presented below. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

In addition to the doublets observed in the FT-IR spectra, the AFM-IR spectra of PDIF-
CN, single crystal (Figure 4.11, middle) show two strong doublets at 1040/1056 cm™!
and 1412/1422 cm™, and two individual peaks at 956 cm™ and 1194 cm™. These new
modes, which have an out-of-plane component of the transition dipole moment vector (see
Figure 4.12 and Figure A.3 of the Appendix), become accessible with the AFM-IR and
should be visible in the IR-SNOM signal as well.
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Interestingly, the phase signal from a single crystal of PDIF-CN, acquired by the IR-
SNOM, shown in Figure 4.11 (bottom), is very distinct compared to the previously
investigated molecular crystals. The corresponding amplitude signal is given in Fig-
ure A.2 of the Appendix. The doublets seen in the FT-IR and/or AFM-IR spectra
appear as single, broad peaks (except for the 1040/1056 cm™ doublet) in the IR-SNOM
signal, revealing no splitting even at better spectral resolutions (3-5 cm™). See Table 4.4
for a comparison of positions and intensities of selected doublets and a singlet for different
orientations of the electric field, as observed by the three different techniques. For a full
list, see Table A.4 of the Appendix.

1114 cm-" 1124 cm-! 1194 cm-! 1247 cm-!

Figure 4.12: Visualisation of the vibrational modes corresponding to selected absorption peaks
of PDIF-CNj. Blue and red arrows (lying in the plane of the paper and scaled to improve
visibility) indicate the displacement vectors and the dipole derivative unit vectors, respectively.
Atoms of hydrogen are shown in white, carbon in gray, oxygen in red, nitrogen in blue and
fluorine in cyan. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical
Society.

The peak at 1244 cm™ is unusually strong, which is a result of vibrations restricted to the
backbone of the PDIF-CNy molecule. The transition dipole moment vector of this mode
lies in the plane of the m-conjugated core, oriented parallel to the long-axis of the molecule,
as shown in Figure 4.12. The polarizability of a molecule increases when its transition
dipole moment aligns with the direction of the field enhancement of the metallic SNOM
tip (that is, parallel to the tip axis) which leads to better scattering of the incident electric
field by the sample. Since PDIF-CN, molecules in a single crystal exhibit a nearly vertical

arrangement of the m-conjugated core (see Figure 4.10(c)), the transition dipole vector
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of the mode at 1244 cm™ is almost parallel to the tip and therefore strongly excited.

Table 4.4: Comparison of position and intensity of the most prominent absorption peaks of a
single crystal of PDIF-CN,, for different polarizations and IR spectroscopic techniques. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

PDIF-CN, | FT-IR (cm™) | AFM-IR (cm™) | IR-SNOM (cm™)
1040/1056 (1039)/(1056)
0° 1194 1196
1221/1247 1236/1248 1244
1040/1056
45° (1194)
1221/1247 1236/1248
1040/1056
90° (1194)
1221/1247 1236,1248
1040/1056
135° 1194
1221/1247 1236/1248

* Intensity of the peaks is indicated as: bold font - strong; regular font -
medium; within brackets - weak.

4.2.5 Conclusions from Single Crystal Measurements

Infrared spectroscopy performed on the four organic single crystals using three different
techniques emphasizes the influence of molecular packing and orientation on the excitation
of specific vibrational modes for each method and crystal. The direction and polarization
of the incident light determines accessibility and visibility of certain modes. As demon-
strated by the AFM-IR, oblique incidence of vertically polarized light excites modes with
in-plane and out-of-plane components. The IR-SNOM, on the other hand, excites only
those modes which have a component perpendicular to the substrate. The signal-to-noise
ratio of the spectra recorded by the different techniques appears to be strongly dependent

on the molecular packing.

The AFM-IR has made its mark with polymer samples by providing high quality spectra.
However, the spectral quality are not as impressive with organic molecular crystals which
could be because of lower thermal expansion coefficients (small molecules: 10-170 ppm/K,
polymers: 50-500 ppm/K).'*! An exception to this observation was rubrene. The AFM-
IR spectra of its single crystal is distinctive with sharp absorption peaks, as shown in

Figure 4.8. Precise thermal expansion coefficient along the c-axis of rubrene and other
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investigated single crystals were, unfortunately, not available. One could, however, as-
sume that the bulky, interlocking TIPS groups on TIPS-PEN and TIPS-TAP, and the
alkyl side-chains on PDIF-CN, might hinder expansion in the direction perpendicular
to the substrate (along c-axis), as observed with polymorphs of 2,6-dichloronaphthalene

27 Rubrene on the other hand has four phenyl substituents that

tetracarboxylic diimide.
do not interlock, and has well-separated layers in the c-axis direction (see Figure 4.7(c)).
This would imply that the thermal expansion of rubrene in the vertical direction is less
constrained and as a result the AFM-IR signals are stronger. This example suggests
that the applicability of the AFM-IR depends strongly on the intrinsic structure of the
system under investigation. It nevertheless shows the versatility of the technique in per-
forming polarization spectroscopy with exceptional spectral resolution and quality while
still enabling access to both in-plane and out-of-plane modes. The easy-to-use setup and
easy-to-interpret data further make the AFM-IR a promising tool to characterize novel

organic materials.

The IR-SNOM depends not on thermal expansion but on scattering of incident light by
the sample. The higher the polarizability of the molecule, the better scatterer it is. Since
polarizability depends on the molecule’s internal structure and its orientation with respect
to the external electric field (i.e., vertical to the substrate and parallel to the tip’s axis),
the outstanding signal quality of PDIF-CNj single crystal can be assumed to result from
the orientation of the molecules with respect to the substrate (see Figure 4.10(c)). The
well-resolved peaks have transition dipole moment vectors oriented along the m-conjugated
core which is nearly parallel to the tip-axis or, in other words, parallel to the direction of
electric field enhancement. The other investigated crystals also show some strong peaks
but their spectra are not quite like that of PDIF-CN, perhaps due to lower overall po-
larizability resulting from the parallel orientation of the m-conjugated core with respect
to the substrate. Studies involving the IR-SNOM and molecular thin films (pentacene?®
and perylene tetracarboxylic dianhydride (PTCDA)?!®) also benefited from the fact that
the molecules stood upright on the substrate. The IR-SNOM, like the AFM-IR, appears
to be suitable for certain organic materials, typically limited by their out-of-plane oscilla-
tor strength. Furthermore, the interpretation of IR-SNOM spectra is not straightforward
since the amplitude and phase signals are a result of complex tip-sample interactions,
which therefore requires system specific modelling.'*® Moreover, the signals are also sen-
sitive to the thickness of the sample as this can alter the extent of interference of the

substrate with tip-sample interactions.?%

Both techniques might be interesting for other classes of organic single crystals,

such as phenyl-containing linearly fused oligothiophenes such as [l1]benzothienol3,2-

b][1]benzothiophenes (BTBT), and dibenzo[d,d’]thieno[3,2-b;4,5-b’]dithiophene (DBTDT)

72



AFM-IR and IR-SNOM for the Characterization of Crystalline Organic Semiconductors

which are another important class of small-molecule organic semiconductors. Large aspect
ratios of these thiophene derivatives leads them to organize into columns along the c-axis
in their crystal lattice (see Figure 4.13(a),(e)) while forming a herringbone pattern in
the ab plane.?™27 Such an orientation increases the polarizability of the molecule in the
IR-SNOM configuration and therefore, good signals could be expected. Other members of
the peropyrene family like diaza- and tetraazaperopyrenes (TAPP) along with their poly-
heterocyclic derivatives are known to exhibit a slip-stacked face-to-face assembly in their
single crystals,?""?™ very similar to PDIF-CNj, molecules as shown in Figure 4.13(b),(f).
Hence, characterizing them with the IR-SNOM may provide valuable information. How-
ever, long alkyl sidechains in both thiophene and peropyrene derivatives increase the
intermolecular interactions across consecutive layers and as such, may not perform so
well under the AFM-IR. On the other hand, 2D disc-like molecules such as porphyrin
and hexabenzocoronene (HBC), which stack into 1D face-to-face or cofacial herringbone
motifs,® are worth investigating with the AFM-IR (see Figure 4.13(c),(d),(g),(h)).
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Figure 4.13: Molecular structure of (a) C8-BTBT, (b) TAPP-Br, (¢) Cu-porphyrin, and (d)
HBC. The columnar packing of C8-BTBT molecules is shown in (e), the slipped-stacking motif
of TAPP-Br in (f), the 1D face-to-face arrangement of Cu-porphyrin in (g), and the cofacial
herringbone motif of HBC in (h). The unit cell in each case is indicated with the crystallographic
a-axis in red, b-axis in green, and c-axis in blue. The colours of atoms are as follows: carbon
- gray, sulphur - yellow, nitrogen - blue, fluorine - cyan, bromine - brown, copper - orange.
Hydrogen atoms are omitted for the sake of clarity. Molecular packing structures are taken from
crystal data published by Ref. [275], [279], [280], [281].
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4.3 Infrared Nanospectroscopy and Imaging

The capabilities of the advanced vibrational spectroscopy techniques, AFM-IR and IR-
SNOM, go beyond simple spectroscopy to enable nanospectroscopy and nanoimaging.
Information about the presence of polymorphs, micro- and nanocrystalline features, local
strains and doping in thin films, which is otherwise inaccessible, can be detected qualita-
tively through imaging and quantitatively through spatially resolved IR spectra. In order
to demonstrate these useful features, a polycrystalline film of PDIF-CNy was investigated
since single crystals of this material provided well-resolved AFM-IR and IR-SNOM spec-

tra as a reference.

A discontinuous film of PDIF-CNy prepared by spin-coating a solution of the material
in chloroform onto a gold-coated silicon wafer (see Chapter 3.2.2) is shown in Fig-
ure 4.14. The two SEM micrographs show randomly distributed leaf-shaped crystallites
with lengths of 3-4 pm, widths of around 1.5 pm and thickness between 50 and 150 nm.
Figure 4.14(a) was acquired with the secondary electron in-lens detector which provides
good material contrast between the semiconducting organic crystallites and the conductive
gold substrate. Topographic contrast of the same section of the film was simultaneously
obtained with the in-chamber detector, shown in Figure 4.14(b). This image reveals
that the edges of the crystallites are corrugated and buckled upwards, thereby partially

detaching themselves from the substrate.

(a)

Figure 4.14: Secondary electron micrographs of a spin-coated film of PDIF-CNy on gold-coated
Si substrate. (a) Shows the material contrast and (b) the topographic contrast of a section of
the film, recorded with the in-lens and the in-chamber detectors, respectively. Adapted with
permission from Ref.[147]. Copyright 2020 American Chemical Society.

A far-field absorbance spectrum of the PDIF-CNj, film, was first measured with the FT-IR
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and is shown in Figure 4.15. Following this, local IR spectra were acquired with the

AFM-IR from the buckled edges and flat-lying center of the crystallites.

Absorbance (a.u.)

1000 1100 1200 1300 1400 1500 1600

Wavenumber (cm™)
Figure 4.15: Far-field (FT-IR) absorbance spectrum of a polycrystalline film of PDIF-CNs.
Peaks that show a noticeable difference in the AFM-IR and IR-SNOM spectra between the edge

and the center are indicated with asterisks. Adapted with permission from Ref.[147]. Copyright
2020 American Chemical Society.

Figure 4.16 shows individual AFM-IR spectra from the center and the edges, and the
corresponding points on a topography image from where they were acquired. Spectra
marked as ‘Center’ and ‘Edge’ were then averaged separately (see Figure 4.17) to de-

termine changes in relative peak intensities and positions.
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Figure 4.16: (a) Topography image of a polycrystalline PDIF-CNy film with blue (center)
and red (edge) dots indicating the positions from where (b) AFM-IR spectra (blue and red

lines, respectively) were measured. Adapted with permission from Ref.[147]. Copyright 2020
American Chemical Society.
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Some obvious differences are present between the spectra from the center and those from
the edge. First of all, amplitude signal from the buckled edges is much lower than that
from the flat-lying center of the crystallites. The peak seen at 1122 cm™ in the spectra
from the center is redshifted by 6 cm™ to 1116 em™ in the spectra from the edge. The
mode at 1234 cm™ develops a low-energy shoulder, and the high-energy shoulder of the

1350 cm™ peak shows reduced intensity.

Avg. Amplitude (a.u.)

1000 1100 1200 1300 1400 1500 1600
Wavenumber (cm™)
Figure 4.17: Average of the spectra shown in Figure 4.16 (center - blue, edge - red). Shaded
area indicates the deviation from the average. Arrow indicates the wavenumber with which

mapping was done. Asterisks indicate those peaks that show a noticeable difference. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

Tensile strains usually manifest as redshifts in vibrational modes, and change of relative

Land 1234 em™ with in-plane and out-of-plane

intensities (between modes at 1122 cm”
transition dipole moments, respectively) may indicate a change in molecular orientation

between the center of a crystallite and its buckled edge.

The imaging module of the AFM-IR was then used to record the height and amplitude
images of a section of the polycrystalline film of PDIF-CN,. Figure 4.18 shows the
topography and amplitude images of a 10 x 10 pm? area of the film mapped at 1234 cm™.
Since the sample strongly absorbs at this wavenumber and a change in the shape of the
peak is observed between the center and the edge of the crystallite, it was chosen for map-
ping. In the topography map, some sections of the crystallites appear to be higher where
it can be assumed the crystallites are bent upwards, as the SEM image shows. However,
strangely, the corresponding sections of the amplitude map appear discontinuous. While
some regions of the edges show a strong contrast against the background gold, others show

no contrast at all. However, a significant area of each crystallite has large amplitudes,
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thus indicating higher absorbance.
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Figure 4.18: (a) Topography and (b) amplitude images of a spin-coated film of PDIF-CN; on
gold-coated Si substrate mapped simultaneously with an AFM-IR at 1234 cm™!. Adapted with
permission from Ref.[147]. Copyright 2020 American Chemical Society.

An overlay image of height and amplitude maps provided in Figure 4.19 highlights the
local variations in the two signals. It further confirms that some areas appear with low
amplitudes even though PDIF-CNj is present and elevated height is observed. The ori-
gin of these non-uniformities in contrast along the edges could be due to one or more of
the following factors: differences in thermal expansion, lower thermal conductance, and
changes in molecular orientation. Thermal expansion of a material is a function of the
geometry and the volumetric size of the sample in addition to other parameters.'®” The
crystallites are not uniformly thick at the edges, which could bring about local differ-
ences in thermal expansion, leading to uneven contrast. A material’s effective thermal
conductance is again dependent on the sample’s dimensions and contact to the substrate.
Therefore, small changes in thickness, for example, eventually affects the observed ampli-
tude contrast. It is clear from the SEM image (Figure 4.14(b)) that the crystallites do
not lie flat on the substrate but are buckled upwards and are corrugated at the edges. This
would force the molecules to distort themselves and shift their orientation with respect
to the incident electric field, thus becoming evident in the observed contrast. The partial
delamination and wrinkling would further cause a build-up of strain in different regions
of the crystallites, indicated by variations in contrast in the amplitude map. Decoupling
these various factors is not straightforward and perhaps impossible without the help of

some complementary techniques.
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Figure 4.19: An overlay of the topography (red) and amplitude (green) images of a polycrys-
talline film of PDIF-CN, recorded with the AFM-IR at 1234 cm™. The overlay image highlights
the presence of material at the edges of the crystallites where the amplitude image shows little to
no signal. Adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

Next, the IR-SNOM was used to acquire spectra from different positions on the same sam-
ple of PDIF-CNsy. Phase spectra, of the second demodulation order, from the center and
edges of crystallites and the corresponding measurement spots are shown in Figure 4.20.
The averaged spectra, in Figure 4.21, show some differences in peak positions and inten-
sities between the center and the edge. Modes at 1124 and 1425 cm™ in the signal from
the center are redshifted by a few wavenumbers to 1122 and 1422 cm™, respectively, in the
spectrum from the edge. Also, the relative intensities of the modes at 1245 and 1422 cm™,
both of which have out-of-plane transition dipole moment vectors, vary slightly. These
subtle but non-negligible differences could be an indication of differences in the orientation

of molecules within the crystallites.
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Figure 4.20: Topography image of a polycrystalline PDIF-CNy film with blue (center) and
red (edge) dots indicating the positions from where IR-SNOM spectra (blue and red lines,
respectively) were measured. Adapted with permission from Ref.[147]. Copyright 2020 American
Chemical Society.
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A 10 x 10 pm? section of the film was then mapped with the laser tuned to 1058 cm™,
where an absorption peak is present. The resulting near-field amplitude and phase images

(of the second demodulation order) along with topography is shown in Figure 4.22.
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Avg. Phase (°)
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Figure 4.21: Averaged near-field phase spectra (second demodulation order) obtained with
the IR-SNOM from center (blue) and edge (red) positions of different crystallites. Shaded area
indicates the deviation from the average. Arrow indicates the wavenumber with which mapping

was done. Asterisks indicate those peaks that show a noticeable difference. Adapted with
permission from Ref.[147]. Copyright 2020 American Chemical Society.

As expected, the topography image shows protruding features along the edges where the
crystallites are presumably bent upward. The corresponding areas in the amplitude and
phase images display a clear contrast with respect to the gold substrate as well as to the
center of the crystallites. This contrast is often significantly correlated with the height

but not everywhere.

When mapped at 1084 cm™, where a weak mode appears only in the spectra from the
edge, similar correlations can be made between the crystalline edges and the observed
contrast. Mapping at other wavenumbers where stronger modes are excited could not be

done because of the limited range of the available quantum cascade laser (1020-1097 cm™).

Interpretation of these IR-SNOM maps is difficult on the one hand, as near-field amplitude
and phase signals are indirectly related to the local complex refractive index through the
local complex polarizability of the sample. Variations in contrast in the amplitude and
phase maps from the IR-SNOM indicate differences in the near-field resonances which
could be a result of changes in molecular orientation at the buckled edges of the PDIF-
CNjy crystallites. It is clear from the previous section that the IR-SNOM probes only those

vibrations whose dipole moment is (nearly) perpendicular to the substrate. Therefore, the
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appearance of any new peak and/or alterations in the intensity of a peak from one region
to another translates to dissimilar arrangement of molecules between those regions, which
is reflected in the amplitude and phase contrasts. Perhaps by mapping at 1245 cm™,
where a strong mode is observed, this difference would become more obvious. However,
the edges of crystallites also act as boundaries which could cause spectral changes due
to disorder. Another reason for the changing contrast from the edges to the center could
simply be that the former is partially delaminated from the substrate. Since the substrate

203 whether the sample lies flat on it or not

effect is strong in IR-SNOM measurements,
would influence the resulting contrast. The smooth transition in contrast from the edge
to the center in the maps from the IR-SNOM is quite unlike what is observed with the
AFM-IR. This difference likely stems from the fact that in the case of the AFM-IR, the
mechanical motion of the cantilever induced by the thermal expansion of the partially free-
standing edges is significantly different from that induced by other areas of the crystallites
whose expansion is constrained by the substrate on one side. Furthermore, the AFM-IR
and the IR-SNOM are operated in contact and tapping modes, respectively, which might
lead to some unaccountable differences especially when the sample is a rather thin and
flexible, free-standing organic layer. Nevertheless, the ability of both the IR techniques
to acquire local IR spectra and create IR maps simultanecously with topographic images

is demonstrated clearly with the help of these thin PDIF-CNy microcrystals.
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Figure 4.22: Topography, near-field amplitude and phase images (second-order) of a spin-
coated film of PDIF-CNy on gold-coated silicon wafer mapped at (a) 1058 cm™ and at (b)
1084 cm™ with the imaging module of the IR-SNOM. Regions in the amplitude and phase
images where there is less correlation to topography are circled. Adapted with permission from
Ref.[147]. Copyright 2020 American Chemical Society.
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4.4 Conclusion

The study presented in this chapter tests the versatility of two advanced nano-IR spec-
troscopy techniques: AFM-IR and IR-SNOM, with the help of four well-known small-
molecule organic semiconducting single crystals of TIPS-PEN, TIPS-TAP, rubrene and
PDIF-CN,, and a polycrytalline film of the last. Standard FT-IR spectroscopy was also
performed on the same samples with both polarized and unpolarized light. Spectra of
each molecular crystal acquired with the different techniques display significantly differ-
ent features. Certain in-plane and out-of-plane vibrational modes were either enhanced
or suppressed, which was attributed to differences in the angle of incidence and the ori-
entation of molecules inside the crystal. The quality of the spectra from the AFM-IR
and the IR-SNOM was found to be largely dependent on the intrinsic molecular struc-
ture and packing within the crystal. For the AFM-IR, it was supposed that differences
in thermal expansion coefficients along the vertical crystal axis and/or the presence of
interlocking side-chains/groups caused variations in signal quality. For IR-SNOM, the
orientation of the mw-conjugated core of the molecules with respect to the enhanced elec-
tric field direction plays an important role. When aligned with the field (parallel to the
tip), the polarizability of the molecule increases which results in a better overall signal.
Nanoscale spatial resolution of both AFM-IR and IR-SNOM was demonstrated with a
polycrystalline film of PDIF-CNs,. Features within a single micron-sized crystallite could
be spectrally distinguished. When imaged with specific wavenumbers, a clear contrast
was observed with good spatial resolution. The precise origin of the contrast and what

the differences represent remain very challenging to interpret.

As demonstrated here, AFM-IR and IR-SNOM could be exploited to examine the pres-
ence of foreign particles, structural disorder and even build-up of strain in the active
layer of organic opto-electronic devices. For example, Mrkyvkova et al. have reported the
presence of defective crystallites showing a different orientation of the m-conjugated core
in thin films of diindenoperylene (DIP, a small-molecule organic semiconductor) which
was detected using the IR-SNOM.?"2 In thin-film transistors of TAPP-Br, charge carrier
mobility is found to be lower in solution-grown films in comparison to vacuum-deposited
films.2™ This difference could be because of solvent molecules trapped locally within the
crystal lattice, which distort the molecular packing and the -7 overlap. Or, as shown by
Tzschoppe et al.,?®? the molecules of TAPP-Br are perhaps arranged differently in the two
films depending on the deposition method. All these characteristics could be thoroughly
investigated by combining nanospectroscopy with nanoimaging as offered by the AFM-IR
and the IR-SNOM. In any case, access to calculated IR spectra and vibrational modes is

crucial to interpret and assign the observed IR modes. Additional experimental and the-
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oretical studies on model systems (e.g., see Figure 4.13) may enable clearer correlations

between the observed spectral features and the structure and property of organic crystals

and thin films.
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Chapter 5

Liquid-Phase Exfoliation of Rubrene Single Crystals

The results of the study presented in this chapter were published in reference [283]:
V. J. Rao, H. Qi, F. J. Berger, S. Grieger, U. Kaiser, C. Backes, J. Zaumseil, “Liquid
Phase Exfoliation of Rubrene Single Crystals into Nanorods and Nanobelts”. Electron
diffraction experiments using transmission electron microscopy and related analysis were
carried out by Dr. Haoyuan Qi. Rotation electron diffraction experiments were performed
by Dr. Tatiana Gorelik.

5.1 Motivation

Liquid-phase exfoliation (LPE) has emerged as a popular top-down technique to produce
nanomaterials with size-dependent properties in large quantities. As discussed in Chap-
ter 2.7, individual layers of crystals are delaminated with the help of sonication or shear,
and the resulting nanomaterials are stabilized against re-aggregation by using appropriate
solvents or aqueous surfactant solutions. The initial dispersions are usually highly poly-

284 and are therefore subjected to size selection via band sedimentation or liquid

disperse
cascade centrifugation (LCC, see Chapter 2.8) in order to investigate size-dependent
properties. The current understanding is that the shape of the nanomaterial obtained
with LPE is dictated by the ratio of in-plane and out-of-plane binding strength of the
bulk material.?*> As a consequence, scission in addition to delamination occurs which im-

285,286 an be exfoliated

plies that not only layered crystals but also non-layered materials
via LPE. However, so far the layers of the exfoliated materials are found to have strong

in-plane covalent or coordination bonds.

In crystals of m-conjugated organic semiconductors, strong non-covalent 7-7 interactions
often exist within one crystalline plane while weaker forces act in other directions. This

anisotropy of intermolecular interactions in small-molecule organic crystals, such as pen-

8 0

" and rubrene,'?” is known to influence charge carrier mobilities,%° coefficients

2

tacene?
of thermal expansion,?®® and Young’s moduli.?®® Low dimensional structures of organic

semiconductors in the form of self-assembled monolayers and nanowires have been demon-
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strated,?%2%! however, they were fabricated bottom-up from solution or gas phase but
not top-down from a macroscopic crystal. It would, therefore, be interesting to find out
whether the offset between in-plane and out-of-plane intermolecular forces in molecular

crystals facilitates exfoliation of mono- or multilayered nanomaterials from bulk crystals
via LPE.

Here, single crystals of rubrene were chosen as the model system to test LPE on organic
molecular crystals. As presented in Chapter 2.2, rubrene is one of the most extensively
studied organic semiconductor that has led to its application in OFETs, OLEDs, and
OPVs. Depending on the growth method and conditions, three different polymorphs of
rubrene have been discovered — orthorhombic, triclinic, and monoclinic. The molecular
packing within each of these lattices is distinct resulting in different degrees of m-orbital
overlap along the three crystallographic axes. In this study, LPE was applied only to the

orthorhombic and the triclinic rubrene single crystals.

5.2 Exfoliation and Size Selection of Rubrene Single Crystals

The orthorhombic crystals of rubrene, grown by the PVT method (see Chapter 3.2.1),
with lattice parameters a = 7.18 A, b = 14.43 A, ¢ = 26.81 A, a = 90°, B = 90°, v = 90",

d'%® with lattice parameters

and the triclinic crystals, grown by the reprecipitation metho
a=T02A, b=854A, ¢=1195A, a =93.04°, 8 = 105.58°, v = 96.28°, are shown in
Figure 5.1 alongside their crystal packing as seen from the side and the top. Note that

106,292 whereas in

the standard crystallographic assignment for rubrene was followed here,
the literature the a- and b-axis of orthorhombic rubrene are often interchanged. Liquid-
phase exfoliation of these two polymorphs were carried out via bath-sonication in aqueous

sodium cholate solution (see Chapter 3.3 for experimental details).

The resulting orange-coloured stock dispersion was then subjected to size selection via
liquid cascade centrifugation (Chapter 3.3) following which three fractions each of milky
pink-orange dispersions of orthorhombic and triclinic rubrene were obtained, as shown in
Figure 5.2. Under ultraviolet (UV) light illumination, the dispersions showed a yellow-
green fluorescence. The three fractions were labelled according to the applied relative
centrifugal forces — 0-0.1k g (lowest), 0.1-1k g (intermediate), and 1-30k ¢ (highest). The
stability of the dispersions was confirmed by zeta potential measurements that yielded
values between -15 and -30 mV. Table 5.1 provides the average zeta potentials of the
different rubrene dispersions. The values are consistent with anionic cholate as the sur-

factant.
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Single Crystals Side-view Top-view
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Figure 5.1: Photographs of orthorhombic (Ortho.) and triclinic (Tri.) rubrene crystals (Crys.)
and the molecular packing within their corresponding lattices. The b- and the c-axis are parallel
to the short axis and the thickness of the crystals, respectively. The interlayer spacing of 1.3
nm in orthorhombic lattice and 1.1 nm in triclinic lattice is shown in the side-view images. The
m-conjugated tetracene core is highlighted in blue and its stacking direction, which is along the
a-axis, is shown in the top-view images. Hydrogen atoms are omitted for clarity. Adapted with
permission from Ref.[283]. Copyright 2021 American Chemical Society.

White light photo UV light photo
0-0.1kg 0.1-1kg 1-30kg 0-0.1kg 0.1-1kg  1-30kg

Ortho. Rub.

0-0.1kg 0.1-1kg  1-30kg

[ S

Tri. Rub.

Figure 5.2: Photographs of the liquid-phase exfoliated and size-selected dispersions of or-
thorhombic rubrene crystals (Ortho. Rub.) and triclinic rubrene crystals (Tri. Rub.) under
white light as well as UV light illumination. Adapted with permission from Ref.[283]. Copyright
2021 American Chemical Society.
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Table 5.1: Average zeta potential values of three different fractions of LPE rubrene dispersions
in 0.1 g L' aqueous sodium cholate solution. Adapted with permission from Ref.[283]. Copyright
2021 American Chemical Society.

LPE Orthorhombic Rubrene LPE Triclinic Rubrene

0-0.1k g | 0.1-1k ¢ | 1-30k g | 0-0.1k ¢g | 0.1-1k ¢ | 1-30k ¢

Zeta Potential | -30.6 -21.1 -15.9 -22.3 -26.2 -19.4
(mV)

5.3 Rubrene Nanorods and Nanobelts

The morphology of nanostructures resulting from the exfoliation of rubrene single crystals
was studied with the help of an AFM. Figure 5.3(a),(b) show the topography images
of the intermediate and the highest fractions of orthorhombic rubrene dispersion, respec-
tively. Apart from expected residual chunks of crystals, flakes, and platelets, distinct
rod-like structures were first observed in the intermediate fraction. The highest fraction
(1-30 k g) was further enriched with these nanorods, as seen in Figure 5.3(b). Their
thickness was found to be between 30 and 50 nm (Figure 5.3(c)), their length ranges
from 0.5 to 1 pm, while their width varies between 100 and 200 nm.

(a) (b (©)

Nanorods

Ortho. Rub.

0 20 40 60 80 100 120 140 160
Thickness (nm)

(d)

Nanobelts

Tri. Rub.

0,
0 2 46 810121416 182022
Thickness (nm)

Figure 5.3: AFM height images of the intermediate (0.1-1k ¢) and the highest (1-30k g) frac-
tions of exfoliated orthorhombic rubrene (Ortho. Rub.) (a, b) showing nanorods, and triclinic
rubrene (Tri. Rub.) (d, e) showing nanobelts/bundles (scale bar: 2 ym). The corresponding
thickness histograms are shown in (c, f). Adapted with permission from Ref.[283]. Copyright
2021 American Chemical Society.
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In the case of triclinic rubrene dispersions, the size and aspect ratios of the nanostructures
were vastly different. Figure 5.3(d),(e) show the intermediate and highest fractions of
exfoliated triclinic rubrene, respectively, where thin and long belt- and bundle-like struc-
tures are observed. A height histogram of single strands of the nanobelts (Figure 5.3(f))
reveals that they are only about 3 nm thick. Their length could not be precisely deter-
mined due to the overlapping and entangled nature of the belts and belt bundles, but it

appears to be several micrometers with widths between 30 and 50 nm.

(a) (b)

1.0+ | — Ortho. Crys. 1.0 ——Tri. Crys.
308- —0.1-1k g -*?os-
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2 06 Los
IS <

: 0.4 £ 0.41
g 041 g 041
S 0.2 S 0.2
z ]

00+ 0.0+—m—F— A

50 100 150 200 250 50 100 150 200 250
. -1 .
Raman Shift (cm™) Raman Shift (cm™)

Figure 5.4: Normalized low-wavenumber Raman spectra of the intermediate (0.1-1k g) and
the highest (1-30k g) fractions of (a) orthorhombic and (b) triclinic rubrene dispersions in
comparison to the corresponding bulk crystals. The arrow in (a) indicates the peak at 88 cm™
that is present only in the spectra of the two fractions. Adapted with permission from Ref.[283].
Copyright 2021 American Chemical Society.

To determine whether the original crystallinity is retained in the nanorods and nanobelts
post exfoliation of orthorhombic and triclinic crystals, respectively, low-wavenumber Ra-
man spectroscopy was performed. Since Raman active lattice phonons of different poly-
morphs of rubrene are distinct,?” acquiring the low-wavenumber Raman spectra of the
drop-cast dispersions and comparing them with the fingerprint of the parent crystal would
enable a fast and reliable identification of their crystallinity. The excited modes of the in-
termediate and the highest fractions of exfoliated orthorhombic rubrene in comparison to
the bulk crystal are shown in Figure 5.4(a). All peaks (see Table 5.2 for a complete list)
except for the one at 88 ecm™ correspond well to the Raman modes of the bulk orthorhom-
bic crystal. This suggests that the nanorods are crystalline and the crystal structure of
the original crystal is preserved. The additional peak at 88 cm™ (indicated with an arrow
in Figure 5.4(a)), that is observed only in the 0.1-1k ¢ and 1-30k g samples, was found
to be a result of randomly oriented drop-cast nanorods. Whereas, the spectrum of the

bulk crystal was measured strictly from the ab facet, lying parallel to the substrate. The
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mode is seen in the spectrum of a differently oriented bulk orthorhombic crystal as well as
in powdered rubrene, as shown in Figure A.4 of the Appendix. Additionally, the peak
at 220 cm™! is more prominent in the spectra of the two fractions compared to the bulk
293

crystal. Since this mode is associated with a surface active mode along the c-axis,*” it is

perhaps stronger in exfoliated rubrene because of the larger surface area.

As for exfoliated triclinic rubrene, the low-wavenumber Raman modes are identical in
shape, position, and relative intensity to those of the bulk triclinic crystal, as shown
in Figure 5.4(b). This is suggestive of the crystallinity and retention of the triclinic
lattice in rubrene nanobelts. Note that the lowest fraction (0-0.1k g) of both exfoliated
orthorhombic as well as triclinic crystals were composed primarily of unexfoliated rubrene
and are therefore omitted from all discussions.

Table 5.2: Low-wavenumber Raman shifts of LPE rubrene (LPE Ortho. Rub., LPE Tri. Rub.)
and the corresponding bulk crystals (Ortho. Crys., Tri. Crys.) at an excitation wavelength of
785 nm. The light was incident and the spectra were collected from the ab facet of both
orthorhombic as well as triclinic crystals, with the polarization perpendicular to the long axis

of the crystals. Adapted with permission from Ref.[283]. Copyright 2021 American Chemical
Society.

LPE Ortho. Rub. LPE Tri. Rub. Ortho. | Tri.

0-0.1 | 0.1-1 | 1-30 | 0-0.1 | 0.1-1 | 1-30 | Crys. | Crys.
kg | kg | kg | kg | kg | kyg
Low- 7 78 7 7 78 7 7 76
Wavenumber 88 89 87 95 97 97 96
Raman Shifts | 106 | 107 | 105 | 122 | 123 | 123 106 122
(cm™) 119 | 120 | 119 | 220 | 219 | 220 120 219
139 | 140 | 139 142
219 | 221 | 220 221

5.4 Optical Properties of Nanorod and Nanobelt Dispersions

The optical properties of rubrene nanorods and nanobelts were investigated by perform-
ing absorbance and emission spectroscopy on the dispersions. A vast amount of literature
exists on the optical properties of rubrene solutions and orthorhombic rubrene crystals.
There are, however, discrepancies among the reported absorbance and emission spectra in
terms of observed peaks, their positions and relative intensities. Irkhin et al. discussed in
detail the origin of these variations which they attribute mainly to differences in the inci-
dent polarization of light with respect to the crystal axes and facets, and self-absorption

294

of concentrated solutions of rubrene.*”* On the other hand, very little is known about the

triclinic crystals of rubrene. Since the emission spectra of rubrene crystals are strongly
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dependent on the orientation of facets and the polarization of light, exfoliated rubrene
dispersions (composed of randomly oriented nanorods and nanobelts) are only compared

to dilute rubrene solutions.
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Figure 5.5: Extinction (Ext) and absorbance (Abs) spectra of the (a) intermediate (0.1-1k g)
and (b) highest (1-30k g) fractions of exfoliated orthorhombic rubrene and the same for exfoliated
triclinic rubrene in (c¢) and (d), respectively. Each panel also shows the scattering spectrum
(Sca) that was obtained by subtracting the absorbance spectrum from the extinction spectrum.
Adapted with permission from Ref.[283]. Copyright 2021 American Chemical Society.

As shown by Irkhin et al. excitation/detection geometry largely influences the absorbance
and emission spectra and as such, spectral variations should be carefully interpreted.??*
Several artefacts were observed in the extinction spectra of exfoliated rubrene dispersions
because of the scattering of light, as shown in Figure 5.5, due to which their absorbance
spectra were recorded using an integrating sphere. It can be seen, especially for the in-
termediate fraction of both orthorhombic as well as triclinic rubrene (Figure 5.5(a),(c))
that the extinction is dominated by scattering. In the non-resonant regime (that is, at

wavelengths above the electronic transitions), scattering follows the characteristic power
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law,?% whereas in the resonant regime scattering follows absorbance in shape (with a

redshift and superimposed on the power law background).

The resulting absorbance of the 0.1-1k ¢ and 1-30k ¢ fractions of exfoliated orthorhombic
rubrene crystal in comparison to a dilute solution of rubrene in chloroform is presented
in Figure 5.6(a). All the absorbance peaks of the two fractions appear in the region
between 450 and 540 nm, with the usual vibronic progression and nearly indistinguishable
spectral features. Only the lowest energy transition of the highest fraction is blueshifted
by 2 nm, and its absorbance is slightly lower at shorter wavelengths. Table 5.3 provides

a full list of all the peak positions.
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Figure 5.6: Normalized absorbance spectra of the intermediate (0.1-1k g) and the highest
(1-30k g¢) fractions of exfoliated (a) orthorhombic (ortho.) and (c) triclinic (tri.) rubrene in
comparison to that of a dilute solution of rubrene in chloroform. Normalized photoluminescence
spectra of the same two fractions of exfoliated (b) orthorhombic and (d) triclinic rubrene. Also
shown in the two panels is the normalized photoluminescence spectrum of a dilute solution of
rubrene in chloroform. Adapted with permission from Ref.[283]. Copyright 2021 American
Chemical Society.

In comparison to the absorbance of rubrene solution, there is a good correspondence in
terms of peak shape and relative intensities of the absorption peaks. Clearly, all the

optical transitions of both the fractions are redshifted by about 9 nm with respect to the
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solution, which is an expected offset between solid-state and solution absorption spectra.
The broad shoulder that is observed for the two fractions at around 440 nm (2.8 eV)
and the higher absorption at shorter wavelengths of the nanorod dispersions compared to
the solution might be attributed to the quasi-particle bandgap of crystalline rubrene as

proposed by Sai and co-workers.?

Figure 5.6(b) shows the photoluminescence (PL) spectra collected from the two fractions
(intermediate 0.1-1k ¢, highest 1-30k g¢) of exfoliated orthorhombic rubrene as well as the
dilute rubrene solution. The corresponding photoluminescence excitation-emission (PLE)
maps and spectra can be found in the Appendix (Figure A.5). The emission spectrum
of the solution is very sensitive to self-absorption due to the very small Stokes shift of
rubrene (see Figure 5.7(a)). Hence, the spectrum shown in Figure 5.6(b) is that of a
very dilute solution whose spectral features remained constant even with further dilution.
It shows a very prominent shoulder at 592 nm in comparison to the nanorod dispersions,
but the reason is not clear. It could be a result of wavelength-dependent scattering and
reabsorption of the emitted light in the dispersions whose Stokes shift is also small, as
shown in Figure 5.7(b).
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Figure 5.7: Absorbance (Abs), excitation (Exc), and emission (Emi) spectra of (a) a dilute so-
lution of rubrene in chloroform (Rub. Soln.), the highest fraction of exfoliated (b) orthorhombic
rubrene (Ortho. Rub.), and (c¢) triclinic rubrene (Tri. Rub.). Adapted with permission from
Ref.[283]. Copyright 2021 American Chemical Society.

The absorbance spectra of the intermediate and the highest fractions of exfoliated triclinic
rubrene, shown in Figure 5.6(c), are almost identical except for small changes in peak
position (see Table 5.3) and slightly lower absorbance of the latter at shorter wavelengths.
What is unique is the set of roughly equidistant absorption peaks that are present beyond
the vibronic progression of the rubrene solution. This absorption fine structure is also
seen in the excitation spectra (see Figure 5.7(c)), but its origin is unclear. It is, however,

not a consequence of scattering, as established in Figure 5.5(c),(d).
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The PL spectra of the 0.1-1k ¢ and the 1-30k g fractions of triclinic rubrene dispersions in
comparison to the dilute rubrene solution in chloroform are shown in Figure 5.6(d) (see
Figure A.5 of the Appendix for PLE maps). The emission peak of the triclinic rubrene
dispersions are blueshifted with respect to the solution (see Table 5.3), and the shoulder
at 592 nm less pronounced, similar to the previous case. Slight variations in the spectral
characteristics may be because of reabsorption and/or scattering effects and not from any

particular size-dependent change.

Table 5.3: Absorbance and photoluminescence peak positions of LPE rubrene (LPE Ortho.
Rub., LPE Tri. Rub.) and solution of rubrene in chloroform. Adapted with permission from
Ref.[283]. Copyright 2021 American Chemical Society.

LPE Ortho. Rub. LPE Tri. Rub. Rubrene
0-0.1 0.1-1 1-30 | 0-0.1 | 0.1-1 1-30 | Solution
kg kg kg | kyg kg kg

Absorbance 385 385 385
Wavelengths 406 405 405
(nm) 442 446 447 433 432 432 434

463 462 460 | 458 458 458 464
498 498 498 | 490 490 490 494
537 237 935 | 526 526 525 528
PL Position | 566 562 560 | 554 952 550 558

(nm) 604 604 604 592
)\ezc = )\exc = )\exc =
500 nm 495 nm 495 nm

The time-resolved PL decay of the same two fractions of exfoliated orthorhombic as well
as triclinic rubrene, of the bulk crystals, and of dilute rubrene solution were measured
and fitted with either three lifetime components (in the case of dispersions) or a single
component (for crystals and solution), as shown in Figure 5.8. All the lifetime com-
ponents of the dispersions are less than half of the PL lifetime of rubrene solution (see
Table 5.4), but are more comparable to the lifetime of their corresponding parent crystal.
The short lifetime component of both exfoliated orthorhombic as well as triclinic rubrene
dispersions shows little to no variation across the different fractions. Whereas, the long
lifetime component increases from the lowest to the highest fraction in the case of exfoli-
ated orthorhombic rubrene dispersions, but does not follow any trend across the exfoliated
triclinic rubrene fractions. It has been suggested that the self-quenching phenomenon ob-
served in solid-state aggregates of red-emissive materials gives rise to the short lifetime
component.'’® This may be the case for rubrene nanorods and nanobelts as well but with

no specific size-dependent variation.
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Figure 5.8: Time-resolved photoluminescence decay traces and the single or multiexponential
fits of the main emission peak of (a) the three different fractions of exfoliated orthorhombic
rubrene, (b) the three different fractions of exfoliated triclinic rubrene, (c) macroscopic or-
thorhombic crystal, (d) macroscopic triclinic crystal, and (e) dilute solution of rubrene in chlo-
roform. The excitation wavelength for all samples was 493 nm. Adapted with permission from
Ref.[283]. Copyright 2021 American Chemical Society.

Table 5.4: Photoluminescence lifetime of the three different fractions of LPE rubrene disper-
sions, bulk orthorhombic and triclinic crystals, and a dilute solution of rubrene in chloroform.
Adapted with permission from Ref.[283]. Copyright 2021 American Chemical Society.

Lifetime (ns) | LPE Ortho. Rub. LPE Tri. Rub. Ortho. | Tri. | Rub.
Aeze = 493 nm | 0-0.1 | 0.1-1 | 1-30 | 0-0.1 | 0.1-1 | 1-30 | Crys. | Crys. | Soln.
kg | kg | kg | kg | kg | kg

T1 0.08 | 0.08 | 0.05| 0.11 | 0.11 | 0.13 | 0.01 0.03
To 0.56 | 0.44 | 0.52 | 0.70 | 0.68 | 0.72 | 0.19 0.50 | 7 =12
T3 3.90 | 410 | 5.70 | 3.10 | 2.80 | 3.40 | 1.70 2.80
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5.5 Cleavage Planes of Nanorods and Nanobelts

To get an insight into the possible planes of orthorhombic and triclinic rubrene crystals
along which cleavage occurs that results in nanorods and nanobelts, transmission electron
microscopy (TEM) and selected-area electron diffraction were employed. Data acquired
from these techniques was also used to infer the direction of 7-7 stacking and orientation
of rubrene molecules within the nanostructures. Low electron doses were applied in order
to avoid extensive electron irradiation damage of the specimens. A bright-field TEM
image of rubrene nanorod exfoliated from the orthorhombic single crystal is shown in
Figure 5.9(a) with a red circle marking the area of acquisition of the corresponding
SAED pattern shown in Figure 5.9(b).

(b) (©

a
bgc
Figure 5.9: (a) Bright-field TEM image of a nanorod with the red circle marking the position
of the selected-area aperture. (b) The SAED pattern obtained from (a) with a total electron
dose of 3¢"/A%. The red and blue arrows in (b) indicate the 020 reflection at 1.4 nm™ and
206 reflection at 3.7 nm™, respectively. (c) The primary cleavage planes with respect to the
molecular packing are shown in orange. The red and the green bars represent strong w-m
interactions between adjacent molecules and weaker intermolecular interactions, respectively.

Images provided by Dr. Haoyuan Qi. Adapted with permission from Ref.[283]. Copyright 2021
American Chemical Society.

The sharp reflections observed in the SAED pattern indicate that crystallinity is preserved
in the nanorod after exfoliation. The closest diffraction spots along the high symmetry
axes were found to be at 1.4 nm™ and 3.7 nm™, where the red and blue arrows point,
respectively. With the help of a simulated SAED pattern (see Figure 5.10(b)) where the
closest reflections were found at 1.4 nm™ and 3.6 nm™!, respectively, it was determined that
the b-axis is perpendicular to the long axis of the nanorod. From this, it can be deduced
that the cleavage occurred mainly parallel to the ac-plane, i.e., (020) plane (see Fig-
ure 5.10(d),(e)). This is further substantiated by considering the anisotropic intermolec-
ular interactions within the orthorhombic rubrene crystal lattice (see Figure 5.9(c)).

The strongest interactions are along the m-stacking direction which is along the a-axis.
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However, because of the herringbone packing motif, the interactions along the b-axis are
weaker. Hence, exfoliation parallel to the ac-plane is facilitated. If this were the only
plane along which exfoliation occurred, nanodisks or nano-platelets would be produced.
Since this is not the case, further delamination parallel to the ab-plane is expected (i.e.,
the (002) plane), as the intermolecular interactions along the c-axis are also weak, as
shown in Figure 5.10(f).

(@ (b) ©

(020)

Figure 5.10: (a) Experimental SAED pattern of rubrene nanorod. (b) Simulated SAED pattern
of orthorhombic rubrene single crystal along the [301] zone axis. (c) Bright-field TEM image of
a nanorod from which the SAED pattern in (a) was acquired, indicating (with a green arrow)
that the short axis of the nanorod is parallel to the [020] direction, i.e., the b-axis ([010] vector).
(d) Molecular packing of rubrene in the orthorhombic lattice as viewed in [301] projection. The
(020) plane (green dashed line) is parallel to the long axis of the nanorod in (c), suggesting that
the delamination occurred primarily at the ac-plane. (e) Molecular packing of orthorhombic
rubrene as viewed in [001] projection, showing the herringbone motif with w-stacking along
the a-axis and weak intermolecular interactions across the ac-plane. (f) Molecular packing in
orthorhombic rubrene polymorph when viewed in [010] projection, showing weak intermolecular
interactions across the ab-plane. Therefore, the (002) plane (i.e., the ab-plane) denoted by blue
dashed line is a plausible second delamination plane. Images provided by Dr. Haoyuan Qi.
Adapted with permission from Ref.[283]. Copyright 2021 American Chemical Society.

Important to note is the streaking of the diffraction spots in the experimental SAED
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pattern of the nanorod (Figure 5.9(b)), which could either be an artefact stemming
from the limited lateral size of the nanorod or an indication of slight shifts between the

molecular layers resulting from the shear force during LPE.

The SAED pattern obtained from a small area of a nanobelt bundle (Figure 5.11(a)) that
was exfoliated from triclinic rubrene crystals is shown in Figure 5.11(b). Crystallinity of
the nanobelts is confirmed by the presence of a diffraction ring, and the lattice spacing of
4 A can be associated with the intermolecular m-stacking distance in the triclinic rubrene
crystals. In contrast to the rigid morphology of the nanorods, the nanobelts appear to
be very flexible leading to intertwining and entanglement (see Figure 5.3). This further
leads to a non-uniform change in the crystal orientation within the selected area due to
which a polycrystalline diffraction ring was observed instead of distinct reflections. As
a result, correlating the m-stacking direction to the geometry of the nanobelt remains
challenging. However, since it is assumed that the nanobelts “peeled-oft” from bulk
triclinic crystals during LPE, identifying the m-stacking axis and molecular orientation
within the pristine crystal may help in determining the same for the nanobelts, in addition

to the cleavage planes.

@) (b)

Figure 5.11: (a) Bright-field TEM image of a nanobelt-bundle with the red circle marking
the position of the selected-area aperture. (b) The SAED pattern obtained from (a) with
a total electron dose of 3¢'/A%2. The diffraction ring in (b) is at 2.5 nm™ or 4 A. (c) The
primary cleavage planes with respect to the molecular packing are shown in orange. The red
and the green bars represent strong -7 interactions between adjacent molecules and weaker
intermolecular interactions, respectively. Images provided by Dr. Haoyuan Qi. Adapted with
permission from Ref.[283]. Copyright 2021 American Chemical Society.

The lattice structure of triclinic rubrene crystals was investigated using continuous ro-
tation electron diffraction (cCRED). The reconstructed 3D diffraction pattern is shown in
Figure 5.12(a). The unit cell parameters determined using cRED were a = 7.04 A, b =
857 A, ¢ =12.21 A, a = 93.9°, f = 105.8°, v = 95.4°, which are in excellent agreement
with the values reported in literature (a = 7.02 A b=854A ¢=11.95A, a =93.04°, 8

= 105.58°, v = 96.28°).1% Upon correlation of the reconstructed real-space unit cell with
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the triclinic rubrene crystal morphology, it was found that the a-axis was parallel to the

long axis of the needle-shaped crystals (see Figure 5.12(c)).

(@ _ (©)
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Figure 5.12: (a) Reconstructed 3D electron diffraction pattern of the triclinic unit cell via
cRED. The solid red, green, and blue lines represent the reciprocal lattice vectors a*, b*, and
c*, respectively. (b) Projection of (a) at a tilt angle of 0°, with the reciprocal unit cell shown in
the center and the real lattice vectors in the upper right corner. (c) Bright-field TEM image of a
triclinic rubrene crystal at a tilt angle of 0° with the real lattice vectors overlaid. (d) Molecular
packing of rubrene in the triclinic lattice with the a-axis aligned horizontally. (e) The probable
cleavage planes — (001) and (012), indicated with dashed green and red lines, respectively,
where intermolecular interactions are weak. Images provided by Dr. Haoyuan Qi. Adapted with
permission from Ref.[283]. Copyright 2021 American Chemical Society.

Strong intermolecular interactions exist along the a-axis since it is the m-stacking direction,
as shown in Figure 5.11(c), but are considerably reduced in the direction perpendicular
to the a-axis. The “peeling off” of the nanobelts is, therefore, supposed to have occurred
parallel to the a-axis, or in other words, parallel to the (011) plane. Following the same
line of argument as before for the nanorods, there should be another delamination plane for
nanobelts which was found to be the (012) plane. The intermolecular interactions in the

direction perpendicular to this plane is also substantially less, as seen in Figure 5.12(e).
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5.6 Vibrational Modes of Nanorods and Nanobelts

In Chapter 4, nanospectroscopy data of orthorhombic rubrene single crystal was pre-
sented. Here, the IR-SNOM is used to investigate the vibrational modes of rubrene
nanorods and nanobelts in order to determine the orientation of the molecules. The phase
spectrum acquired using the IR-SNOM is compared to the unpolarized FT-IR absorbance

spectra of orthorhombic and triclinic crystals.

(a) (b)

— Nanorod

: SNOM Crystal

Phase
)

Absorbance
(a.u.)

L T : : . .
1000 1100 1200 1300 1400 1500 1600

Wavenumber (cm™)

1306 cm-!

Figure 5.13: (a) White light amplitude image of a rubrene nanorod acquired with an IR-
SNOM. (b) Average of IR-SNOM phase spectra collected from points marked in (a). The
IR-SNOM phase spectra and the far-field absorbance spectra of the macroscopic orthorhombic
rubrene single crystal are also shown. (c¢) Visualisation of the vibrational modes corresponding
to selected absorption peaks of rubrene nanorods. The dipole derivative unit vector is shown
with a red arrow (lying in the plane of the paper) and the displacement vectors are in blue.
Adapted with permission from Ref.[283]. Copyright 2021 American Chemical Society.

The near-field amplitude image of a single rubrene nanorod is shown in Figure 5.13(a),
where the red spots indicate the points from where the phase spectra were measured.
The average of all the phase spectra is overlaid on the phase spectrum of orthorhombic
rubrene crystal and compared to the far-field unpolarized FT-IR spectrum of the crystal in
Figure 5.13(b). The dashed lines mark three weak modes at 1149, 1171, and 1309 cm™
that are observed in the far-field absorbance spectrum of the crystal (black trace) which

appear as strongly excited modes at 1138, 1191, and 1306 cm™, respectively, in the phase
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spectrum of the nanorods (dark red trace). Interestingly, these modes differ from the
strong modes observed in the near-field phase spectrum of the single crystal that appear
at 1027, 1392, and 1492 cm™ (light red trace). From the discussion in Chapter 4, it
is clear that for an IR mode to appear enhanced in the IR-SNOM, a component of its
transition dipole moment vector must be aligned with the incident electric field which is
oriented parallel to the axis of the tip and perpendicular to the substrate.!*” Taking this
into consideration, if the arrangement of the rubrene molecules in the nanorods is the
same as in the orthorhombic crystal, then the three aforementioned peaks (at 1138, 1191,
and 1306 cm™) are not expected to be seen because their transition dipole moments lie
parallel to the substrate (see Figure 5.13(c)). However, these modes are present which
suggests that the rubrene nanorod either has a facet different from the ab facet parallel
to the substrate or there are disordered rubrene molecules at the edges and/or surface of
the nanorod. Note that the IR-SNOM signals are highly sensitive to substrate effects,?%

which might have caused the variations reported here.
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Figure 5.14: (a) White light amplitude image of a rubrene nanobelt acquired with an IR-
SNOM. (b) Average of IR-SNOM phase spectra collected from points marked in (a). The IR-
SNOM phase spectra and the far-field absorbance spectra of the macroscopic triclinic rubrene
single crystal are also shown. (c) Visualisation of the vibrational modes corresponding to selected
absorption peaks of rubrene nanobelts. The dipole derivative unit vector is indicated with a red
arrow (lying in the plane of the paper) and the displacement vectors are shown in blue. Adapted
with permission from Ref.[283]. Copyright 2021 American Chemical Society.
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Figure 5.14(a) shows the near-field amplitude image of an individual rubrene nanobelt.
The average of the phase spectra recorded from three different points corresponds well to
the classical FT-IR absorbance spectrum of the triclinic crystal (see Figure 5.14(b)),
dashed lines indicate modes that appear in both the spectra), but shows little resemblance
to the phase spectrum of the single crystal. The calculated vibrational modes and the
corresponding transition dipole moment vectors of peaks at 1095 and 1442 cm™ are shown
in Figure 5.14(c). Since the molecules of rubrene are slightly tilted in the triclinic lattice
(see Figure 5.1), both the modes are expected to be seen in the phase signal of the
nanobelt because a component of their transition dipole moment aligns parallel to the
incident electric field. As mentioned before, changes in the orientation of the molecules,
disorder within the nanobelt or substrate effects may have had an effect on the differences

observed between the phase spectra of the nanobelt and the crystal.

5.7 Molecular Orientation in Nanorods and Nanobelts

Based on the experimental data presented in the previous sections, the structural make-up
of the nanorods and nanobelts can be inferred. Figure 5.15 shows an illustration of the
proposed molecular packing. From Figure 5.3(c), sodium cholate-stabilized nanorods
were found to be about 40 nm thick. Considering the fact that the interlayer distance in
the orthorhombic rubrene lattice is around 1.3 nm (see Figure 5.1), multiple layers of
rubrene molecules are expected in the nanorod as shown in the side-view. With the most
probable cleavage planes being the (020) and the (002) planes, the nanorods are expected

to cleave from the bulk crystal parallel to these planes.

Furthermore, the long axis of the nanorod is expected to be parallel to a-axis of or-
thorhombic rubrene since the strongest m-7 interactions between rubrene molecules exist
in this direction. The IR-SNOM data suggests that there might be layers of rubrene
molecules with random orientations resulting from the applied shear forces and interac-
tion with cholate molecules at the edges of the nanorods. This is portrayed in the top-view

illustration in Figure 5.15.

In rubrene nanobelts, the combined thickness of the adsorbed cholate molecules on the
top and bottom faces and the nanobelt itself is only about 3 nm (see Figure 5.3(f)).
Given that the out-of-plane length of sodium cholate molecule is 0.5 nm, the actual thick-
ness of the nanobelt alone is around 2 nm. Triclinic rubrene’s interlayer distance is also
roughly 1.1 nm (Figure 5.1), from which it can be inferred that the nanobelts represent
bilayers, as shown in the side-view of triclinic rubrene in Figure 5.15. As discussed
in Section 5.5, the rubrene molecules are stacked via m-7 interactions along the a-axis

which coincides with the long axis of the nanobelts. As in the case of orthorhombic
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rubrene, a layer of disordered molecules can be expected along the edges as illustrated
in the top-view representation of the nanobelt. Note that in order to improve the clarity
of Figure 5.15 the surfactant molecules are omitted in the top-view illustrations, while
in actuality the entire surface of both the nanostructures are coated with the surfactant

molecules for stabilization.
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Figure 5.15: Schematic illustration of rubrene nanorods and nanobelts stabilized with sodium
cholate and the proposed molecular packing. The side-view of a nanorod (from exfoliated or-
thorhombic rubrene, Ortho. Rub.) shows multiple stacked layers of rubrene molecules and a
nanobelt (from exfoliated triclinic rubrene, Tri. Rub.) shows a rubrene bilayer. The strongest
m-7 interactions are indicated to be parallel to the crystallographic a-axis or the long-axis of
the 1D structures. In the top-view of both the nanostructures, the supposed disordered edge
regions are visualised. The surfactant molecules are omitted here for clarity. Scale bars are only
approximations. Adapted with permission from Ref.[283]. Copyright 2021 American Chemical
Society.

Tri. Rub.

5.8 Conclusion

This study demonstrated for the first time liquid-phase exfoliation of single crystals of a
small-molecule organic crystals. The orthorhombic and the triclinic polymorphs of rubrene
yielded distinct nanostructures — nanorods and nanobelts, respectively, upon exfoliation
via bath sonication. The nanorods and nanobelts could be isolated via liquid cascade

centrifugation and stabilized against re-aggregation in aqueous sodium cholate solution.
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Lattice phonon Raman spectroscopy suggested that the crystallinity of nano-rubrene was
preserved post-exfoliation and the crystal lattice was the same as the corresponding parent
crystal. The absorption and photoluminescence spectra of the dispersions resembled that
of free rubrene molecules in solution except for the shorter PL lifetimes and additional
absorption peaks at lower wavelengths which may have resulted from their crystalline na-
ture. With the help of electron diffraction experiments, the crystallinity of the nanorods
and the nanobelts was confirmed. Additionally, the most probable cleavage planes were
determined and the direction of -7 stacking could be correlated to the long-axis of both
nanorods and nanobelts. The IR-SNOM data further helped establish the molecular pack-

ing within the rubrene nanostructures.

The results of this study clearly indicate that even non-covalently bound molecular crys-
tals with strong 7-7 interactions can be mechanically exfoliated via LPE. It therefore
serves as a basis to exfoliate several other small-molecule organic semiconductors, such

297 and dinaphthothienothiophene

as pentacene,?®” benzothienobenzothiophene (BTBT),
(DNTT)? that are known to form layered crystals and thus explore their size-dependent
properties. As for further studies on rubrene nanostructures, given that they are crys-
talline and possess a well-defined m-stacking axis, it would be very interesting to investi-
gate their charge transport behaviour with conductive AFM or by incorporation in short

channel transistors.
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Chapter 6

Conclusions and Outlook

Prior to this work, studies on a range of materials — polymers, composites, proteins,
cells and tissues, had benefited from the use of the AFM-IR. And the alternative method
of IR-SNOM which had been tested on inorganic monolayers, polymeric and biological
materials had also proved to be useful. Surprisingly, there had been no studies on small
organic molecules with the AFM-IR and very few with the IR-SNOM which raised the
question of whether the two techniques were applicable to this important class of mate-
rials. Moreover, without a comprehensive study examining both the techniques on the
same material system, it was hard to determine the advantages and disadvantages of
each. It had been well-established that organic crystals exhibit high anisotropy in molec-
ular interactions with strong non-covalent m-7 interactions within one crystal plane and
much weaker forces acting between different planes. Several small-molecule organic semi-
conductors were even known to form crystals with distinct layered structures. It was,
however, not clear whether the offset between in-plane and out-of-plane interactions was
large enough to facilitate the creation of nanostructures by applying mechanical force via,

for example, the top-down method of LPE.

A range of small-molecule organic semiconductors were investigated with the AFM-IR
and the TR-SNOM. The vibrational modes of single crystals of TIPS-PEN, TIPS-TAP,
rubrene and PDIF-CNy were examined with the two advanced techniques and compared
with the standard FT-IR. A polycrystalline film of PDIF-CN, was used to explore the
spatial resolution of the AFM-IR and the IR-SNOM as well as the possible information

gain through their nanospectroscopy and nanoimaging modes.

Molecular packing and orientation were found to have a strong influence on the excitation
of specific modes in the four organic single crystals with the three different techniques. In
addition, the direction and polarization of the incident light also played a role in the visi-
bility of certain modes. The oblique incidence of vertically polarized light in the AFM-IR
excited modes with both in-plane and out-of-plane components of the transition dipole
moment vector, whereas, the IR-SNOM excited only those modes with a component per-

pendicular to the substrate. This provides information about packing and orientation of
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molecules, although indirectly. The AFM-IR spectrum of rubrene was found to have an
exceptionally good signal-to-noise ratio which was attributed to the presence of distinct
molecular layers in the orthorhombic lattice with no interlocking groups between layers
that would hinder the thermal expansion perpendicular to the substrate. To have good
signals with the IR-SNOM, it is not the thermal expansion that is important but how
well the material system can scatter the incident light. For this, the polarizability of the
molecule is crucial — higher the polarizability, the better scatterer it is. The structure
of PDIF-CN, molecule and its orientation in the single crystal are such that it is highly
polarizable which would explain its excellent IR-SNOM signal. Overall, the quality of the
signals from both the AFM-IR and the IR-SNOM depend strongly on the intrinsic molec-
ular structure and packing of the material system under investigation. Perhaps molecules
that arrange themselves into well-separated layers and have high coefficients of thermal
expansion in the direction perpendicular to the substrate are more compatible with the
AFM-IR. And those that are more polarizable and have their m-conjugated core aligned
perpendicular to the substrate and parallel to the direction of electric field enhancement
are likely more fitting for investigation with the IR-SNOM.

With the nanospectroscopy and the nanoimaging modes of both AFM-IR and IR-SNOM,
local variations in a discontinuous film of PDIF-CNy were examined. What could be a
variation in the tensile strain between different positions was seen through redshifts in
certain vibrational modes and change of relative intensities indicative of differences in
molecular orientation were observed in the AFM-IR spectra. These differences were fur-
ther corroborated by changes in the amplitude between the two regions in the chemical
map of the crystallites. Additionally, some non-uniformities in contrast was observed
which could be due to various factors, such as differences in thermal expansion or ther-
mal conductance, changes in molecular orientation or simply variations in the thickness.
Similar observations were made in the IR-SNOM spectra. The chemical maps, however,
were not straightforward to interpret since the amplitude and phase signals are indirectly
related to the local complex refractive index. Nevertheless, variations in contrast are in-
dicative of differences in near-field resonances which could have resulted from changes in
molecular orientation. Both the techniques enable spectral distinction of local variations,
and mapping at specific wavenumbers show clear contrast with good spatial resolution but
is difficult to interpret. And the differences between the maps acquired with the AFM-IR
and the IR-SNOM can primarily be attributed to the contact mode versus the tapping

mode of operation.

In general, both AFM-IR and IR-SNOM were successfully used to study the vibrational
modes of small-molecule organic semiconductors. The AFM-IR could provide access to

both in-plane as well as out-of-plane modes with excellent spectral resolution and quality.

104



Conclusions and Outlook

Polarization dependent spectra could also be acquired. The ease of use and interpretation
of data make the AFM-IR a favourable tool to characterize novel organic materials. The
IR-SNOM on the other hand, is also suitable to investigate organic materials but is limited
by the out-of-plane oscillator strength of the molecules. Interpretation of the spectra is
more complicated since the amplitude and phase signals result from complex tip-sample
interactions. System specific modelling may be necessary to extract complete informa-
tion. Chemical maps in both cases are easy to obtain and have high spatial resolution,
but the actual cause of differences in contrast is hard to determine since various factors,
as mentioned above, may be at play. To decouple them is difficult, which necessitates the

use of some complementary techniques.

Going forward, it is first of all important to test the hypothesis on certain organic small-
molecules being more compatible with the AFM-IR and some others with the IR-SNOM.
Are molecules that arrange themselves into distinct layers in the solid state and have larger
coefficients of thermal expansion perpendicular to the substrate more suitable for investi-
gation with the AFM-IR? And, are molecules with higher out-of-plane oscillator strength
with their m-conjugated core aligned in the direction of the electric field enhancement
better suited for IR-SNOM studies? Molecules such as porphyrin and hexabenzocoronene
which adopt 1D herringbone stacking and halogenated TAPPs whose m-conjugated core
orients itself either parallel or nearly perpendicular to the substrate based on the depo-
sition method would help answer these questions. The next step would be to examine
the structure of films of small organic molecules within a transistor channel using the
AFM-IR or the IR-SNOM, and correlate the variations in position-dependent spectra and

contrast to the device performance.

In the second part of this work, successful exfoliation of non-covalently bound molecular
crystal via LPE was demonstrated for the first time. Exfoliation via bath sonication of
orthorhombic and triclinic rubrene crystals, executed separately, yielded nanorods and
nanobelts, respectively. They were isolated via LCC and stabilized in aqueous sodium
cholate solution. The question of whether crystallinity was preserved in these nanos-
tructures was tackled using different techniques. First, with low-wavenumber Raman
spectroscopy the nanorods and the nanobelts were found to have the same lattice phonon
modes as their corresponding macroscopic crystal, thus suggesting that the nanostruc-
tures were crystalline. Although the absorbance and emission spectra of the dispersions
were similar to those of a free rubrene molecule, their PL lifetimes were more comparable
to their respective parent crystal which was again indicative of their crystalline nature.
Finally, the crystallinity of the nanorods and the nanobelts was confirmed with electron
diffraction experiments, which also answered a second question regarding the most prob-

able cleavage planes and the m-stacking direction. With the help of AFM images, electron
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diffraction patterns, and IR-SNOM spectra, it was possible to establish the likely orien-

tation of rubrene molecules within the nanorods and the nanobelts.

This study clearly shows that non-covalent 7-7 interactions in organic crystals are strong
enough to enable and sustain mechanical exfoliation via LPE. The resulting nanostruc-
tures can be stabilized in aqueous surfactant solution and size-selected via LCC. They
are crystalline in nature but may show differences in packing and local orientation of

molecules in comparison to the parent crystal.

In the future, it would be useful to increase the yield of the nanorods and the nanobelts
as well as completely isolate them with the help of methods like density gradient centrifu-
gation. Their charge transport behaviour should be investigated either with conductive
AFM or by incorporation into short channel FETs. It would be interesting to test whether
other non-covalently bound small-molecule organic semiconducting single crystals can
also be exfoliated via LPE and if they show size-dependent properties. Molecules such
as pentacene, benzothienobenzothiophene (BTBT), dinaphthothienothiophene (DNTT)

that form layered crystals are suitable candidates.
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A1l DFT-calculated IR spectra
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Figure A.1l: Calculated IR spectra of (a) TIPS-PEN, (b) TIPS-TAP, (c) Rubrene, and (d)
PDIF-CNs. All spectra were broadened using Lorentzian functions with a full-width at half
maximum of 4 cm™. No energy scaling or frequency correction was applied. Adapted with
permission from Ref.[147]. Copyright 2020 American Chemical Society.

A2 Near-field amplitude spectra from the IR-SNOM
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Figure A.2: Near-field amplitude of the second demodulation order of (a) TIPS-PEN, (b)
TIPS-TAP, (c) Rubrene, and (d) PDIF-CNjy single crystals. Adapted with permission from
Ref.[147]. Copyright 2020 American Chemical Society.
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A3 Vibrational modes of PDIF-CN,

956 cm™! 1042 cm™ 1056 cm™ 1412 cm™ 1422 cm™

Figure A.3: Vibrational modes corresponding to selected absorption peaks of PDIF-CNs. Blue
and red arrows (lying in the plane of the paper and scaled to improve visibility) indicate the
displacement vectors and the dipole derivative unit vectors, respectively.
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A4 Tables of IR modes

Table A.1: Peak positions in cm™ of all the modes observed for a TIPS-PEN crystal at different
polarizations with the three techniques. DFT positions (in cm™) that were calculated for a single
molecule of TIPS-PEN in the gas phase are also included. The intensity of the peaks is indicated
with bold font — strong, regular font — medium, in brackets — weak. ‘x’ indicates that there exists
a peak but is not well-resolved; ‘-’ indicates that the corresponding peak is absent. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

TIPS-PEN FT-IR AFM-IR  IR-SNOM DFT
991 [992) 992 903
1008/1015 X/x 1014 933
(1063)/(1076)  x/x 1069 1053
1139 (1138) 1137 1111
1176 1176 - (1147)
0° - 1262 1267 1295
(1366)/1379  1370/1376 1367  (1341)
1461 1460 1460 1422
(1478) x . (1430)
1528 1530 (1525) 1516
(1548) 1546 ] (1550)
992 (994)
1008/(1014) x/x
(1061)/1075 X/x
(1138) (1138)
45° - 1262
1366 1370
1463 1460
- X
(1528) -
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TIPS-PEN FT-IR AFM-IR  IR-SNOM DFT

(992) 992

1008/1015 XX
(1061)/1075 X/x

(1138) (1138)

(1176) (1176)

90° - 1262

1366 1370/(1380)

1463 1460
- X

1528 1530

1547 (1546)

991 (992)

1015 X/x
(1061)/(1077) X/x

1138 (1138)

1176 (1176)

135° - 1262

1379 1370/1380

1461 1460
(1478) X

1528 1530

(1548) (1546)
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Table A.2: Peak positions in cm™ of all the modes observed for a TIPS-TAP crystal at different
polarizations with the three techniques. DFT positions (in cm™) that were calculated for a single
molecule of TIPS-TAP in the gas phase are also included. The intensity of the peaks is indicated
with bold font — strong, regular font — medium, in brackets — weak. ‘x’ indicates that there exists
a peak but is not well-resolved; ‘-’ indicates that the corresponding peak is absent. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

TIPS-TAP  FI-IR  AFM-IR  IR-SNOM DFT
994 (994) 992 910
(1017)/1032  1022/x 1022 /- 1031/1053
(1067) (1068)  (1052)/(1079) 1074
1114 1114 1112 1108
(1136) 1134 1134 1117
o 1179 1178 1179 1172
- 1228 1227 (1288)
1315 1314 1310 1360
(1384) 1384 1385 1417
1432 1432 1432 1434
1460 1460 1462 1438
1527 1526 1525 1522
(994) (990)
1023/(1032)  1020/x
(1114) -
(1136) (1134)
1 - 1228
(1386) 1384
(1432) -
1464 1460
(1527) (1526)
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TIPS-TAP FT-IR AFM-IR IR-SNOM DFT

(994) (992)
(1022)/1032  1020/x

1114 -
- (1136)

00° (1179) (1178)
- (1228)

(1315) 1314

(1385) 1384

1432 (1432)

1464 1460

1527 1526

(994) (994)
(1016)/1032  1016/x

(1067) (1068)

1114 (1114)

- 1134

. 1179 1178
135 - 1228
1315 1314

(1383) 1382

1432 1432

1461 1460

1527 1530
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Appendix

Table A.3: Peak positions in cm™ of all the modes observed for a rubrene crystal at different
polarizations with the three techniques. DFT positions (in cm™) that were calculated for a
single molecule of rubrene in the gas phase are also included. The intensity of the peaks is
indicated with bold font — strong, regular font — medium, in brackets — weak. ‘x’ indicates that
there exists a peak but is not well-resolved; ‘-’ indicates that the corresponding peak is absent.
Adapted with permission from Ref.[147]. Copyright 2020 American Chemical Society.

Rubrene FT-IR AFM-IR IR-SNOM DFT

(967)  (968) 962 (932)
1031 1028 1027 1053
(1069)  (1070) 1070 1105
- (1110)  (1109)  (1157)
- - - (1198)
- - - (1212)
oo (1216)  (1216) - (1249)
1309 (1308) - (1338)
(1393) 1394 1392 1397
- - 1417 1424
1440 1440 1442 1481
1465 1464 1467 1512
(1494) - 1492 1537
- (1572) 1571 (1580)
968 968
1031 1028
(1069) 1068
- (1110)
(1149)  (1148)
(1171)  (1170)
e (1216)

1309 (1308)
(1393) 1394
(1413)  (1412)

1441 1440
1465 1464
(1494)

(1574) 1574
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Rubrene FT-IR AFM-IR IR-SNOM DFT

968 968
1030 1028
1068 1068

- (1110)

1149 (1148)
1171 (1170)

W (1308)  (1308)
(1393) 1394
(1413)  (1412)
1441 1440
1465 1464
1575 1574
968 968
1031 1028
1069 (1068)
; (1110)
(1149)  (1148)
(1170)  (1170)
L3z (1216) -

1309 (1308)
(1393) 1394
(1413)  (1412)

1441 1440
1465 1464
(1494) -

(1574)  (1572)
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Table A.4: Peak positions in cm™ of all the modes observed for a PDIF-CNj crystal at different
polarizations with the three techniques. DFT positions (in cm™) that were calculated for a single
molecule of PDIF-CNys in the gas phase are also included. The intensity of the peaks is indicated
with bold font — strong, regular font — medium, in brackets — weak. ‘x’ indicates that there exists
a peak but is not well-resolved; ‘-’ indicates that the corresponding peak is absent. Adapted
with permission from Ref.[147]. Copyright 2020 American Chemical Society.

PDIF-CN, FT-IR AFM-IR  IR-SNOM DFT
(1059) 1040/1056 (1039)/(1056) (1056)/1068
1114/(1124) 1114/1124 1123 1119/1128
o - 1194 1196 (1183)
1221/1247 1248 1244 1214/1220
(1352)/1362  1350/1360 1356 1339/1354
(1411)/(1427) 1412/1426 1421 (1419)/1437
(1059) 1040,/1058
1114/(1124)  1114/1122
L5 - (1194)
1221/1247 1248
1352/1362  1352/1360
(1411)/(1427)  1410/1426
(1059) 1040/1056
1124 1112/1124
00° - 1194
(1221)/1247 1246
1351 1350,/1358
(1413)/(1427)  1412/1426
(1058) 10421056
1114/1124  1112/1124
. - (1194)
135 1221/1247 1248
1351/1362  1350/1360
1413/1427  1412/1426
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A5 Low-wavenumber Raman spectra of rubrene
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Figure A.4: Normalized low-wavenumber Raman spectra of rubrene powder and a differently
oriented orthorhombic rubrene crystal (i.e., laser not incident on the ab facet). A weak mode
observed in both cases at around 88 cm™ is marked with a black dashed line. Adapted with
permission from Ref.[283]. Copyright 2021 American Chemical Society.

A6 PLE maps of rubrene dispersions and solution
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Figure A.5: Photoluminescence excitation-emission maps (PLE maps) of the three different
fractions each of exfoliated orthorhombic rubrene (a, b, ¢) and triclinic rubrene (d, e, f) disper-
sions, and a dilute rubrene solution in chloroform (g). The grey features in the PLE maps of
the dispersions stem from the excitation. Adapted with permission from Ref.[283]. Copyright
2021 American Chemical Society.
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