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Abstract

Polymeric semiconductors are strong contenders for replacing traditional inorganic semiconductors
in electronic applications requiring low power, low cost and flexibility, such as biosensors, flexible
solar cells and electronic displays. Molecular doping has the potential to enable this revolution by
improving the conductivity and charge transport properties of this class of materials. Despite
decades of research in this field, gaps in our understanding of the nature of dopant-polymer
interactions has resulted in limited commercialization of this technology. This work aims at
providing a deeper insight into the underlying mechanisms of molecular p-doping of
semiconducting polymers in the solution and solid-state, and thereby bring the scientific
community closer to realizing the dream of making organic semiconductors commonplace in the
electronics industry. The role of 1) dopant size/shape, 2) polymer chain aggregation and 3) charge
delocalization on the doping mechanism and efficiency is addressed using optical (UV-Vis-NIR)
and electron paramagnetic resonance (EPR) spectroscopies. By conducting a comprehensive study
of the nature and concentration of the doping-induced species in solutions of the polymer poly(3-
hexylthiophene) (P3HT) with 3 different dopants, the unique optical signatures of the delocalized
polaron, localized polaron and charge-transfer complex are identified and their extinction
coefficient values are reported. Furthermore, with X-ray diffraction, atomic force microscopy and
electrical conductivity measurements, the impact of processing technique and doping mechanism
on the morphology and thereby, charge transport through the doped films is studied.

This work demonstrates that the doping mechanism and type of doping-induced species formed are
strongly influenced by the polymer backbone arrangement rather than dopant shape/size. The
ability of the polymer chain to aggregate is found to be crucial for efficient charge transfer
(ionization) and polaron delocalization. At the same time, our results suggest that the high
ionization efficiency of a dopant—polymer system in solution may subsequently hinder efficient
charge transport in the solid-state due to the reduction in the fraction of tie chains, which enable
charges to move efficiently between aggregated domains in the films. This study demonstrates the
complex multifaceted nature of polymer doping while providing important hints for the future

design of dopant-host systems and film fabrication techniques.



Zusammenfassung

Polymer-Halbleiter sind vielversprechende Kandidaten fur den Ersatz traditioneller anorganischer
Halbleiter in elektronischen Anwendungen, die einen geringen Stromverbrauch, niedrige Kosten
und mechanische Flexibilitdt erfordern, wie z.B. Biosensoren, flexible Solarzellen und
elektronische Bildschirme. Molekulare Dotierung hat das Potenzial, diese Revolution zu
ermoglichen, indem sie die Leitfahigkeit und die Ladungstransporteigenschaften dieser
Materialklasse verbessert. Trotz jahrzehntelanger Forschung auf diesem Gebiet hat das
unvollstandige Verstandnis der Dotierstoff-Polymer-Wechselwirkungen nur zu einer begrenzten

Kommerzialisierung dieser Technologie gefuhrt.

Ziel dieser Arbeit ist es, einen tieferen Einblick in die zugrunde liegenden Mechanismen der
molekularen p-Dotierung von halbleitenden Polymeren in Losung und im festen Zustand zu geben
und dadurch die wissenschaftliche Gemeinschaft naher an die Verwirklichung des Traums heran
zu bringen, organische Halbleiter in der Elektronikindustrie alltdglich zu machen. Wir befassen uns
mit der Rolle 1) der GroRRe/Form des Dotierstoffs, 2) der Polymerkettenaggregation und 3) der
Ladungsdelokalisierung fur den Dotierungsmechanismus und die Effizienz unter Verwendung
optischer (UV-Vis-NIR) und elektronenparamagnetischer Resonanz (EPR) Spektroskopie. Mit
Hilfe einer umfassenden Studie Uber die Art und Konzentration der dotierungsinduzierten Spezies
in Losungen des Polymers Poly(3-hexylthiophen) (P3HT) mit verschiedenen Dotierstoffen
identifizieren wir die eindeutigen optischen Signaturen des delokalisierten Polarons, des
lokalisierten Polarons und des Ladungstransferkomplexes und berichten die Werte ihrer
Extinktionskoeffizienten. ~ Aulerdem  untersuchen  wir  mittels  Rontgenbeugung,
Rasterkraftmikroskopie und elektrischen Leitfahigkeitsmessungen den Einfluss der
Verarbeitungstechnik und des Dotierungsmechanismus auf die Morphologie und damit auf den

Ladungstransport durch die dotierten Filme.

Diese Arbeit zeigt, dass der Dotierungsmechanismus und die Art der gebildeten,
dotierungsinduzierten Spezies eher durch die Anordnung des Polymerriickgrats als durch die
Form/Grol3e des Dotierstoffs beeinflusst werden. Die Fahigkeit der Polymerkette, zu aggregieren,

stellt sich als entscheidend fir einen effizienten Ladungstransfer (d.h. lonisierung) und die Polaron-



Delokalisierung heraus. Gleichzeitig deuten unsere Ergebnisse darauf hin, dass die hohe
lonisationseffizienz eines Dotierstoff-Polymersystems in der Ldsung eine Beintrachtigung des
effizienten Ladungstransport im festen Zustand nach sich ziehen kann, da der Anteil der
Verbindungsketten, die eine effiziente Bewegung von Ladungen zwischen aggregierten Domanen
in dinnen Filmen ermdglichen, reduziert wird. Diese Arbeit verdeutlicht die komplexe,
vielschichtige Natur der Polymerdotierung und gibt dabei wichtige Hinweise flr das zukunftige

Design von Dotierstoff-Wirtssystemen und Filmherstellungstechniken.
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1. Introduction

Semiconductors are ubiquitous in today’s world. Following the boom in smartphone technology,
the past decade saw the birth of the Internet of Things (loTs), with the ratio of devices/people
connected to the internet increasing from 0.08 in 2003, to 1.84 in 2010.* This is mostly credited to
advancements in low-power, low-cost semiconductor technology. Estimates say that by the year
2025, there will be more than 21 billion 10T devices worldwide. Currently, the inorganic
semiconductor silicon makes up the majority of the microprocessors and sensors in the consumer
electronics and 10T industry. Although silicon is the second most abundant element on the earth,
the extraction and purification process is energy and cost intensive. Moreover, silicon and other
conventional inorganic semiconductors are typically rigid and brittle in nature, which limits their
scope of application in areas such as wearables and bioelectronics?. This calls for alternate low
cost, flexible materials, which are suitable for mass production.® Polymers are ideal candidates.

Figure 1.1. (a) HeLi-On: a pocketable flexible solar panel from infinityPV.* (b) An organic CMOS
(complementary metal oxide semiconductor) logic circuit deposited on a 1um thin substrate by
Takeda et al.> (c) Samsung Galaxy Fold: a flagship device with a flexible 7.5" display.® (d) LG
Display’s 18” rollable OLED TV prototype presented in the CES 2016 conference.’

A unique advantage of organic/polymeric materials is the ability to finely tune their properties,
already during synthesis. Polymers have replaced traditional materials such as metals and glass

across various industries due to their high strength-to-weight ratio, durability and low cost. In the



field of electronics however, they were historically only used in auxiliary parts such as circuit
boards, cable housings and photoresists, since they were assumed to be exclusively insulating in
nature.® In the late 1970s, first evidence of an electrically conductive polymer polyacetylene was
presented by Hideki Shirakawa et al.® This paved the way for extensive research in this new class
of conductive and semi-conductive organic materials in the following years, and ultimately led to
the award of the Nobel Prize in Chemistry to Alan J. Heeger, Alan MacDiarmid and Hideki

Shirakawa “for the discovery and development of conducting polymers” in the year 2000.1°

Although polyacetylene itself is not a commercial success, mainly due to its poor processability,
the conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT known commercially as
Clevios™) is available on the market and used for antistatic and conductive coatings.!! Today,
organic semiconductors — a class of materials that comprises both organic small molecules as well
as polymeric materials — have found applications in devices such as thin film transistors,
photovoltaics and light emitting diodes.'> These devices typically consist of an active
semiconducting material sandwiched between conductive electrodes (also known as transport
layers). Depending on a material’s electronic properties, it can either be used as the active element
in a device, or as transparent or flexible electrodes which transport charges to/from the active
element. Therefore, a crucial requirement is efficient charge transport not only through the active
material or electrodes, but also between the active material and the electrodes.’® This is where
organic materials fall behind conventional ones such as silicon. Typically, charge carriers
(electrons or holes) in organic semiconductors tend to be “trapped” easily, and do not contribute to
the conductivity. Additionally, due to their disordered morphology, organic semiconductors have
much lower charge carrier mobility than inorganic materials. Another disadvantage of organic
semiconductors is that most of the currently available materials tend to degrade when exposed to

oxygen, humidity, or UV light, which complicates their use in normal environments as such.'#8

Doping was the key concept that revolutionized the inorganic semiconductor industry in the last
century. Through the introduction of specific materials called dopants to the semiconductor, the
type (electron or hole) and concentration of charge carriers in the host material could be modified.
This allowed for precise control of the electronic properties of the semiconductor, and ultimately
led to the development of the p-n junction, which is the backbone of all solid-state electronic

devices (e.g. diodes and transistors).



The concept of doping also applies to organic semiconductors, and has been known for a long time.
In fact, the highly conductive polyacetylene sample reported by Shirakawa in 1977 was doped with
iodine.® In the initial years of research, halogens and alkali metals were actively employed as
dopants for organic semiconductors.®?® Despite leading to high conductivity of the doped layers,
devices made using these materials often suffered from stability issues due to dopant diffusion.?®
24 Therefore, molecular dopants were subsequently developed. Today, we have a plethora of
materials ranging from molecular compounds of varying shapes and sizes, to acids and bases that
serve as dopants for organic semiconductors.?®> Molecular doping has enabled the fabrication of
efficient p-i-n multilayer junctions with ohmic contacts as well as the reduction of losses in the
transport layers of organic photovoltaics (OPVs)?%-2” and organic light-emitting diodes (OLEDs)?*
28 In organic field-effect transistors (OFETs), aside from improving the conductivity of the
contacts, molecular doping has led to increased device stability?® and reduced threshold voltages.*®-
31 Doped organic semiconductor/polymeric films are also effectively used as transport layers in
perovskite solar cells, which are currently the strongest contenders to replace the traditional silicon-
based solar cells.32-%

Given the numerous studies in favor of doping-induced improvement in the optoelectronic
properties of organic semiconductors over the last two decades, one would expect organic
electronic devices (with doped layers) to be commonplace today. However, unlike with doped
inorganic semiconductors, stable and reliable doping of organic semiconductors is difficult to
achieve. This is because our understanding of the fundamental processes that occur during doping

of organic materials is still incomplete.?®

For example, experimental and theoretical studies during the past years led to the conclusion that
there are two mechanisms of charge transfer between the dopant and organic semiconductors —
integer charge transfer (ICT), in which there is complete transfer of an electron from the host to
the dopant or vice versa, and which is analogous to the mechanism in conventional semiconductors,
or charge transfer complex (CTC) formation, in which the frontier orbitals of the host and the
dopant interact, resulting in a partial charge transfer.33" Overall, ICT is preferred over CTC
formation, since the latter requires additional thermal or optical excitation for the creation of mobile
charge carriers. Yet, the exact factors determining the doping mechanism in some of the dopant-



host systems are unknown. Although electronic parameters were initially thought to be the primary

determinant, recent publications have highlighted the role of structural order and packing.3°

Another barrier to efficient devices is the lack of morphological control in doped polymer films. A
huge advantage of polymeric semiconductors over small molecule organic semiconductors is their
ability to be solution processed (unlike the latter, which typically require energy intensive vacuum
deposition methods), thereby making them ideal for large scale deposition techniques such as roll-
to-roll, inkjet printing etc. However in dopant-polymer solution blends, aside from interactions
with the solvent, doping typically induces polymer chain aggregation, which negatively impacts
the morphology in the film, and subsequently its conductivity.*® Therefore, a deeper understanding
of the processes occurring in solution, will enable a better control of the dopant-polymer

interactions, and the morphology in films.

Along with investigating doped solutions, the development of alternative processing techniques,
which could potentially avoid the issue of pre-aggregation in solution, is important. Recently,
various research groups have reported the use of sequential doping, in which the dopant is
introduced into a pre-cast polymer film by spin-coating from an orthogonal solvent or by vapor
deposition in order to obtain homogeneous films with high electrical conductivity.?> 4041

A prototypical p-dopant in the field of organic electronics is 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (FsTCNQ). Despite its success in improving the electronic properties of
organic small molecule as well as polymeric semiconductors, it has certain drawbacks such as poor
solubility, aggregation at high dopant concentration, and a tendency to easily diffuse through the
layers due to its small size.*? To combat this, scientists have been on the look out for alternative
“bulky” dopants. In the last few years, Lewis acids, and in particular trispentafluorophenylborane
(BCF), have gained a lot of interest in the field.***" As a part of my master thesis, | investigated
BCF doping of the model semiconducting polymer poly(3-hexylthiophene) (P3HT) in its
regioregular form and found that BCF doping led to improved film morphology and higher
conductivity in comparison to FaTCNQ doped P3HT films.*®-*® However, there were still many
unanswered questions regarding the actual doping mechanism. Another class of materials that are
now popular as p-dopants are the organometallic complexes based on molybdenum trisdithiolene

(Mo(tfd)3)*° and its soluble derivatives®> °!, due to their bulky 3D structure and air stability.



This thesis is aimed at providing further insight into molecular p-doping of semiconducting
polymers by studying the role of polymer chain aggregation and structural order on the doping
mechanism in solutions as well as films. To that end, the polymeric semiconductor P3HT has been
chosen for our studies. This is because, firstly, depending on the regioregularity of the polymer
batch and the sample preparation conditions, a wide range of chain conformations and film
morphologies can be accessed for this polymer.>>>® For example, regiorandom P3HT chains
always adopt a coiled conformation in solutions and films due to steric effects, whereas
regioregular P3HT chains adopt a twisted/ coiled conformation when surrounded by a good
solvent, but planarize and aggregate while forming films or in the presence of a poor solvent.>>->3
Secondly, a vast archive of previously conducted research is available for this material 4041 52,5459

which serves as an ideal basis for our work.

The primary characterization technique used in this work is UV-Vis-NIR spectroscopy. This is a
simple but powerful tool which can be used to 1) confirm the occurrence of charge transfer (doping)
in a dopant-host system 2) identify the doping mechanism 3) quantify the degree of charge transfer
4) verify the presence of aggregates, in solutions as well as films. A complementary technigue to
characterize doping is electron paramagnetic resonance (EPR) spectroscopy, which is sensitive to
the presence of unpaired electrons in the system, as well as the nature/strength of interactions
between the unpaired electron and magnetic nuclei in its environment. Therefore, this non-invasive
technique is ideal for supplementing and validating the findings from optical spectroscopy. The
changes occurring in the morphology and microstructure of the polymeric films upon doping have
been investigated using atomic force microscopy (AFM) and grazing incidence X-ray diffraction
(GIXRD), respectively. The corresponding changes in the conductivity of the sample were
measured using the four-point probe (4PP) technique. Although p- as well as n-doping processes

are crucial for devices, this work is restricted to p-doped systems.

This thesis is structured as follows: The important fundamental concepts related to organic
semiconductors and doping are explained in Chapter 2. In Chapter 3, the experimental techniques
used to study the doped systems are explained, along with a description of the host and dopant
materials used, and the general sample preparation methods. Chapters 4 — 6 contain the main results
and discussions of this work. First, the influence of external parameters such as light and pre-

aggregation on polaron formation in BCF doped P3HT solutions is discussed in Chapter 4.



Following this, a detailed study on the nature of the optical signatures observed in p-doped P3HT
solutions with 3 different dopants is presented in Chapter 5. Finally, the impact of dopant and
processing technique on the morphology and charge transport in doped films is discussed in

Chapter 6. The important findings of this work are summarized in Chapter 7.



2. Fundamental Concepts

In this chapter, the important concepts needed for the understanding of the work presented in this
thesis, are explained. Since the backbone of this thesis pertains to organic semiconductors, we first
try to understand what allows certain organic compounds to be semiconductors, followed by the
ideal morphology in films, and the impact on charge transport and conductivity in
organic/polymeric thin films. Then, the theory and mechanism of doping in organic semiconductors
is explained, along with a description of the p-dopants widely used in the community. Finally, the
different techniques for making doped films, and the implications on the electronic or
morphological properties are discussed. A more detailed explanation of the concepts and ideas
presented in this chapter can be found in the various textbooks® 12 55 80 and review articles®> 3! 6!

that have been used as reference.

2.1 Organic Semiconductors

Organic compounds are materials based on hydrocarbons, which often also contain other
heteroatoms such as oxygen, sulfur and nitrogen. As a result of its low atomic size, and intermediate
electron affinity, carbon exhibits the property of “catenation”, which is the affinity towards
bonding with other carbon atoms, thereby leading to a vast repository of chemicals with straight,
branched, or cyclic chains, of varying lengths and chemical/physical properties. Polymers are a
sub-set of this class of materials and consist of long chains of hydrocarbons made of repeating

units.

Organic semiconductors are organic compounds which are semiconducting in nature i.e. they are
able to conduct electricity under certain conditions (vide infra). Organic semiconductors can be
further classified into small molecule or polymeric semiconductors, based on the molecular weight
and length of the chain. While inorganic semiconductors are made of covalently bonded atoms in
a crystalline lattice structure, organic semiconductors comprise of molecules which interact via the
weaker van der Waals force. As a result of this, the classical band theory used to describe inorganic
semiconductor physics does not entirely hold true for organics. In order to understand the
semiconducting properties of organic molecules, we first need to look at the electronic structure of

carbon.



2.1.1 Electronic Structure and Energy Levels

Carbon contains a total of six electrons in its ground state (electronic configuration 1s22s22p?), four
of which are in the valence shell (2s22p?) and able to form bonds with other atoms. When covalently
bonding with another atom, the valence s- and p-orbitals linearly combine after some energetically
favorable rearrangement, to form new hybrid orbitals. These hybridized orbitals are called sp, sp?,
or sp®, depending on whether the 2s orbital combines with one, two, or all three of the 2p orbitals.
For semiconductors, the sp? hybridized orbital is most relevant. Here, one s-orbital combines with
two p-orbitals (e.g. px, py) to form three sp? hybridized orbitals, whereby the four valence electrons
individually occupy the three sp? orbitals (which are degenerate) and the remaining p-orbital. The
three hybridized sp? orbitals are coplanar and the p-orbital is perpendicular to this plane. The
simplest case of a molecule with sp? hybridization is ethylene (CH2=CHy>), shown in Figure 2.1.
When the sp? orbitals of two C atoms overlap, it leads to the formation of a strong, localized
covalent o-bond. Similarly, the other two sp? hybridized orbitals of each C atom form localized o-
bonds with the s-orbitals of two H atoms. The remaining pz-orbitals (which are perpendicular to
the plane of the o-bonds) overlap above and below this plane to form a m-bond, thereby resulting

in a double bond between the C atoms.*?

Carbon atom Carbon atom Ethylene molecule
: sp? hybridized orbital ‘ : p, orbital : o-bond : T-bond : H atom

Figure 2.1. Scheme of the orbitals in an sp? hybridized C atom, and the covalent bonding between
two such sp? hybridized C atoms to form an ethylene molecule, with o -bonds on the nodal plane
and a -bond above and below the plane.

The formation of the molecular orbitals can be described by the theory of linear combination of
atomic orbitals (LCAO). When two atomic orbitals overlap, two molecular orbitals (MOs) with

different energies are formed (see Figure 2.2). The lower energy state is known as the bonding (o

8



or ) MO, since it is formed by constructive interference of the atomic orbital wavefunctions and
leads to a stable bond between the two nuclei. On the contrary, when destructive interference of
the atomic orbital wavefunctions occurs between the nuclei, an anti-bonding (o* or m*) MO with
a higher energy is formed. Since o-bonds are characterized by strong orbital overlap, the ¢ bonding
and anti-bonding (o*) orbitals are energetically far apart. However, since r-bonds lie farther away
from the nuclei and have a lower degree of overlap between the p-orbitals, the corresponding
bonding and =* anti-bonding orbitals lie energetically closer to each other. Therefore, in a
molecular system containing -bonds, the 7- and 7*- orbitals are the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively. The
corresponding electronic transition m — ©* has the lowest energy, and this energy difference is
known as the band gap (E;) of the material, analogous to the terminology used in inorganic
semiconductor physics. The HOMO and LUMO of a conjugated molecule are known as the frontier
orbitals, since they play an important role in determining the optical and electrical properties of
the system. When the band gap is low enough that electrons from the HOMO can be excited to the

LUMO by thermal or optical energy, the material becomes semiconducting in nature.®

If we consider the bonding between a series of sp? hybridized carbon atoms, planar o-bonds formed
by strong wavefunction overlap constitute the backbone of the molecule, whereas the (weaker)
overlap between the remaining p.-orbitals leads to the formation of -bonds wherein the electrons
are delocalized over many carbon atoms. Such a system consisting of delocalized electrons is
known as a conjugated system. Increase in the conjugation length results in a monotonic decrease

in the band gap, as the HOMO and LUMO come closer together. This is illustrated in Figure 2.2.
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Figure 2.2. lllustration showing the linear combination of atomic (p.) orbitals (LCAO) of carbon to
form bonding (w) and anti-bonding (n*) molecular orbitals (MOs) in ethylene, butadiene, etc. The
energetic gap between the bonding and anti-bonding orbitals decreases with increasing number of
carbon atoms, ultimately forming two “bands” analogous to the conduction and valence bands of
inorganic materials. Due to Peierls instability, conjugated polymers such as polyacetylene have a
finite band gap instead of being “metal-like”.

In a conjugated polymer such as polyacetylene, which can be modeled as an infinitely long chain
of sp? hybridized carbon atoms, this would imply the absence of a band gap and therefore a “metal”-
like behavior. However, such quasi one-dimensional systems are structurally unstable, as stated in
Peierls’ Theorem.5? Instead of having a linear structure with uniform bond length between the
carbon atoms in the chain, polyacetylene chains in reality have alternating short and long bonds,
which leads to a finite band gap in the range of 1.5-3 eV. Therefore, conjugated polymers show
semiconducting behavior instead of conducting behavior. Moreover, in real samples, conjugation
is typically interrupted due to chemical defects/impurities as well as folds or kinks in the polymeric
chains.'? Therefore, the system is effectively a group of molecules of varying conjugation lengths,
also known as chromophores. A direct consequence of this is a distribution of energy levels in the
system, in which the ensemble of bonding/anti-bonding levels can be compared to the valence/

conduction bands (VB or CB) in inorganic semiconductors, respectively.
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2.1.2 Morphology in Films

Although a highly conjugated hydrocarbon backbone is beneficial for charge transport, the
resulting chain stiffness significantly reduces the processability of these materials. For this reason,
flexible alkyl side chains which improve the solubility, are typically introduced into the material
during synthesis. In many cases, specific heteroatoms or functional groups are also included in the
structure in order to modify the position of the HOMO or LUMO, or impart a specific
functionality.2 Organic semiconductor films are fabricated either by vapor deposition under
vacuum (only viable for small molecules), or via solution processing. When forming films, the
nature and structure of these side chains and functional groups impact the lamellar- (vertical) and
m-stacking (co-facial) distances between the backbone (see Figure 2.3), which in turn influences

the final morphology, and charge transport in the film.5

alkyl stacking direction

Figure 2.3. Schematic representation of “edge-on” oriented regioregular P3HT chains, showing the
conjugation direction, the lamellar stacking direction and 7-m stacking direction of the chains.
(Redrawn after 54)

Due to the complex chemical structures and weak van der Waals forces holding the molecules or
chains together, organic semiconductors can exhibit a vast range of morphologies in the solid state.
A perfectly crystalline microstructure is nearly impossible to achieve, particularly for polymers,
which have a distribution of molecular weights (chain lengths). Therefore, most organic
semiconductors can be thought of as crystalline domains dispersed in an amorphous matrix, or vice

versa. The size of the domains will vary depending on the degree of crystallinity of the sample.
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The conjugated polymer P3HT has been studied extensively in this field, primarily due to the ease
of control during synthesis and processing of this material. Since the monomer 3-hexyl thiophene
is an asymmetrical molecule, regioisomers are formed upon its polymerization. When coupling
between repeating units is predominantly of a head-to-tail (HT) nature, the resulting polymer is
called regioregular P3HT (rreP3HT) (see Figure 2.4). RreP3HT is able to self-organize to form
highly ordered structures since the backbone consists of fully conjugated sp? hybridized C atoms,
which leads to a planar backbone morphology and m-stacking between adjacent chains. However,
when the coupling is more irregular (a mixture of head-to-head, tail-to-tail and HT), the alkyl side-
groups which are too close to each other experience steric repulsion, thereby leading to twisting or
coiling of the polymer backbone at these sites, as shown in Figure 2.4. Consequently, these
irregular polymer chains have reduced conjugation lengths, and are unable to form highly ordered
structures. Regiorandom P3HT (rraP3HT), a material with highly irregular couplings, is an

amorphous polymer.>®

rreP3HT rraP3HT
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Figure 2.4. lllustration of the impact of molecular weight and microstructure on the film
morphology.

The average molecular weight* of an organic semiconductor also impacts the morphology in

films.%® Spin coated low molecular weight (<10 kg mol™) rreP3HT has a well-defined nanorod

2 The molecular weight of polymers is typically reported as an average rather than a single value, due to the difference
in chain lengths within a sample. Therefore, depending on whether the number fraction of chains or the weight fraction
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morphology,® whereas higher molecular weight P3HT ( ca. 27 kg mol™) produces a less defined
morphology.®” Remarkably, it was found that these films with higher molecular weight had
significantly improved charge transport despite the reduction in order. This is attributed to the
presence of tie chains, which are long chains that connect two or more crystalline domains in these
samples, thereby facilitating improved macroscopic charge transport. In the low molecular weight

films on the other hand, the charges remain trapped at the grain boundaries (see Figure 2.5).8

iy

~

Figure 2.5. Morphology of spin-coated P3HT films showing a) well-defined but disconnected
ribbons in the case of a low molecular weight (M, < 4 kg mol?)? sample and b) less-defined
arrangement of chains in a high molecular weight (M, > 30 kg mol?)? sample, in which the
crystalline domains are connected by tie chains (indicated by the red arrow). [Reproduced from
Kline et al.% Copyright (2005) American Chemical Society]

Apart from the chemical composition and structure, the film processing conditions also influence
the microstructure. The solvent polarity, boiling point, deposition technique, as well as substrate
surface properties have all been shown to impact film morphology and subsequently, the
optoelectronic and charge transport properties of solution processed films.%® For example, atomic
force microscopy (AFM) and X-ray diffraction (XRD) measurements have shown that P3HT films
spin coated from chloroform (CF, boiling point ca. 62°C) have a less ordered microstructure when
compared to films spin coated from higher boiling point solvents such as trichlorobenzene (TCB,

boiling point ca. 219°C).” This is attributed to the P3HT chains having more time to self-organize

of chains is considered for the calculation, either the number average molecular weight (My) or the weight average
molecular weight (M) is obtained, respectively.
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(aggregate) into the thermodynamically preferred crystalline motif in the slow evaporating TCB."°
Park et al. demonstrated that the addition of a small amount of a non-solvent to the well-dissolved
polymer solution prior to film casting induced additional chain aggregation.” Various groups have
also demonstrated the use of post-processing techniques such as solvent annealing’?’3, and thermal

annealing’*"® to increase the size of the crystalline domains in polymer films.

2.1.3 Charge Transport and Conductivity

All modern optoelectronic devices such as solar cells, light emitting diodes, and field effect
transistors operate on the basis of charge transport. In order to effectively employ organic
semiconductors in these devices, it is crucial to understand how charges move in these materials,
and how charge transport differs from that in inorganic systems. The main reason for increased
operational complexity in organic semiconductors can be attributed to the structural disorder (and
thereby energetic disorder) in these materials. As a result of the weak van der Waals forces between
the molecules (versus the covalently bonded crystal structure in inorganics), charged organic
semiconductors are subject to polarization effects. When an electron is added to, or removed from
a LUMO or HOMO, respectively, the adjacent units undergo deformation to accommodate and
compensate for the new charge. This occurs in a series of steps, as depicted in Figure 2.6. First, the
charge induces dipoles (electronic polarization) in the adjacent molecules, thereby stabilizing
itself. This is followed by intramolecular relaxation, upon which the electronic levels (HOMO/
LUMO) and the nuclei within the molecules undergo reorganization. In the final step, the lattice
structure surrounding the charge gets distorted (lattice relaxation) in order to stabilize the polarized
system. These effects imply that a moving charge in an organic semiconductor is not identical to a
conventional free charge carrier, which isn’t accompanied by structural and energetic distortions.
This quasi-particle comprising a moving charge and the polarization around it is called a polaron.
Since these particles have a higher effective mass than a free electron (or hole), their Coulombic

binding energy will also be higher.
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Charge introduced in a neutral lattice Electronic polarization Intramolecular relaxation Lattice relaxation

Figure 2.6. Schematic illustration of the polarization and subsequent relaxation processes of the
molecules in an organic semiconductor lattice upon the introduction of a charge (orange). [Redrawn
after 6]

There are different models that propose how charge transport occurs, depending on the degree of
order in the system. To keep the discussion relevant to this thesis, we will focus on just two of them
— band transport and hopping transport. Perfect crystals, as seen in metals and conventional
semiconductors, exhibit band transport since their wavefunctions are delocalized over the entire
system, thereby allowing free charge carriers to move uninterrupted in a wave through the material.
In this regime, charge transport is inhibited by increase in temperature, as lattice vibrations
(phonons) reduce the mean free path of the charge carriers. Highly pure small molecule organic
semiconductor crystals of naphthalene and TIPS-pentacene have also been shown to have band-
like transport.””-"® In less pure samples, the presence of impurities or defect states at grain
boundaries disrupt transport by “trapping” the charge carrier, since the wavefunctions are localized
at these positions. This hinders charge transport. The impurities and defects also increase the
disorder in the material, which results in a distribution of the available density of states (DOS) for
the charge carrier. In organic semiconductors, the DOS is commonly described by a Gaussian

distribution model that was developed by Bassler et al. (see Figure 2.7).”
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Figure 2.7. A simplified illustration of band transport and hopping transport processes in materials
having a narrow and broad Gaussian distribution of the density-of-states (DOS), respectively.

Most organic semiconductors, and in particular conjugated polymers, have a higher degree of
disorder than that in pure crystals, and hence, a broader DOS. Therefore, an alternate model is used,
in which thermally assisted charge tunneling (or “hopping”) takes place. In these materials, charge
carriers move coherently within the chromophore, but “hop” from one chromophore to another.
Conversely, in non-conjugated systems (such as poly(vinyl carbazole)), transport occurs purely via
the hopping process.2 Whereas band transport is phonon inhibited, hopping transport is a phonon

assisted process, since the additional energy can help in overcoming the energetic barrier.

An important parameter for characterizing charge transport is charge carrier mobility (1), which
describes the mean drift velocity (v) of a charge carrier (electron or hole) under the influence of

an externally applied electric field (E).

_ (2.1)
K=

Since the mobility of charges through a material depends on a number of factors such as

temperature, degree of order, presence of impurities, electric field, etc., a wide range of values can

be expected for different material classes and microstructures. At room temperature (300K),

crystalline silicon exhibits charge carrier mobility values in the order of 102 — 10° cm? V1 51,8 |n
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highly ordered single crystals of rubrene, charge carrier mobility values of 20 —30 cm? V- s using
FET measurements have been reported.8t On the other hand, the charge carrier mobility in
polymeric semiconductors range from ca. 10° — 10 cm? V! s in disordered systems to ca. 0.1

cm? V1 st (via FET) in materials that are able to self-organize into ordered structures.>* 82

The charge transport through a material is described on a macroscopic level by its conductivity (o)

value. Mobility relates to the conductivity of the material according to the relation

o =enyu (2.2)

where e is the electron charge and n is the density of charge carriers. Pure, intrinsic organic
semiconductors theoretically have a very low density of charge carriers (n =~ 10° cm=) on account
of their high band gap (E,~ 2.5 eV) , whereas an intrinsic inorganic semiconductor such as Si (E;~
1.12 eV) has a high carrier density (n= 10'® cm™). Moreover, organic semiconductors have
dielectric constants in the range 3-5, which is about three times lower than that of conventional
semiconductors. This means that when charge carriers are generated (for example via light
absorption), the corresponding electron and hole pair (known as an exciton) will be strongly bound
via Coulombic interactions. As a result, organic semiconductors typically have low conductivity

values compared to their inorganic counterparts, and hence do not perform well in devices.

2.2 Doping

Doping is a process by which the charge carrier density of electrons or holes (n, or n,) in a material
is tuned by the controlled addition of certain “impurities” called dopants. In inorganic
semiconductors, this is done by simply replacing some of the atoms in the lattice structure by
another element which has more (n-dopant) or less (p-dopant) electrons in its valence shell
compared to the host. For example, silicon, which has 4 valence electrons is commonly n-doped
by introducing phosphorus (5 valence electrons), or p-doped using boron (3 valence electrons).
This results in an increase in the carrier density (n, or n,) and subsequently, the conductivity of

the material.

With the discovery of organic semiconductors, similar methods of doping were attempted on these
materials in order to tune their electronic properties. It is important to note that the term “doping”
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when used in the context of organic semiconductors actually refers to redox reactions between the
dopant and host, also known as chemical doping. Early studies report high conductivities in
phthalocyanines doped with strongly oxidizing halogen gases such as iodine and bromine.1%2° Low
work function metals such as lithium and its complexes were also used to dope organic films.?% 2
However, device instability due to dopant diffusion was a recurring problem in systems doped with
very small molecules,? and hence led to the development of larger, more stable molecular dopants.
Today, molecularly doped organic layers have been successfully used in devices such as OLEDS,
OPVs, and perovskite solar cells, in order to reduce injection barriers at electrode interfaces, or to
improve charge transport by reducing ohmic losses.®® Yet, they have not been exploited to their
full potential, due to the gaps in our understanding of the true doping mechanism in these systems.
Extensive research on doped organic semiconductors in the last few decades has shown that since
organic and inorganic semiconductors are fundamentally quite different, the mechanism of doping
also differs. In the following sections, the processes involved in doping organic semiconductors

will be explained.
2.2.1 Theory and Mechanism of Doping

Mobile charge carrier generation in a material via doping is typically a two-step process. In the
first step, an electron is transferred from the HOMO (LUMO) of the host to the LUMO (HOMO)
of the p- (n-) dopant, to form two charged species, which are Coulombically bound to each other
because of the low dielectric constant (refer Figure 2.8). In the second step, the two charges
dissociate by overcoming the Coulombic attraction, and contribute to conduction through the
material. In doped inorganic semiconductors, charge dissociation takes place readily due to the
higher dielectric constant and hence lower binding energy when compared to organics. For
example, the binding energy of an e™-h* pair in silicon (e, ~ 11) is ~ 30 meV,®* which is close to
the thermal energy (kgzT) at room temperature (~ 25 meV*?). Therefore, the free carrier density,
and thereby conductivity is high, even at very low concentrations of doping. On the other hand, the
binding energy of an e™-h* pair in organic semiconductors (e, ~ 3.5) is in the order of 300 meV,*?
which implies a much lower concentration of free carriers, for the same conditions. Therefore, it is
common to have much higher dopant concentrations in organic semiconductors, in contrast to

inorganic semiconductors.
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Two important parameters used to characterize a doped system are ionization efficiency, which is
the fraction of added dopants that are ionized to form holes or electron on the host, and doping
efficiency, which is the fraction of added dopants that result in free charge carriers in the system.
In an ideal doped system, these two values will be equal. However, in typical doped conjugated
polymers, the doping efficiency is found to be far lower than the ionization efficiency, as a result
of the strong Coulombic interaction between the charge on the polymer and the counter-ion on the
dopant.®

The charge transfer mechanism in doped organic semiconductors is explained using two models —
the integer charge transfer (ICT) model (also referred to as ion-pair formation), and the charge
transfer complex (CTC) model (or hybrid charge transfer model). In ICT, an electron is completely
transferred from the host to the dopant (or vice versa), resulting in the formation of charged species
(holes or electrons). This is predominantly thought to occur in materials having suitable energetic

alignment as follows,

p— doping : IEhost < EAdopant (2.3)

n-— doping : EAhost < IEdopant

where [E is the ionization energy, which is the amount of energy required to remove an electron
from the HOMO into vacuum, and E A is the electron affinity, which is the amount of energy gained
by the addition of an electron to the LUMO of the host or the dopant.
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Figure 2.8. Schematic of the charge transfer process between the host and dopant in the case of p-
type and n-type molecular doping, showing the ideal energy level alignment for efficient charge
transfer.

In certain host — dopant systems however, it has been found that the frontier molecular orbitals of
the two materials undergo hybridization to form a ground-state charge transfer complex, which has
a new set of HOMO and LUMO states,*” as shown in Figure 2.9. This implies that systems which
do not have favorable energetic alignment between the host’s HOMO (LUMO) level and the
dopant’s LUMO (HOMO) can still undergo charge transfer (doping) via the CTC mechanism.
However, since the CTC is still electrically neutral, the system requires additional energy in order
to form charged species. At room temperature, only a fraction of the available states are ionized,
resulting in a low density of charge carriers. Therefore, for the efficient generation of mobile holes
or electrons via doping, ICT is preferred over CTC.8
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Figure 2.9. Schematic of the two prevalent models that are used to explain the mechanism of (p-
type) molecular doping of organic semiconductors. In one case, integer charge transfer occurs
between the host and dopant. In the alternative model, a charge-transfer complex is formed due to
intermixing of the frontier molecular orbitals of the dopant and host. Since the LUMOctc now lies
above the host’s HOMO, additional energy is required for the hole to be created.

Previously, ICT was predominantly observed in doped conjugated polymers, whereas CTC was
observed in the analogous conjugated small molecules. For example, doping of polythiophenes
with fluorine derivatives of tetracyanoquinodimethane (TCNQ) such as FTCNQ, F.TCNQ and
F4TCNQ typically occurs via ICT, whereas the same dopants formed CTCs with conjugated small
molecules such as quaterthiophene (4T) and oligomers.®® Moreover, it was believed that for a
particular dopant-host system, doping occurs solely via ICT or CTC. Recent reports have disproved
both these theories. Although doping of polythiophene with FsTCNQ typically occurs via ICT, it
has been demonstrated that CTCs can be preferentially induced either by processing films at higher
temperatures,® or by side-chain modification in the polymer.®® Subsequently, it was also shown
that ICT and CTC phases can coexist in FsTCNQ doped polythiophenes.3®

These findings indicate the complexities involved in predicting the doping mechanism for a given

dopant-host system and consequently, the importance of further research into this topic.

2.2.2 Dopants for Organic Semiconductors

Since the conception of doped organic semiconductors, numerous types of compounds have been
studied as prospective dopants. Electronegative compounds with low-lying LUMOs typically make

ideal p-dopants. As stated before, early works saw the extensive use of strongly oxidizing gases
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such as 1> and Br. as p-dopants®®, but the small size and high volatility of these compounds, led to
instability in devices. The synthesis of the electron acceptor TCNQ by Melby et al.® in 1962 was
a significant breakthrough for molecular p-dopants. Fluorine-substituted TCNQs such as F4sTCNQ
(EA=5.24 eV), FeTCNNQ, etc. are some of the most commonly investigated p-dopants today.?
The highly electronegative fluorine atoms and cyano (C=N) groups in conjunction with the
stabilizing quinone core make this class of molecules very effective as electron acceptors.®
Nevertheless, some of these small, planar dopant molecules are either still vulnerable to diffusion®”,
or have limited solubility in common organic solvents®. For example, it has been shown that
F4TCNQ starts diffusing through layers of organic semiconductors such as N,N,N’,N'-tetrakis(4-
methoxyphenyl)benzidine (MeO-TPD) or P3HT already at 80°C, and is completely vaporized
beyond ca. 120-150°C.#> 8 This is problematic for its application in organic devices,®® % since it
can lead to device failure when processed or operated at higher temperatures. Additionally, it was
proposed that the planar structure of these molecules might encourage CTC formation with the host
due to dopant-host co-crystallization, which can increase electronic coupling between the frontier
orbitals of the two materials.®® Therefore, more bulky 3D molecules have been developed as
alternative p-dopants over the years. The fluorinated fullerene CeoF3s™ has proved to be a more
stable dopant*? and has been successfully used to dope HTLs in OLED devices®. But it is insoluble,
and hence cannot be solution processed. In the last decade, the Marder group introduced
organometallic complexes such as Mo(tfd)s® °2 and its derivatives® as promising p-dopants in the
field. Of these, Mo(tfd-CO,Me)s; (EA= 5.0 eV)>! has been of particular interest due to its high
solubility®!, air stability, and performance in organic and perovskite devices®®. A few years ago,
the Bazan group showed that bulky Lewis acids like BCF, which are typically used as a catalyst or
co-catalyst in organic/ polymerization reactions®* could also be used to modify the optoelectronic
properties of conjugated oligomers and polymers.*-** Subsequent work by various groups has
shown that p-doping by BCF leads to improved conductivity*® and hole mobilities in conjugated
polymers* and small molecule-polymer blends*’, as well as improved performance of organic

HTLs in perovskite solar cells®’.

Contrary to p-dopants, the development of n-dopants has been quite slow. This is because n-doping
requires the dopant materials to have a low IE (HOMO) to be able to undergo charge transfer with
the LUMO of the host materials. However, this makes the dopant molecules extremely susceptible

to oxidation when exposed to air. Historically, alkali metals such as lithium (Li), potassium (K),
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cesium (Cs), and their compounds were used as n-dopants,?% but due to dopant diffusion
problems, molecular dopants such as bis(ethyleneditho)-tetrathiafulvalene (BETD-TTF),1%!
tetrathianaphthacene (TTN),'% and organometallic compounds like cobaltocene (CoCp2)'® were
developed. In order to address the problem of oxygen sensitivity, Werner et al. introduced oxygen-
stable precursor molecules (e.g. pyronine B chloride) as n-dopants.'®* These compounds typically
require optical or thermal activation in order to undergo charge transfer with the host material,
which allows for a delayed dopant activation either during or after film formation, thereby
preventing degradation by oxygen during storage or handling.1%41% Recently, solution processable
dimers of organometallic sandwich compounds like [RuCp*(mes)]. have been developed as air-
stable precursor n-dopants.’%19" Upon activation, these dimers cleave to form highly reducing

monomers that proceed to dope the organic semiconductor.!%8-109

Stable, doped organic devices are not mainstream in the market despite there being a vast repertoire
of materials to choose from, because the dopant-host interactions are influenced by many external
factors such as solvents, microstructure, oxygen/humidity, etc. Therefore, it is vital to investigate

the role of these external parameters on the doping mechanism and efficiency.

2.2.3 Doping Techniques

Since molecular (or chemical) doping involves the physical mixing of the host and dopant
molecules, it follows that there are different techniques for doping a film. In the incipient stages of
doping studies, films of small molecule organic semiconductors such as phthalocyanines were
simply exposed to vapors of halogens.? When a more precise control of the doping level was
required, the small molecule host and the dopant were co-evaporated at specific rates to form a
uniform doped film. Although vapor deposition techniques such as co-evaporation are suitable and
still widely used to fabricate doped films, their application is restricted to small molecule organic
semiconductors since polymers cannot be vaporized. Also, the use of volatile dopants in co-
evaporation chambers can lead to contamination of the chamber and unintentional doping of

110

subsequent layers. Moreover, this technique is not conducive for large scale, low cost

manufacturing processes.

Polymeric semiconductors are typically solution processed, which is a big advantage of this class

of materials over small molecule organic semiconductors, many of which are insoluble in organic
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solvents. Therefore, the easiest way to dope a polymer would be to simply dissolve the polymer
and the dopant individually in a suitable solvent and then mix the two according to the required
doping ratio to form a doped solution. Doped films are subsequently fabricated via spin coating,
blade coating, or drop casting.?® This technique is referred to as mixed-solution doping, or solution
blending. Although this method allows for precise and pre-determined control of the doping level
in the solution and film, it has a number of limitations. Firstly, it relies entirely on the solubility of
the host and dopant in a particular solvent. Therefore, it not only requires a solvent that is
compatible with both materials, but also restricts the application of dopants with low solubility to
low concentration solutions, thereby limiting the final thickness of doped films. Secondly, many
polymers undergo doping-induced chain aggregation upon solution admixture, which typically
reduces the polymer chain’s solubility in the solvent. This adversely affects the morphology in

films 111-114

An alternative technique which mitigates these problems is sequential doping. Here, the dopant is
introduced into a pre-fabricated undoped polymer (or small molecule) film either by vapor
deposition, or solution processing using an orthogonal solvent, which selectively dissolves only
the dopant and not the polymer.** As a result, the original morphology (of the undoped state) is
preserved in the film even after doping. The main challenge in sequential solution processed layers
is dopant density control and film homogeneity. As this technique relies mainly on the diffusion of
dopants through the films, the dopant density is not predetermined, as with mixed-solution doping.
Instead, the doping level in the film is controlled by parameters such as dopant exposure time and
dopant solution concentration, which require optimization. At the same time, it is important to
ensure that the dopants are uniformly incorporated into the bulk of the film rather than forming a
bilayer. Although small molecule dopants such as F4sTCNQ are shown to form homogeneous
sequentially doped films, it is not always the case for bulky dopants.?® Therefore, subsequent
characterization of the films is crucial to monitor the electronic and morphological changes,

particularly for sequentially doped films.

2.2.4 Characterization of Doping Processes

As mentioned in section 2.1.3, when charges are introduced into an organic small

molecule/polymeric semiconductor, the resulting electronic polarization is accompanied by lattice
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distortions to enable the molecule to attain its lowest energy state (see Figure 2.6). This relaxation
process leads to localization of the electron or hole on a chain segment (which is then referred to
as a polaron). In the classical model of the energy level schematics, as proposed by Brédas and
Street,! this is typically depicted as an upward shift of the HOMO (corresponding to the
reorganization energy) and a downward shift in the LUMO in the polaron compared to the neutral
matrix, as shown in Figure 2.10 for the specific case of a positive polaron. Although this has been
the most widely used representation for decades,**>1® Winkler et al. and Heimel recently proposed
a revised model of the polaron energetics (see Figure 2.10), based on new experimental and
theoretical evidence.*?*21 One major shortcoming of the classical model is that it does not take
into consideration the Coulombic interactions between the polaron and the neighboring neutral
molecules. However, these inter-site interactions (known as Madelung interactions)*?>12® actually
lead to a gradual shift of the LUMO and HOMO of the neutral molecules that are in the proximity
of the polaron, as shown in Figure 2.10. Moreover, on-site Coulombic interactions (known as
Hubbard interactions)*?#12 in the polaron result in a splitting of the HOMO into two levels (above

and below the neutral HOMO level, which are empty and partially filled respectively).
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Figure 2.10. Schematic of the optical transitions involved in a neutral and charged organic small
molecule/polymeric semiconductor based on the classical representation of (positive) polaron
formation proposed by Brédas and Street *° versus the revised model proposed recently by Winkler
et al.1? and Heimel 21, The frontier orbitals of neutral organic small molecules/ polymers are shown
in blue (LUMO) and black (HOMO); the frontier orbitals of the polaron are shown in red. Unlike
the classical picture, the revised model takes into consideration the Coulombic interactions between
the charged molecule/subunit and its neutral neighbors, which would lead to additional changes in
the corresponding energy levels. [Redrawn after 8]
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A convenient way of studying doping is via UV-Vis-NIR absorption spectroscopy. Since doping
involves the formation of new states within the band gap of the host material, optical transitions
to/from these sub-band gap states can be used to verify the occurrence of charge transfer in a
particular dopant-host system. For example, as shown in Figure 2.10, the optical spectrum of an
undoped system (organic/polymeric semiconductor) is mainly characterized by a single optical
transition A, which corresponds to the optical band gap of the material. In a doped system on the
other hand, two additional transitions P1 and P2 can take place below the band gap (as shown in
Figure 2.10 for a positive polaron), and are visible in the UV-Vis-NIR spectra of the doped solution
or films. Moreover, the doping mechanism can also be identified based on the shape and position
of the peaks. If the optical spectra of the doped system resemble those of the host cation and/or the
dopant anion, it typically indicates ICT, whereas if new sub-band gap features that are not assigned
to ionized host/dopant molecules are observed, it may be indicative of CTC. Furthermore, the
ionization efficiency of a dopant in a host system can be estimated by qualitative analysis of the
optical spectra (using Beer-Lambert Law) of the doped solutions or films, because the P1 and P-
transitions typically have large enough oscillator strengths and hence extinction coefficients.

An example of the application of optical spectroscopy for doping studies is shown in Figure 2.11,
which was reported in a study by Mendez et al.*® It depicts the UV-Vis-NIR spectra of films of
either P3HT (IE = 4.60 eV)% or the oligomer 4T (IE = 5.30 eV)*® with a series of FxTCNQ dopants
(where x =0, 1, 2, 4), the latter of which differ in their electron affinities (from 4.23 eV to 5.24
eV)'?7 58 The black lines in Figure 2.11a, b are the absorption spectra of the neutral host molecules
(P3HT or 4T), which show no discernible features below their band gap. When blended with
dopants, characteristic new absorption bands are observed. In the case of FxTCNQ-doped P3HT
films shown in Figure 2.11a, ¢, the new sub-band gap peaks are consistently at the same position,
and the spectral shape closely matches that of the F,TCNQ anion and the P3HT polaron.*® This
implies that in these blends, ICT occurs between the P3HT and FxTCNQ molecules. On the other
hand, the sub-band gap absorption by the FxTCNQ-doped 4T films (see Figure 2.11b, d) takes place
at different energy values that do not correspond to that of the dopant anion or the host polaron,
indicating the absence of these species in the blend. Moreover, the position of sub-band gap
absorption peaks of the FxTCNQ-doped 4T films shift depending on the electron affinity of the
dopant (Figure 2.11d), suggesting that the energy level of the absorbing species changes with each
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dopant.®® This is a characteristic indication of the formation of CTCs between the dopant and 4T

molecules.
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Figure 2.11. UV-Vis-NIR spectra of (a) P3HT blended with F,TCNQ at increasing ratio with the
inset showing the zoomed region around the ICT features in the film of 3.9% dopant ratio (one
FsTCNQ per 25 quaterthiophene segments), (b) 4T blended with F,TCNQ at increasing ratio, (c)
P3HT blended with the full range of differently strong dopants (TCNQ to F,TCNQ) at a dopant
ratio of 28.6% and (d) of 4T blends with the full range of differently strong dopants (TCNQ to
FsTCNQ) in 1:1 ratio (50%); P, and P indicate the optical transitions of the positive polaron in
P3HT 115 118-119,128. asterisks indicate the expected transition energies related to dopant anions (ICT)
that are absent in the 4T case. (Figure and caption reproduced from Méndez et al.® Copyright
(2015), Springer Nature)

Doping and the degree of charge transfer in a particular host-dopant system can also be studied by
infrared (IR) spectroscopy. The vibrational modes of an organic semiconductor are strongly
coupled to its electronic and geometric structure. Since doping induces local distortions in the
molecule, new infrared-active vibrational (IRAV) modes with high intensities are observed in the
doped system. 119129 Therefore, doping-induced vibrational changes on either the host molecule &

130 or the dopant molecules®® 3! can be monitored by studying different regions of the IR spectrum.

A powerful but under-utilized technique for studying doping is EPR spectroscopy. In their ground
state, systems that undergo ICT to form polarons are paramagnetic and hence EPR sensitive,
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whereas those which predominantly form bipolarons® and CTCs are EPR silent due to their
diamagnetic nature. Therefore this technique is particularly useful for studying the mechanism of
doping in situations where optical spectroscopy might not yield reliable results, such as when the
system is light sensitive (as discussed in Chapter-5). Moreover, quantitative evaluation of the doped
solutions or films can be made by calibrating the samples to a standard reference. For example, the
density of mobile/bound unpaired electron spins estimated using EPR spectroscopy provides
insights about the density of charge carriers in the sample.*® 132

Upon doping, the electronic structure of the host material undergoes changes. While the Fermi
level (Er) lies mid-gap in an undoped semiconductor, it moves closer to the HOMO (p-doping) or
LUMO (n-doping) when the material is doped. When doped films are used in conjunction with
metals or other organic layers, Fermi level alignment takes place, resulting in the movement of
charges at the interface of the different layers. These changes in the electronic structure can be
probed using photoelectron spectroscopy (PES) techniques®®® such as ultraviolet photoelectron
spectroscopy (UPS),'** X-ray photoelectron spectroscopy (XPS) and inverse photoelectron
spectroscopy (IPES).

Morphological changes in doped films are most often studied on a macroscopic level using AFM.
Doping-induced chain aggregation is typically visible in AFM images of mixed solution doped
films, and is generally accompanied by an increase in film roughness.*% 13-1%Additionally, Duong
et al. have shown using conductive-AFM (c-AFM) studies that these aggregates formed at higher
doping ratios are conductive in nature, and that the size of the aggregates can be controlled by
dopant concentration in the film, or the solution temperature during film casting.!*® For
(semi)crystalline materials, X-ray diffraction/scattering techniques are widely used to study the

changes in the film microstructure, as well as identify the location of the dopant counter-ion in the
fiIm.58' 111,114

There are different techniques to evaluate the electrical properties of doped layers. The conductivity
of doped films (in the ohmic regime) can be quite easily estimated by measuring the current-voltage
(IV) characteristics using a 2-point probe (2PP) or 4-point probe (4PP) architecture.*® 3" The trend

in the evolution of a sample’s conductivity with dopant loading reveals important underlying

b If a charged polymer chain (i.e. polaron) undergoes further oxidation/reduction such that the two charges (polarons)
are coupled, it leads to a localized distortion on the chain. This quasiparticle is known as a bipolaron.
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processes. For example, a superlinear increase in conductivity (with increasing doping ratio)
typically implies an improvement in the mobility of the charge carriers.**® On the other hand, a
sublinear increase in the conductivity value, which has been reported in some systems for low to
moderate doping ratios,**® implies a decreasing mobility in this regime.® The direct estimation of
the mobility (u) of charge carriers in doped films is tricky since this parameter is sensitive to
changes in the morphology of the layers as well as the carrier concentration (n) in the film, which
can hinder an accurate estimation. The mobility of charge carries in films with ultralow doping
levels (which serve to fill traps) can be estimated with the OFET architecture.**® For more strongly
doped layers, depending on the doping level, either the JV characteristics of hole-only/ electron-
only devices operated in the space-charge limited current (SCLC) regime,*-%42 or the AC Hall

effect 4> 143 is used to determine the mobility.
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3. Methods and Materials

In this chapter, the setup and the basic physics behind the different experimental techniques applied
in this work is explained. Subsequently, the different dopant and host materials used in this work

are introduced, and the general procedure of sample preparation (solutions and films) is described.

3.1 Experimental Methods

3.1.1 Optical Spectroscopy

The interaction of matter with light is probed using optical spectroscopy. When light is incident on
a sample in its electronic ground state, electrons in the ground state (HOMO) can be excited to

higher states, provided the incident beam has sufficient energy.

UV-Vis-NIR spectroscopy: As the name suggests, UV-Vis-NIR absorption spectroscopy utilizes

incident light in the ultraviolet (ca. 200nm - 400 nm), visible (ca. 400 nm - 750nm) and near-
infrared (NIR, ca. 750 nm — 3000 nm) regions to probe the optical transitions in a material. Since
this energy range (~ 0.4 eV - 6 eV) predominantly excites electrons from z- or non-bonding orbitals
to * orbitals, this technique is particularly suitable for studying conjugated organic molecules and
polymers, which contain w-bonds.

In an absorption spectrometer, a monochromatic light beam (produced using a diffraction grating)
of intensity I, is allowed to pass through a sample, and the transmitted beam (with intensity I) is
collected and analyzed by a detector (see Figure 3.1). Thus, the absorbance A, which is a measure

of attenuation of the incident light, is given by the relation

I

A = —logy <E> (3.1)

Absorption spectroscopy can also be used for the quantitative analysis of a sample, as per the Beer-
Lambert law, which states that the absorbance is directly proportional to the concentration c of the
absorbing species, as well as the path length [ of the light beam through the absorbing medium.

This is given by the equation
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A = ecl (3.2)

where ¢ is the molar extinction coefficient, which is a measure of how strongly a material absorbs

light at a particular wavelength.

diffraction

grating rotating sample
4

disc cell

1, | @ = mirror
9] slit
light source

§ = detector
reference
cell

spectra recorder

Figure 3.1. Schematic of the instrumental setup of a typical double-beam absorption spectrometer
[Reproduced from 144].

UV-Vis-NIR absorption measurements in this work were carried out on a Varian Cary 5000
spectrophotometer. The solutions were typically transferred into 1 mm path length precision quartz
cuvettes inside the glovebox, and subsequently measured outside the glovebox. The background
due to solvent contribution was subtracted from the final results. The recorded spectra were
analyzed using OriginPro®. Additional information about the quantitative analysis is given in
Chapter-5.

For the temperature dependence studies, the instrument was fitted with a temperature controlled
cuvette holder TCL 50, by Quantum Northwest. The solutions were maintained at each temperature
for 10 minutes for equilibration and then measured. Each measurement lasted ca. 7 minutes, so the

total time at each temperature was ca. 17 minutes.

Equations 3.1 and 3.2 are mostly based on the assumption that light attenuation is solely due to
absorption and not due to effects such as scattering, interference etc. Although this holds true for
solutions with low enough concentrations, the intensity of light transmitted through films may be
affected by these processes, particularly when a layer is rough. Therefore, an integrating sphere
accessory is often used along with the setup, to get a true value of the optical density (absorbance)

of the layer. The integrating sphere measures both the specular reflection (symmetrical reflection
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such as from a smooth, mirror-like surface) as well as diffuse reflection (occurring in multiple
directions) from a sample, as depicted in Figure 3.2. The Lambertian coating (PTFE) in the sphere
ensures that the light beam undergoes multiple diffuse reflections inside the sphere, whereby the

final radiance measured at the detector is independent of the scattering/ reflectance directions.

(a) Specular vs. diffuse reflection (b) Diffuse reflectance accessory setup

normal mirror 2
H o, Mirror 1

sample beam
specular
reflection

incident P offset lens

r
beain P detectol
-

) i

\if A diffuse reflection

P reference beam sample port

Sample
sample positioning cap

Figure 3.2. (a) Specular and diffuse components of reflection occurring from an opaque sample. (b)
Schematics of a diffuse reflectance accessory with which both specular reflection and diffuse
reflection from a sample can be measured [Reproduced from 45].

The UV-Vis-NIR absorption of films was measured in air using the Varian Cary 5000
spectrophotometer with the diffuse reflectance accessory (an integrating sphere), in the reflectance
(specular + diffuse) and transmittance mode. The optical density (absorbance) of the film was
calculated according to the equation

100 — %R) (3.3)

0D =log< %T

where %R and %T are the percentage reflectance and transmittance spectra respectively. The
optical density of the glass was then subtracted from that of the film (organic layer + glass) to

obtain the absorbance spectrum of the layer.

Photoluminescence Spectroscopy: When a material absorbs photons and gets excited to higher

energy states, the excess energy is subsequently released (either in the form of photons, or non-

radiatively), as the material relaxes to its ground state. The phenomenon of light emission from a
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photo-excited substance is known as photoluminescence (PL). The PL emission spectrum of a
sample is obtained by exciting the sample with a single wavelength, and measuring the intensity of
the emitted radiation as a function of wavelength.

The photoluminescence intensity of the undoped and dip-doped films on glass was measured in a
Horiba Jobin Yvon Fluorolog 3 fluorescence spectrometer, in ambient air. The samples were
excited at 580 nm, and the corresponding emission was measured in the range of 610 nm — 800

nm.

3.1.2 EPR Spectroscopy

Electron Paramagnetic Resonance (EPR) uses the Zeeman effect to detect the presence of unpaired
electrons in a system. Every electron possesses an intrinsic angular momentum (orbital + spin) in
addition to its elementary charge. The spin angular momentum is associated with the “spin” of the
electron along its own axis, and can assume two states — parallel or antiparallel to the reference.
In the absence of an external magnetic field, these two states are energetically degenerate.
However, in the presence of a magnetic field, the two states are split into a higher energy state
(antiparallel to the magnetic field) and lower energy state (parallel to the magnetic field), and the
phenomenon is known as the Zeeman effect. In EPR spectroscopy, a transition is induced between
the two spin states by irradiating the paramagnetic sample with microwaves. The transition energy

(AE) between the two spin states, which is also known as the Zeeman splitting energy is given by

AE = gugB = hv (3.4)

where g is the Landé factor (or g-factor) , up is the Bohr Magneton (constant), B is the strength
of the applied magnetic field, h is Planck’s constant and v is the resonance frequency of the

microwave radiation.

Since the splitting energy is linearly proportional to the magnetic field strength, a common way of
measuring the EPR spectrum of a sample is by keeping the frequency of the electromagnetic wave
constant, and scanning through the magnetic field. Thus, when the splitting energy at a specific

magnetic field matches the irradiation energy, the spin of the unpaired electrons in the sample is
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flipped, with the absorption of the photons as shown in Figure 3.3. The strength of the absorption
signal can then be used to quantify the number of unpaired electrons. Additionally, since the g-
factor is characteristic of a particular paramagnetic species and its local environment, the nature of
the species can also be investigated with this measurement technique.

€ AE = hv = gu,B

A Absorption

/\/ 1% derivative

B——>

Signal

Figure 3.3. Schematic illustration of Zeeman splitting of the energy levels of an unpaired electron
under an applied magnetic field. An EPR signal is generated by tuning the microwave frequency
(v) of the incident beam and the strength of the magnetic field (B) to achieve the resonance condition
and induce a spin-flip with the absorption of microwaves. Typically, the first derivative of the
absorption curve is acquired and reported.

EPR measurements and analysis were done by Dr. Claudia E. Tait (Berlin Joint EPR Lab, Freie
Universitat Berlin). Room temperature X-band continuous-wave EPR measurements were
performed on a Magnettech MS5000 spectrometer with a liquid-nitrogen-based temperature-
control unit. 25 pl of the doped/undoped solutions were transferred into a 2.9 mm OD, 2.0 mm ID
quartz EPR tube inside a glovebox, and the tube was then sealed with Critoseal™. The
measurements were performed at a microwave power of 63 uW, with a modulation frequency of
100 kHz and modulation amplitudes in the range from 0.005 mT to 0.05 mT, depending on the
sample. The number of spins (i.e. spin concentration) was determined from the comparison of the
double integral of the experimental spectrum with that of a reference sample of known spin
concentration (TEMPOL, stable nitroxide radical, in toluene), taking the experimental settings and
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the Q-factor of the resonator into account. Further details about the measurement procedure and

data evaluation are provided in our corresponding joint publication4.

3.1.3 Atomic Force Microscopy

The topological mapping of the doped and undoped films was done using an atomic force
microscope, in tapping mode. Figure 3.4 shows the basic setup of an AFM. It consists of a flexible
oscillating cantilever with a microscopic tip at one end, which scans across the surface of the
sample and records the height profile at a nanometer scale. The interactive forces (e.g. van der
Waals) between the tip and the sample lead to deflections of the tip (and changes in oscillation
amplitude), which is detected by the change in the position of the laser beam on the photo detector.
A feedback loop between the photo detector and the cantilever notes the change in the oscillation
amplitude, and accordingly shifts the cantilever up or down such that the initial amplitude is
maintained, thus mapping the topography of the sample.

Quadrant photo detector

A B

¢ D Laser beam

Tip deflection N\ Cantilever

Sample

Figure 3.4. lllustration of the main components and the working principle of an atomic force
microscope.

The AFM images presented in this work were recorded using a Solver SPM, NT-MDT atomic force
microscopy setup, operated in tapping mode. The films were spin/dip-coated from solutions onto

clean glass substrates inside the glovebox, and measured in ambient air.

3.1.4 Grazing Incidence X-ray Diffraction

If a material is crystalline enough, the packing behavior (i.e. the spacing between the repeating
entities) within the crystallites can be studied by X-ray diffraction on thin film or powder samples.
This is based on Bragg s law which states that when X-ray beams of a monochromatic wavelength
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A are impinged on a sample with atoms (or molecules) arranged in a regular pattern (with an
interplanar distance d), strong reflected X-ray beams are detected at specific angles (6) due to the
constructive interference of the reflected beams. Importantly, this constructive interference occurs
only if the product of the interplanar spacing (d) and the angle of incidence is an integer multiple

(n) of the incident wavelength 4 as per the Bragg equation:

nAd = 2d sinf (3.5)

Since rreP3HT is a semiconducting polymer that is known to self-assemble, this principle can be
used to study the packing motif within the crystallites. Typically, a grazing incident angle is used
to probe thin polymer film samples in order to 1) reduce the X-ray penetration depth (and thereby
reduce the X-ray absorption/reflection from the Si substrate) and 2) reduce the beam-induced
damage of the sample (by reducing the X-ray flux on a sample area). Figure 3.5 shows the
schematic of a GIXRD setup for thin film characterization.

\ncident bea™

Substrate

Figure 3.5. Schematic illustration of grazing incidence X-ray diffraction from a rreP3HT film,
showing out-of-plane scattering from the lamellar stacks within the crystallites (not to scale).

The GIXRD measurements presented in this thesis were carried out by Dr. Ingo Salzmann at the
synchrotron radiation source BESSY 11 of the Helmholtz-Zentrum Berlin for Materials and Energy
(HZB), using the KMC-2 beamline equipped with a VVantec 2000 area detector. The primary beam

wavelength was 1 A and the angle of incidence was set to 0.2°.
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3.1.5 Conductivity

The electrical conductivity of a material can be easily estimated by applying a potential difference
across two points on the sample and measuring the current flow between them. This is the basic
principle of current-voltage (I — V) measurements of a sample. From Ohm’s law, the conductivity

(o) of the film can be estimated as follows:

L1
o= (7) =
where [ is the film thickness, A is the cross-sectional area, V is the potential drop, and I is the
current flow. One disadvantage of this basic approach is that the contact resistance between the
measurement probe and the sample is also included in the total resistivity (and conductivity)
measured. Therefore, the alternative 4-point probe method is commonly used to accurately
determine the sheet resistance (R,) and conductivity of doped films. The setup consists of 4 equally
spaced probes that linearly contact the film as shown in Figure 3.6. A known current is passed
between the outer probes, and the voltage drop between the inner probes is measured. Due to the
fixed geometry, the sheet resistance (R,) and conductivity (o) of the material without contact

resistance effects, can be estimated as per equation 3.7.

R = m3(7)
ST In2\I
1

O':E

(3.7)
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probes

Doped layer

glass

Figure 3.6. Sketch of a 4 point-probe setup used for measuring the conductivity of a film

Conductivity results shown in this work were performed in inert atmosphere using a home-built
4PP setup. The gold-coated probes purchased from INGUN were arranged with a fixed equal
spacing (a) of ca. 1 mm between each other. An Agilent Semiconductor Parameter Analyzer was
used to supply the current and measure the voltage between the probes. Doped films were prepared
on clean glass substrates in the glovebox, and measured at different points on the sample to get a
reliable value. The film thickness was measured using a surface profilometer (Dektak). A MatLAB
script was used to calculate the sheet resistance and conductivity as per equation 3.7. The reported

conductivity values are an average of 6-8 measurements on the sample.

3.2 Materials and Sample Preparation

3.2.1 Materials:

The majority of the work presented in this thesis was done using the prototypical polymer P3HT
as the host material. Regioregular P3HT (rreP3HT) with > 96 % regioregularity and molecular
weight (Mw) of ca. 36 kDa was purchased from Rieke Metals. Regiorandom P3HT (rraP3HT) with
Mw of ca. 37 kDa and ca. 50% probability of head-to-tail couplings was obtained from Sigma
Aldrich. The p-type dopants 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FsTCNQ) and
trispentafluorophenylborane (BCF), and the protic acid Bis(trifluoromethanesulfonyl)imide
(HTFSI) were purchased from TCI Europe and used as received, without further purification. The
p-type dopant molybdenum tris[1-(methoxycarbonyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene]
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(Mo(tfd-CO2Me)s) was synthesized by Yadong Zhang® according to the procedure described in the
reference®. The chemical structures of these polymers and dopants are shown in Figure 3.7.

regioregular P3HT regiorandom P3HT
{ L ¢
N ] y
Polymers: ]*7 2 s
I -
s 3 1 h,j»—w-\,)j,‘ rreP3HT
] rraP3HT
/ ) -5.25 Mo(tfd-
\ {
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Figure 3.7. Left: Chemical structures of the main polymers and p-dopants used in this work. Right:
HOMO (assumed as negative of ionization potential) and LUMO (assumed as negative of EA)
energy values of the different materials in the solid state estimated by UPS and IPES (except for the
BCF EA, which corresponds to solution data from cyclic voltammetry!*’), taken from the
Iiterature.‘”' 51, 87, 147-149

3.2.2 General Sample Preparation:

All the polymers and dopants were typically stored and handled in an inert N2 atmosphere glovebox
with oxygen and H20 levels typically below 0.5 ppm, but were exposed to air for a short time at
the time of weighing the required amounts into smaller vials (for subsequent solution preparation,
except for HTFSI which was handled exclusively inside the glovebox).

The solutions used for the experiments in Chapter-4 were prepared as follows: The polymer
(rreP3HT) and the dopant (FaTCNQ or BCF) were dissolved separately in spectroscopic grade
chloroform (99.9 % purity, purchased from Carl Roth) or chlorobenzene (99.9 % purity, purchased
from Sigma Aldrich), in inert N2 atmosphere. The undoped rreP3HT and F4sTCNQ solutions were

¢ Yadong Zhang is a member of Prof. Seth Marder’s group, based in the School of Chemistry and Biochemistry and
Center for Organic Photonics and Electronics at the Georgia Institute of Technology, USA
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typically heated to 55-60°C for a few minutes and/or shaken with a mechanical shaker until a
homogeneous solution was obtained. BCF, on the other hand, dissolved easily in these solvents
and hence did not require heating. The typical concentrations of the stock solutions were 2 mg mL"
! for the undoped rreP3HT solution, 0.5 mg mL™* for the FaTCNQ solution and 2 mg mL* for the
BCF solution. Following this, specific volumes of the dopant and polymer solutions (to obtain the
required molar ratio of dopant molecules:3HT repeat units) were added either into a fresh empty
vial or a quartz cuvette (for the UV-Vis-NIR experiments) to obtain the final mixture, i.e. the doped
P3HT solution. For the in-situ absorption experiments shown in Figures 4.2 and 4.4, this step was
done in air by directly adding the specific amount of the dopant solution (or the non-solvent ethyl
acetate) into a 1 mm quartz cuvette containing the polymer solution, manually shaking it and
immediately starting the UV-Vis-NIR measurement. Due to inconsistency in some of the BCF-
doped rreP3HT results and additional experience gained from having handled this system¢, we took
care to ensure consistent light exposure during and after the preparation of the BCF-doped rreP3HT
solution for all subsequent experiments (this is discussed in detail in Chapter-4). Moreover, for all
the subsequent UV-Vis-NIR experiments, the doped and undoped solutions were transferred into

the cuvettes inside the glovebox to further minimize air exposure.

Note that we purposefully ensured that the doped P3HT solutions were prepared and handled only
at room temperature (unless stated otherwise), in order to study the doping level and the
aggregation behavior, both of which are influenced by temperature, ** 1% under comparable

conditions. This is discussed in greater detail in Chapter-5.

The solutions used for the experiments in Chapter-5 were prepared as follows: The polymer
(rreP3HT or rraP3HT) and dopant were dissolved separately in chloroform and mixed according
to the required doping ratios in inert N> atmosphere. The BCF and Mo(tfd-CO.Me)s: doped
solutions were stirred slowly for about 24 h (doped rreP3HT), and 4 h (doped rraP3HT) in the glove
box (with the light on) before being measured. The F4sTCNQ doped rreP3HT and rraP3HT solutions
were measured soon after preparation since the formed species were found to change upon long

duration of stirring. The final P3HT concentration in the solutions was typically 2 mg mL™ (1.25

d Based on the collective experience from my UV-Vis-NIR experiments at the University of Potsdam, and the EPR
experiments performed by our collaborators Dr. Robert Steyrleuthner and Kelvin Yao who were part of the Behrends
group and the Berlin Joint EPR Lab in the Freie Universitat Berlin at that time.
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mg mL? in 1:10 F4TCNQ — rraP3HT, due to the poor solubility of FsTCNQ) unless mentioned
otherwise. This fairly high final concentration ensured that the absorbance (and EPR signal) of the
doping-induced species was above the noise level while, at the same time, allowing for a fairly
small dopant to polymer ratio (eg. 1:100), the latter of which is important to avoid spin-spin
interactions along the same polymer chain. The Mo(tfd-CO.Me)s anion (for UV-Vis-NIR
measurements) was generated by adding a few pL of de-ionized water to neutral Mo(tfd-CO.Me)s
solution (300 pL) in anhydrous tetrahydrofuran.

The solutions for temperature-dependent measurements were prepared in chlorobenzene instead of

chloroform due to chlorobenzene’s higher boiling point.

For the doped films discussed in Chapter-6, three different fabrication techniques have been used:
mixed-solution doping, sequential spin-coating or dip-doping. Figures 3.8 and 3.9 schematically
illustrate these methods. In the traditional mixed-solution doping technique, as described above for
solutions studied in Chapter-4, the dopant and polymer were first dissolved separately in
chloroform. The typical concentrations were 20 mg mL™ for the undoped rreP3HT solution, 0.5
mg mL™ for the F4aTCNQ solution and 5 mg mL™ for the BCF solution. Next, specific volumes of
the dopant and polymer solution were mixed to obtain the doped polymer solution with the required
molar ratio of dopant:3HT. Doped films were then prepared by spin-casting the doped P3HT
solution onto rotating glass, or Si substrates (depending on the application) at a spin speed of 1500
rpm (or 500-600 rpm for thick films) for 50 seconds. Prior to spin-coating, the substrates were
washed with a series of solvents (acetone, Hellmanex®, de-ionized H20 and isopropanol) in an
ultrasonic bath, dried with a jet of N2 and then plasma cleaned to remove any traces of organic
matter or solvents. Note that although the kinetics of charge transfer (doping) between BCF and
rreP3HT were typically slow and influenced by light exposure in the solution-state (as discussed
in Chapter-4), we found that the polaron level in the solid-state was unaffected by either of the

parameters. Therefore the films were typically spun within 1 h after solution preparation.
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Mixed-solution doping
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Figure 3.8. Schematic illustration of the fabrication process of mixed-solution doped films.

For the sequentially doped samples, the first step involved the fabrication of the undoped polymer
film, so the rreP3HT solution (10-20 mg mL™* in chloroform unless stated otherwise) was spin-
coated at ca. 1500 rpm, 50 seconds onto cleaned, rotating substrates. In the second step, the dopant
was introduced into these films through an orthogonal solvent (dichloromethane (DCM)) either by
spin-coating (which we refer to as sequential spin-coating) or by dipping (which we refer to as dip-
doping), as depicted in Figure 3.9. In sequential spin-coating, about 200 pL of the dopant:DCM
solution (with a typical concentration of 0.125-0.5 mg mL™* for F4aTCNQ and 1.25-5 mg mL* for
BCF) was spread onto the undoped rreP3HT film and after waiting for ca. 30 seconds, the film was
spun at 1500 rpm for 50 seconds, thereby rendering the film doped. Dip-doped films were
fabricated by dipping the undoped rreP3HT films into a beaker containing dopant:DCM solution
for the specified duration of time (ranging from 1 minute to 24 hours), and finally giving it a quick
dip in pure DCM (contained in a different beaker) to remove any stray dopant particles adhering to
the film. As a control, the undoped rreP3HT film was also typically dipped in DCM to check for

any solvent-induced changes.
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Sequential doping
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Figure 3.9. Schematic illustration of the sequential doping process, which either involves sequential
spin-coating or dip-doping.

Unless mentioned otherwise, the films typically have a thickness of 45 — 180 nm, measured using

a Veeco Dektak 3T surface profilometer.
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4. Preliminary Investigation: Factors Influencing Polaron Formation in

BCF Doped P3HT Solution

At the beginning of this work, although other groups had previously employed the Lewis acid BCF
as a p-dopant for organic semiconductors, *4*° the actual mechanism of doping was largely
unknown. As mentioned earlier, | investigated the doping mechanism in BCF doped rreP3HT
solutions and films as a part of my master thesis*®, and found that despite the dissimilarities of BCF
and the traditional electron acceptor F4TCNQ, both dopants resulted in ICT with the polymer.*®
However, the BCF doped solutions exhibited low ionization efficiencies and slow charge transfer
equilibration.*® As a result, the preliminary studies of this project were motivated by the aim of
understanding the kinetics of polaron formation in BCF doped solutions, and what factors influence
the doping level in this system. This was of particular importance, since we often faced problems
with inconsistency and irreproducibility of the final doping (ionization) level in BCF doped P3HT
solutions. Therefore the insights from this chapter were crucial for the preparation of consistent

samples, which were then used for the work in Chapter-5.

4.1 Introduction

As stated in the previous chapters, doping of a conjugated polymer leads to the creation of sub-
band gap levels, the presence of which can be verified using UV-Vis-NIR spectroscopy. Figure 4.1
shows the UV-Vis-NIR spectra of undoped rreP3HT, FsTCNQ- and BCF-doped rreP3HT with a
molar ratio of 1:100 (1 molecule of dopant per 100 hexylthiophene units) measured in chloroform
solutions, and the scaled extinction coefficient spectra of the F4TCNQ anion'® and P3HT
polaron*®4° taken from the literature. The undoped rreP3HT solution has an absorption onset at ca.
2.0 eV, with a maximum around 2.5 eV which corresponds to the optical band-gap of rreP3HT
(note that the strong absorption maximum is cut-off in this range due to the detector’s limitations).
Upon doping rreP3HT with F4sTCNQ, new features emerge in the near-infrared (NIR) region,
indicating the occurrence of charge transfer in the system. The low energy feature below 1 eV and
the broad absorption shoulder in the range 1.25 eV — 1.75 eV are collectively attributed to the
dopant-induced positive polaron on the P3HT backbone, and correspond to the P1 and P> transitions
(see Figure 2.11), respectively.!'® The spectrum also exhibits the characteristic twin peaks at 1.4
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eV and 1.6 eV which are assigned to the F4TCNQ radical anion. 3 150 Additionally, the spectrum
shows new resolved peaks at 2.01 eV and 2.18 eV, which correspond to the n-n* absorption of

aggregated neutral P3HT chains.>?

Similar doping-induced sub band-gap signals are formed upon mixing BCF with rreP3HT. The
spectrum shows a clear contribution from the P3HT polaron (absorption below 1 eV and a broad
peak between 1.25 to 1.75 eV), and the neutral P3HT aggregates (ca. 2 eV), but no additional NIR
signal from the BCF anion. According to literature, the BCF radical anion absorption is expected
to occur at about 2.05 eV.*" 15! The absence of this signal in our spectrum implies that it is either
so weak that it cannot be distinguished from the overlapping neutral P3HT aggregate absorption,
or that the BCF is not present in radical anion form due to chemical transformation during or after
the doping process. (In subsequent sections, based on additional experiments and new literature we
will show that the latter situation is more likely.) Nevertheless, the presence of the P3HT polaron
(and F4TCNQ anion in the F4sTCNQ-doped solution) signature indicates that charge transfer occurs
predominantly via the ICT mechanism in the two systems. A detailed analysis of the optical
signatures, the doping level (ionization efficiency) and nature of the species formed in these

solutions is presented in Chapter-5.

100 - ——

E 1:100 FATCNQ - rreP3HT

7] 1:100 BCF - rreP3HT

undoped rreP3HT

0.1

I ! I ! I
1.0 15 2.0 25

Energy (eV)

Figure 4.1. UV-Vis-NIR spectra of undoped rreP3HT, 1:100 ratio F4TCNQ-doped rreP3HT and
BCF-doped rreP3HT solution (in chloroform). The ratio 1:100 corresponds to 1 dopant molecule
per 100 repeat units of 3HT. The dotted lines correspond to the scaled extinction coefficient spectra
(e x 1.2 x 10°) of the F,TCNQ radical anion and the P3HT radical polaron taken from the
literature*®: 1%,
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A recurring observation during the preparation of BCF doped solutions was that the charge transfer
process was quite slow compared to that in F4sTCNQ doped P3HT. Figure 4.2 shows the UV-Vis-
NIR spectra of 1:10 ratio F4sTCNQ- and BCF-doped rreP3HT solutions in CF, measured soon after
doping (mixing) and at specific time intervals over the next few hours. Both UV-Vis-NIR spectra
show ICT features. Due to the high doping ratio, the shoulder at 1.25 eV corresponding to the P
transition of the P3HT polaron in the FsTCNQ-doped solution is presumably buried under the
strong F4TCNQ anion absorption. Importantly, in this system, strong doping-induced signals are
observed immediately upon doping, and remain stable with time (see Figure 4.2b). In BCF doped
rreP3HT on the other hand, the P3HT polaron signal increases sublinearly by one order of
magnitude from the time of preparation (first measurement) to after ca. 20 h, beyond which it
remains stable. Notably, the increase is strongest in the first few minutes and hours, and saturates
after 20 h. Moreover, we see that with BCF doping, the increase in the P3HT polaron signal with
time, is accompanied by an increase in the aggregation signal at 2.0 eV. Therefore, our first idea

was to check if pre-aggregation of the P3HT chains can improve the kinetics of BCF doping.
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Figure 4.2. UV-Vis-NIR spectra of FsTCNQ-doped rreP3HT (a) and BCF-doped rreP3HT (c) with
the ratio 1:10 measured at different time intervals. The evolution of the F,TCNQ anion or P3HT
polaron absorption signal (OD/d at a specific energy (red dotted line)) with time is plotted in (b)
and (d).

4.2 Influence of pre-aggregation

In many conjugated polymers such as poly(p-phenylene) and polythiophenes, doping is typically
accompanied by polymer chain stiffening (as seen by the increase in the aggregate signal at ca. 2
eV in Figures 4.1 and 4.2a, 4.2c). This is because oxidation of the polymer chain leads to structural
deformations that result in a partial quinoid conformation in some sections of the chain® (see Figure
4.3a). Since the quinoid form is characterized by stiff double bonds on the backbone that restrict
rotation (unlike the single bonds in the aromatic form), ordered structures known as doping-induced
aggregates are formed already in solution. McFarland et al. have demonstrated that the chain
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conformation in rreP3HT solutions has a significant influence on the kinetics of charge transfer
doping.®* For example, rreP3HT in its aggregated “nanowisker” form undergoes p-doping with
FsTCNQ at a much faster rate than completely solubilized rreP3HT chains.® This difference in
charge transfer kinetics is mainly attributed to the lower oxidation potential of ordered P3HT
compared to disordered P3HT chains.'®*1* Moreover, the presence of aggregates is also attributed
to increased doping (ionization) efficiency, due to improved charge delocalization in the

aggregated sections.113 15215

Aggregate formation in an undoped polymer solution is typically induced by the introduction of a
marginal solvent, which interferes with the polymer-(good)solvent interaction and drives the chains
into self-organization (known as solvent-induced aggregation).®*1%° For example, when dissolved
in a good solvent like CF, undoped rreP3HT chains typically adopt a random coiled conformation.
This is confirmed by the featureless UV-Vis-NIR absorption at ca. 2 eV in Figure 4.3, which is
assigned to the absorption from a distribution of conjugated P3HT lengths.1®° With the addition of
ca. 5 vol% of the non-solvent ethyl acetate (ETA) to the undoped rreP3HT solution, some of the
chains undergo planarization and aggregation,® as confirmed by the increase in the aggregate
absorption signal at 2.03 eV in Figure 4.3. Therefore, we used this method to study the influence
of pre-aggregation on the kinetics of BCF doping of rreP3HT in solution, the results of which are

depicted in Figure 4.4.

(a) Doping-induced aggregation: (b) Solvent-induced aggregation: (c)

| BCF-doped rreP3HT

CeHs
Aromatic Structure: h_[.:‘-f 'n
(undoped P3HT)

CgHs
Quinoid Structure:
(p-doped P3HT)

Good solvent 4| Dissolved chain

@« Non-solvent rreP3HT
T

/ffjl‘-! Aggregated chain 0.01

T T T 1 T
1.0 1.5 2.0 25 3.0
Energy (eV)

Figure 4.3. a) Change in the structure of P3HT chains from its aromatic form which has a higher
rotational freedom in the undoped state to the quinoid form where rotation between repeat units is
restricted by the double-bond which is created upon p-doping. b) Schematic of solvent-induced
aggregation of dissolved polymer chains, which is caused due to the presence of non-solvent
molecules. ¢) UV-Vis-NIR solution spectra (in CF) of undoped rreP3HT (black), 1:100 BCF-doped
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rreP3HT (blue) and rreP3HT with 5 vol% ETA (pink), indicating dissolved/coiled chains, doping-
induced aggregates and solvent-induced aggregates respectively

Figure 4.4a and 4.4b show the UV-Vis-NIR spectra of regular (non-aggregated) rreP3HT solution
(cuvette-1) and pre-aggregated rreP3HT, the latter of which was prepared by adding ca. 0.5vol%
of ETA to the polymer solution (cuvette-2) in air. As expected, the aggregate signal at 2.03 eV
increases (pink dashed lines) with the addition of the non-solvent, thus indicating solvent-induced
aggregation of the chains. The gradual increase of the signal implies that it is a slow process. Upon
doping with BCF, both solutions show the characteristic P3HT polaron bands between 1.25 eV to
1.8 eV as well as the doping-induced aggregate feature at 2.03 eV, thereby indicating ICT. In order
to follow the kinetics, the aggregate absorption signal at 2.03 eV and the P3HT polaron signal at
1.75 eV are plotted as a function of time, and shown in Figure 4.4c and Figure 4.4d respectively.
Note that the aggregate kinetics is plotted from the time of the first measurement of the two
solutions: corresponding to 1 minute after BCF addition in cuvette-1, and 1 minute after ETA
addition in cuvette-2. On the other hand, the polaron kinetics is plotted from the time of BCF

addition to the two cuvettes.
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Figure 4.4. UV-Vis-NIR spectra of non-aggregated (a) and pre-aggregated rreP3HT (b) solution
doped with BCF in the ratio 1:10 (BCF:3HT) in CF. The evolution of the aggregate signal (at 2.03
eV) with time in both solutions is plotted in (c) (refer footnote €) and the evolution of the polaron
signal (at 1.75 eV) with time is plotted in (d). The solid symbols in (c) and (d) refer to the
experimental OD/d value; the black lines connecting the data-points are guides to the eye. (Note
that some spectra are omitted in (a) and (b) to avoid overcrowding of the lines, but the corresponding

values are considered in (c) and (d)).

Let us first evaluate the aggregate kinetics plotted in Figure 4.4c. In cuvette-1 (red curve) which
contains non-aggregated rreP3HT, upon BCF addition, the absorption signal from the doping-
induced aggregates (shaded red) increases from ~0.4 to ~7.0 in the first hour, continues increasing
gradually over the next few hours.® In cuvette-2 (blue curve), the measurements in the first ~2 hours
pertain to solvent-induced aggregation (shaded grey) in undoped rreP3HT. Here, the aggregate

¢ Note that the aggregate signal shown in Figure 4.4c for the measurements after 20 h are most likely underestimated
since the high signal was cut-off by the instrument’s detector, as seen in Figure 4.4a.



signal increases at a slower rate (as indicated by the lower slope) from ~0.28 to ~2.8 in two hours.
With the addition of the dopant to cuvette-2, more chains undergo aggregation, as seen from the
sudden increase in the slope (shaded blue). Notably, in both cuvettes, the magnitude as well as the
growth rate of the aggregate signal coincide within ca. 3-4 hours after dopant addition, which

suggests that pre-aggregation of the polymer chains does not accelerate aggregate formation during

BCF doping. (As mentioned previously, the difference in the magnitude of the signal measured
after 20 h in the two cuvettes, is attributed to instrumental limitations.)

Turning now to the effect of pre-aggregation on the polaron kinetics shown in Figure 4.4d, what
strikes immediately is that apart from the first data point, both the curves (polarons in aggregated
and non-aggregated P3HT solutions) match closely. The difference in the polaron level measured
immediately after doping, could be due to 1) a true pre-aggregation effect, wherein the aggregated
chains improved charge transfer at the initial stages of doping, 2) background doping from ETA,
or 3) an un-related coincidence/anomaly. Since these measurements were performed in ambient air
as opposed to an inert atmosphere, the occurrence of background doping cannot be discounted?6?,
Moreover, the solution is measured in a non-equilibrium state, with each measurement lasting ca.
8 minutes which means that the polaron level measured immediately (1 minute) after doping is
inconsistent. Therefore, we attribute the difference to a combination of factor 2) and 3).

Importantly, these results suggest that the magnitude as well as the rate of polaron formation via

BCF doping is predominantly unaffected by the presence of aggregated chains prior to doping.

This is further demonstrated in the next section.

4.3 Influence of light and solvent

Apart from the slow kinetics of doping, we often faced problems with inconsistency and
reproducibility of the sample during experiments with BCF doped rreP3HT solutions. For example,
the P3HT polaron level in Figure 4.2c and Figure 4.4b differ by nearly an order of magnitude
despite the doping ratio being the same. Moreover, there were instances when the polaron signal
was negligible/absent in the dopant:polymer solution. After repeated trials in which we varied
different parameters such as polymer concentration, pre-aggregation, doping level, oxygen
exposure etc., we realized that the polaron level in BCF doped rreP3HT solutions might be
influenced by light exposure.
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In order to verify this, we prepared doped solutions of three different doping ratios (1:100, 1:40,
1:10 BCF:3HT repeat unit) in a dark room equipped with only a small red LED lamp to be able to
see and conduct the experiment (referred as Experiment-1). The solutions were prepared and
transferred into cuvettes (for absorption measurement) inside the glovebox, so as to avoid contact
with oxygen. The UV-Vis-NIR absorption spectra of the solutions were then measured after ca. 1
h, and 24 h, during which the cuvettes were stored in the dark. Following this, the cuvettes were
exposed to white light (from a standard table lamp), and the absorption spectra were measured
initially and every 30 minutes for ca. 3 h, and finally on the next day (= 48 h since solution
preparation). Thereafter, this experiment was repeated, but this time such that the doped solutions
were exposed to light throughout the preparation, measurement, and storage periods (we refer to
this as Experiment-2). To be able to follow the kinetics, the absorption signal at 1.75 eV (pertaining
to the P3HT polaron) of the spectra in both experiments is plotted as a function of time, and shown

in Figure 4.5.

We see from the graph in Figure 4.5a (Experiment-1) that there is no discernible absorption signal
initially in the three cuvettes that were kept in the dark. The signal remains low even after 24 h,
indicating the absence or negligible concentration of P3HT polarons in the doped solutions.
However, when exposed to light, the same solutions show a strong increase in absorption within
minutes. The signal continues to increase in a sublinear manner over the next few hours and reaches
equilibrium by the next day. This is similar to the results of Experiment-2 shown in Figure 4.5b,
wherein the doped solutions were exposed to light throughout. Already from the first measurement
(ca. 1 h after solution preparation), the solutions display sub-band gap absorption assigned to P3HT
polarons, with the signal strength being proportional to the doping ratio. As before, the signal
increases sublinearly with time, and reaches saturation by 24 h. We note that the final doping level
in the 1:10 and 1:40 ratio solutions that were exposed to light is lower than expected. This is
presumably an experimental error caused by a lower concentration of BCF in the dopant solution

at the time of mixing.
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Figure 4.5. Evolution of the doping-induced P3HT polaron absorption signal (OD/d at 1.75 eV)
with time, and light exposure for 1:100, 1:40 and 1:10 ratio BCF-doped rreP3HT solution in
chloroform. In Experiment-1 (a) the samples were prepared and kept in the dark for the first 24 h
and then exposed to light. In Experiment-2 (b) the samples were exposed to light throughout (* the
actual doping level in these solutions may be lower). The final P3HT concentration in all 6 solutions
was 1.78 mg mL™.

Now that it was established that BCF doped rreP3HT solutions require light activation for charge
transfer to occur, we wanted to check whether this is a solvent-selective phenomenon. To that end,
we repeated the above experiment with chlorobenzene (CB) which dissolves both rreP3HT and
BCF well. One set of doped solutions (referred to as Experiment-1) was again kept in the dark for
24 h, and subsequently exposed to light, whereas the other set of solutions (referred to as
Experiment-2) was exposed to light throughout the preparation, measurement and storage stages.
In order to be able to compare the results in CF and CB, all other experimental conditions such as
polymer and dopant concentration, measurement duration were kept the same. The UV-Vis-NIR
absorption of the solutions was measured at different time intervals (initial, after 1 h, 24 h, etc.),
and the absorption signal at 1.75 eV of each spectrum was plotted as a function of time. The results

of the experiments in CB are compared to that in CF and shown in Figure 4.6.

From the polaron kinetics in CB displayed in Figure 4.6a, we see first of all that strong polaronic
absorption is found already from the first measurement (ca. 1 h after preparation), even in the
solutions that were kept in the dark (shaded grey). The absorption signal is found to increase further
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with time despite the absence of light. This is particularly evident for the higher doping
concentrations of 1:40 (which saw an increase from 0.9 cm™ when measured 1 h after preparation
to ca. 4.0 cm™ when measured after 23 h) and 1:10 (which increased from 4.6 cm™ to 8.0 cm™
when measured after 1 h and 23 h respectively). Although this appears to suggest that light might
not play a role in polaron formation in CB, we found that when the same solution was subsequently
exposed to light, the absorption increased from 4.0 cm™ to 6.1 cm™ in the 1:40 ratio solution and
from 8.0 cm™ to 9.9 cm™ in the 1:10 solution, both within 7 h of light exposure (see the slope

change in Figure 4.6a).

The positive influence of light on the kinetics of polaron formation is also validated by the results
of Experiment-2 in Figure 4.6, in which the solutions were exposed to light from the beginning.
Within the first 5 h, the signal is found to increase rapidly from 1.8 cm™ to ca. 5.0 cm™ in the 1:40
ratio solution and from 6.1 cm™ to 9.0 cm™ in the 1:10 ratio solution, and increases further with
time, having reached saturation after ca. 20 h. Importantly, the polaron level in Experiment-1 as
well as Experiment-2 are fairly comparable at ca. 30 h (except in the 1:100 ratio solution in which

the final signal could not be measured due to technical difficulties).

Let us now compare the results in CB to that in CF shown in Figure 4.6b. The most dramatic
difference lies in the maximum polaron level attained in the two solvents, particularly in the 1:40
and 1:10 ratio solutions, which is ca. 2 times higher in CB than in CF. Muller and co-workers
observed a similar behavior in Fa TCNQ doped rreP3HT solutions,>® where the ionization efficiency
was higher in CB than in CF for the same doping ratio. They attributed this to the difference in the
polarity of the two solvents. Since doped solutions contain charged molecules and CF (E¥ (CF) =
0.259) has a higher relative polarity than CB (EN (CB) = 0.188),%%2 some charges are likely to be
screened by the CF, thereby resulting in a lower doping level in the solution.%® Another observation
is that the polaron level increases almost linearly with the dopant concentration in CB, whereas in
CF, the accessible polaron level appears to be limited. Apart from the polaron level, it is also
evident from Figure 4.6 that light exposure is more crucial for charge transfer to occur in CF than

in CB. Although the exact reason for this is still largely unknown, we attempt to explain this in
further sections, based on newly reported evidence on the mechanism of Lewis acid doping.®3

Importantly, these results are consistent with EPR experiments on similar BCF-doped rreP3HT
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solutions performed by Kelvin Yao who was a master student in the Behrends group at the Freie

Universitat Berlin at the time of this work. The EPR results are presented in his master thesis.
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Figure 4.6. Evolution of the doping-induced P3HT polaron absorption signal (OD/d at 1.75 eV)
with time, and light exposure for BCF-doped rreP3HT solution in chlorobenzene (a) and chloroform
(b). The final P3HT concentration in all the solutions was 1.78 mg mL™.

Our final objective in this regard was to check if the duration, and time/sequence of light exposure
affected the polaron level in the BCF-doped rreP3HT solution. The solvent of choice was CF due
to the higher sensitivity of the doped solutions to light (as shown previously), which would allow
for more control of the experimental parameters, and give reliable results. To that end, we
performed an experiment in which we prepared a stock solution of undoped and 1:10 BCF doped
rreP3HT in CF in the dark (inert atmosphere), divided them into different cuvettes, and
systematically varied the conditions they were exposed to, as depicted in Figure 4.7a. For example,
cuvette-3 consists of rreP3HT which was exposed to light for 1 h, after which BCF was added (in
the ratio 1:10 BCF-rreP3HT) and the cuvette was kept in the dark for the remaining 23 h. In cuvette-
4, the rreP3HT was pre-aggregated using ETA and kept in the dark for 1 h. To this, BCF was added
(in the dark), and the solution was stored in the dark for the remaining 23 h. Cuvettes 5-7 consisted
of 1:10 BCF doped rreP3HT which were either stored in the dark throughout (cuvette-5), exposed
to light throughout (cuvette-7), or exposed to a short duration (1 h) of light (cuvette-6). The UV-

Vis-NIR absorption spectra of all the solutions measured 24 h after preparation are shown in Figure
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4.7a. In order to check for any anomalies, the absorption was also measured at other times (e.g.
initially, after 1 h etc.) during the experiment, as indicated by the symbol © in Figure 4.7b.
Therefore, it must be noted that even the cuvettes that were kept in the dark were exposed to light
from the spectrometer in the wavelength range 2500 nm — 300 nm for a short duration (ca. 6

minutes) during the measurement.
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Figure 4.7. (a) UV-Vis-NIR absorption spectra of undoped and 1:10 ratio BCF-doped rreP3HT
(final P3HT conc. 1.5 g L) exposed to different conditions (mentioned in (b)), measured after 24
hours. (c) Photograph of the solutions after 24 h. We can see already by eye that the doped solutions
which were exposed to light (cuvette 7) are much darker in color (thereby indicating a higher level
of doping) than the ones kept in the dark for a long time (e.g. cuvette 5 which was exposed to light
only from the instrument during the measurements).

From the absorption spectra in Figure 4.7a, we see firstly that the sub-band gap signals assigned to
P3HT polarons are found only in the cuvettes containing BCF, which suggests the absence of
unintentional light-induced doping/degradation of the rreP3HT. Although some amount of polymer
degradation/doping cannot be completely ruled out*%- 1% the concentration is most likely very low,

as indicated by the absence of new sub-band gap features in cuvettes-1 and 2.

The second observation is that the P3HT polaron signal (absorption below 1 eV, and between 1.25
to 1.8 eV) in cuvettes-3, 4 and 5, which were predominantly kept in the dark, is very low and at an

identical level. As mentioned earlier, the solutions display some amount of doping-induced signals
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despite being in the dark after BCF addition due to light exposure during the measurement itself.
Since cuvette-3 and 5 differ only in the exposure of P3HT to light prior to BCF addition, their
comparable polaron level implies that light is crucial for the activation of BCF, rather than the

polymer. Moreover, the results also demonstrate that pre-aggregation of rreP3HT chains (as seen
by the increase in the aggregate absorption at 2.03 eV in cuvette-4) does not facilitate improved
charge transfer between rreP3HT and BCF.

The third observation is that both cuvette-6 and cuvette-7 show strong polaron absorption, once
again confirming that light activates BCF for charge transfer with rreP3HT. The optical density at
1.75 eV in cuvette-6 (which was exposed to light for one hour at the beginning) is ca. 3 times higher
than that in cuvette-3 (which was in the dark throughout), whereas that in cuvette-7 (which was
exposed to light throughout) is over 8 times higher than that in cuvette-3. This confirms that the

duration of light exposure is also crucial for BCF doping of rreP3HT.

Deliberate light exposure, or “light soaking” is commonly employed on metal oxides (TiO2 or ZnO)
that are used as electron transporting layers (ETLS) in inverted structure organic solar cells in order
to fill electron traps and facilitate easy charge extraction, thereby improving the performance of
the device.®>1% But this does not explain the mechanism at work in our doped solutions. The
positive influence of light exposure in BCF doped solutions and films was also observed by Ye and
co-workers who used light soaking to improve the doping efficiency and thereby, the conductivity
of BCF doped poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) films, which were used
as hole transporting layers (HTLs) in perovskite solar cells.®” They postulated a frustrated Lewis
pair (FLP)-type of interaction'®’ between the BCF and the PTAA, and attributed the improvement
in performance to an increased concentration of amine (PTAA) free radicals caused by the light
soaking, which then allows for easy charge transfer with BCF and consequently, more amine
cations that contribute to hole transport.®” However, a very recent study by Yurash and coworkers
has shown that the mechanism of Lewis acid doping of conjugated polymers does not follow a
simple electron transfer process between the polymer and dopant, but rather takes place though a
multistep process involving an endothermic rate-limiting polymer protonation step, as suggested
by DFT calculations.®® This seems to be a more likely description of the reaction mechanism in
our BCF doped P3HT solutions. Presumably, light exposure assists in overcoming the energetic

barrier to protonation of the polymer. The possible doping mechanism in BCF doped P3HT in light
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of Yurash et al.’s findings™* is discussed in detail in Chapter-5, along with additional results that

support the protonation mechanism and its influence by light.

4.4 Conclusion

In this chapter, the important factors influencing the charge transfer process in BCF-doped rreP3HT
solution was studied using UV-Vis-NIR spectroscopy. Upon BCF doping, ICT polarons are formed
in rreP3HT solutions, but the charge transfer reaction typically takes place over many hours. First,
the influence of pre-aggregation of the polymer chains on the doping level and kinetics was checked
by adding a small amount of non-solvent to the polymer solution to induce chain aggregation prior
to doping. It was found that the slow kinetics of charge transfer in the doped solution largely
remained unaffected by pre-aggregation of the polymer chains. On the other hand, light was found
to play a critical role on the magnitude of charge transfer as well as the reaction Kinetics. This
influence was more pronounced in chloroform than in chlorobenzene. It was shown that BCF doped
solutions in chloroform prepared and stored in the dark showed negligible amounts of P3HT
polarons even after 24 h, whereas strong polaronic absorption was detected within minutes of light
exposure. In chlorobenzene, although some polarons were formed despite the absence of light, the
kinetics of charge transfer was significantly improved with light exposure. Moreover, the choice
of solvent (i.e. polarity) was also shown to impact the observed doping level in the BCF doped
solution, due to the charge screening effect of the solvent.

Based on the recently reported Lewis acid doping mechanism?%?, it was proposed that light helps
in overcoming the energetic barrier to polymer protonation, which is the rate-limiting step in the
BCF doping process. Although only a brief discussion was presented here, the results serve as an

important basis for reliable sample preparation and evaluation in subsequent chapters.

Importantly, the influence of light exposure (and its duration) on the polaron formation in BCF
doped solutions imply that results from optical spectroscopy (which can also influence the results)
must be interpreted with caution, and ideally accompanied by other non-invasive measurement

techniques, particularly for quantitative estimations.

In a broader context, these findings highlight the importance of understanding the various external
parameters that might influence the results of an experiment. Careful control of the sample

preparation conditions is critical for obtaining reliable and reproducible results.
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5. Comprehensive Analysis of the Optical Signatures of p-Doped P3HT in

Solutionf

As mentioned in Chapter-2, we know that in organic semiconductors, doping occurs either via
integer charge transfer (ICT) or charge transfer complex (CTC) formation.3¢3" In general, ICT is
preferred over CTC formation, since the former directly leads to the presence of ions in the system,

whereas in the latter, the system is still electrically neutral in the ground state. Despite extensive

research over the past years, the exact factors determining the doping mechanism in a given dopant-

host system are still unknown. There is, however, a growing body of research which demonstrates

that the degree of charge delocalization has an influence on the prevalent doping mechanism in a
particular dopant-host system. For example, dopant-polymer systems traditionally exhibiting ICT
have been recently shown to undergo CTC formation when the degree of disorder in the system is
intentionally increased.3®3% 8 |t has also been suggested that a high degree of conformational order
in the host material is required for efficient charge transfer between the host and dopant.1*3

Optical absorption spectroscopy is arguably the most widespread tool for characterizing doping
processes. As explained in section 2.2.4 and demonstrated in Chapter-4, doping induces new sub-
band gap states in the host material, which can be probed by optical spectroscopy. Apart from
revealing differences in the charge transfer mechanism 36-3": %8. & the optical spectrum is also
sensitive to the polymer backbone conformation and intermolecular coupling.* 118 168169 por
example, it has been shown that although polarons on aggregated P3HT chains (rreP3HT) typically
display a P; transition peak below 0.35 eV and a double-peaked P> transition at ca. 1.3 eV and 1.7
eV, the corresponding P1 and P. bands are blue-shifted in non-aggregated P3HT (rraP3HT)
samples.'*® Moreover, the double-peaked P, transition on aggregated rreP3HT chains is found to
transform into a single peak at 1.35 eV in isolated rreP3HT chains and at 1.5 eV in non-aggregated
rraP3HT chains.!® These differences in the optical transitions are mainly attributed to the ability

of the charge to be delocalized along and among the polymer chains (which is easier in rreP3HT

f Results shown in this chapter have been published in ref 146. Arvind, M., et al., Quantitative Analysis of Doping-
Induced Polarons and Charge-Transfer Complexes of Poly(3-Hexylthiophene) in Solution. The Journal of Physical
Chemistry B 2020, 124, 7694-7708.
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compared to rraP3HT). This demonstrates the close interplay between the optical signatures of the

charged species, the structural order and the degree of charge delocalization.

Another prevailing issue is that the exact nature of the doping-induced species observed by optical

spectroscopy is still under debate in the scientific community. For example, the P transition near

1.65 eV in doped rreP3HT films have been assigned to polarons as well as bipolarons.®® 11° This
could be because, 1) the variations in the optical signatures (transitions) of the species are subtle
as such!®, making it hard to identify and differentiate between them without reliable
complementary measurement techniques, 2) the optical transitions of the counter-ion may overlap
with that of the polaron/bipolaron on the host (e.g. in the case of FsTCNQ-doped rreP3HT36: 150,
thereby preventing a clean analysis of the individual signatures and 3) as mentioned earlier, the
optical transitions observed in doped films are also sensitive to the structural order and chain

conformations'*3 11818 which is in turn influenced by the processing conditions®.

Therefore, in this chapter, we address some of these issues by investigating the role of structural
order of the polymer backbone on the optical signature of the doping-induced species and the
prevalent doping mechanism. This was done by performing a comprehensive analysis of the nature
of the doping-induced species formed when (p-) doping the model polymer P3HT in its
regioregular and regiorandom forms, using optical absorption and electron paramagnetic resonance
(EPR) spectroscopy. As mentioned in section 2.2.3, EPR is sensitive to polarons but not CTCs or
bipolarons, and hence serves as an ideal complement to optical techniques. Three different
molecular dopants were considered for this study: the prototypical planar molecule FsTCNQ, the
bulky Lewis acid dopant BCF, and the bulky organometallic complex Mo(tfd-CO,Meg)s.#4-45 51, 59
% Since both the BCF and the Mo(tfd-CO2Me)s anions are found to not absorb strongly in the sub-
band gap region of P3HT (vide infra), the problem of spectral overlap of the P3HT polaron and the
dopant counter-ion is avoided. Complications in the interpretation of the optical spectra arising
from the multiphase morphology in solid films is prevented by selectively studying the processes

occurring in doped polymeric solutions.

The discussion in this chapter is divided into two parts. In the first section we discuss our approach
towards identifying the optical signature and the nature of the different doping-induced species in
doped P3HT solutions. In the second part we present insights into the role of structural order on

the observed optical signals and thereby, the doping mechanism.
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5.1 Identifying the nature of the doping-induced species in p-doped P3HT

5.1.1 Insights from UV-Vis-NIR spectroscopy

Doped rreP3HT

Figure 5.1 shows the UV-Vis-NIR spectra of rreP3HT solutions doped with F4aTCNQ, Mo(tfd-
CO2Me)z and BCF in the ratio 1:100 (one dopant molecule per 100 repeat units of 3-hexylthiophene
(3HT)). This particular doping ratio was chosen as it provides a high enough sub-band gap signal
without compromising the homogeneity of the doped solution. This is especially relevant since
both F4sTCNQ and doped P3HT chains suffer from low solubility at high concentrations. The final
P3HT concentration in the sample after doping was 2 mg mL™ for all three solutions. Additional

details about the sample preparation and measurement are provided in Chapter-3.

While differing in intensity, all three systems exhibit the same NIR features, namely, a low energy
feature extending below 0.5 eV, and a broad shoulder (possibly comprising two peaks) in the 1.25
eV — 1.75 eV range. We assign this to the dopant-induced ICT polaron on the P3HT backbone,
based on previous studies ¢ 118 169 As discussed in section 4.1, the F4aTCNQ-doped rreP3HT
solution additionally shows the characteristic twin peaks of the F4sTCNQ radical anion at 1.4 eV
and 1.6 eV. ¥ 150 |n the case of Mo(tfd-CO,Me)s-doped rreP3HT, although a weak absorption
signal from the Mo(tfd-CO,Me)s radical anion is expected around 1.25 eV and 2.0 eV (see * and
Appendix Figure A.1), it is overshadowed here by the signal of the P3HT polaron. Similarly, the
BCF-doped rreP3HT spectrum is dominated by the signal from the P3HT polaron. As discussed in
Chapter-4, the apparent absence of the BCF radical anion signal could either be due to 1) a weak
oscillator strength of the species, hence causing it to be buried under the P3HT polaron signal or
2) due to the chemical transformation into other species 147163 which do not absorb in the spectral
region of concern. Lastly, unlike the undoped rreP3HT spectrum, all three doped rreP3HT spectra

display strong n-m aggregate absorption at 2.02 eV, indicating doping-induced aggregation.*°
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Figure 5.1. UV-Vis-NIR absorption spectra of solutions (in chloroform) of rreP3HT doped with
FsTCNQ, Mo(tfd-CO,Me)s and BCF in the ratio 1:100 (dopant : repeat unit).The dashed grey lines
correspond to the spectra reconstructed using the Beer-Lambert law. The characteristic FA TCNQ
radical anion double peaks (*) are highlighted for reference.

Since all three doped solutions exhibit ICT with rreP3HT, we were able to analyze the spectra to
estimate the ionization efficiency, i.e. the fraction of P3HT polarons formed per added amount of

neutral dopants. This was done using the Beer-Lambert Law:

(0D/d) = €aopant anion + P3HT polaron) X € X X (5.1)

where OD/d is the absorbance normalized to the path length (d) of the cuvette, € is the molar
extinction coefficient of the absorbing species, c is the molar concentration of the applied dopant
and X denotes the fraction of applied dopants that undergoes ionization to form charged polymer
(and dopant anion). The er4reng anion SPECtrUM was taken from literature **°. The €p3u7 poraron
spectrum was estimated as a part of my master thesis*®, with the procedure described also in ref.
Since the BCF and Mo(tfd-CO2Me)s anion signals are absent or buried in our measured spectra,
only the ep3ur poraron t€rM has been considered, and the e4,pant anion term has been neglected for
the corresponding calculations. The spectra were fitted to the experimental curves by determining
the X values that yield the closest fit at 1.25 eV (for the FsTCNQ doped solution) or 1.5 eV (for
the BCF and Mo(tfd-CO2Me)z doped solutions). The reconstructed spectra are shown as dashed
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lines in Figure 5.1. The reference and fitted molar extinction coefficient spectra are shown in the
Appendix (Figure A.2).

These calculations indicate that nearly 66% of the added F4sTCNQ molecules underwent ionization
to form P3HT polarons and FsTCNQ anions, consistent with previous reports.®® On the other hand,
only ca. 35% of the added Mo(tfd-CO.Me)s and 15% of the BCF underwent ionization to form
P3HT polarons in the corresponding solutions. Moreover, we found that Mo(tfd-CO.Me)s
undergoes slow charge transfer with rreP3HT (see Figure A.1), as in the case of BCF-doped
rreP3HT. The differing kinetics of charge transfer could be due to steric hindrance between the
dopants and the polymer chains* %°, but could also be caused by the energy level offsets. For
example, Mo(tfd-CO2Me)s has a lower EA (~ 5.0 eV) compared to F4sTCNQ (EA ~5.24 eV), which
would imply a smaller driving force for electron transfer from the P3HT HOMO. In the case of
BCF doping, as discussed in Chapter-4, the additional endothermic protonation step which is
believed to occur®® presumably poses additional kinetic barriers to the charge transfer reaction. As

demonstrated in section 4.3 and below, light exposure appears to improve the ionization efficiency.

Importantly, despite the very different chemical nature and shape of the three dopants, and possibly
a different pathway for polaron formation, the shape of the dopant-induced NIR absorption is
identical for all three dopant molecules (see also Figure A5.2). Since the P3HT polaron spectrum
is sensitive to the degree of charge localization and interchain interaction,> the insensitivity of the

doping-induced NIR spectra to the choice of the dopant provides first evidence of a very similar

nature and environment of the doping-induced species in rreP3HT solution.

Doped rraP3HT

On the other hand, the optical spectra of doped rraP3HT solutions reveal several differences

compared to the results obtained with rreP3HT.

Let us first consider the situation in F4TCNQ-doped rraP3HT. The UV-Vis-NIR spectra of 1:100
and 1:10 ratio FaTCNQ-doped rraP3HT solutions are shown in Figure 5.2a. Similar to the doped
rreP3HT samples, the 1:100 ratio doped rraP3HT solution has a final P3HT concentration of 2 mg
mL%, but the 1:10 ratio solution has a lower concentration (1.25 mg mL™) due to the low solubility
of F4sTCNQ. From Figure 5.2a we see that although the doped rraP3HT solutions display
pronounced sub-band gap absorption indicating charge transfer (doping), the shape as well as the
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spectral position differ substantially from those in FsTCNQ-doped rreP3HT. The characteristic
F4sTCNQ anion peaks are almost absent (a faint peak at ca. 1.4 eV is visible in 1:100 F4sTCNQ-
doped rraP3HT). Instead, the sub-band gap absorption of F4aTCNQ-doped rraP3HT consists of a
broad feature between 0.8 and 1.2 eV (probably composed of two peaks), and an additional broad

peak at ca. 2.0 eV. Also, the characteristic peak of P3HT chain aggregation is missing.

Notably, the spectra are very similar to the film spectra of FaTCNQ-doped quaterthiophene (4T),
which was attributed to CTC formation.*® Similar UV-Vis-NIR features (broad absorption bands
ataround 1.1 and 2.1 eV) were also observed in FATCNQ-doped rraP3HT films® and P3EHT films
(a polythiophene-derivative with branched side chains) *8, and were assigned to a CTC. Moreover,
recent simulations of the optical spectra of CTCs formed in FsTCNQ-doped oligothiophenes
display a similar three-peak structure as in Figure 5.2a, though blue-shifted compared to our
spectra.l’* This is reasonable considering that the simulations were conducted in vacuo, whereas

the experimental data shown here are strongly influenced by interactions with the solvent medium.
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Figure 5.2. UV-Vis-NIR absorption spectra of rraP3HT solution (in chloroform) doped with a)
FsTCNQ (1:100 and 1:10), b) BCF (1:100, 1:10, light-soaked 1:10), and c) Mo(tfd-CO,Me); The
spectrum of the doped solution in (c) consists of the superimposed spectra of the neutral dopant and
the undoped polymer, with no new absorption features, thereby indicating that Mo(tfd-CO,Me);
does not dope rraP3HT. (Note: the kink near 1.5 eV in the neutral Mo(tfd-CO.Me)s spectrum is an
artifact due to the detector change in the instrument.)

Let us now consider the UV-Vis-NIR spectra of BCF-doped rraP3HT solutions shown in Figure
5.2b, in comparison to that of BCF-doped rreP3HT (shown in Figure 5.1). The low energy
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absorption in the BCF-doped rraP3HT sample blue-shifts to ca. 0.65 eV (from <0.5 eV in rreP3HT)
and the broad absorption between 1.25 — 1.75 eV is replaced by a single peak at 1.5 eV. Again,
there is no evidence for backbone planarization/aggregation at ca. 2 eV. Moreover, the doping-
induced signal is rather weak for both the 1:100 and the 1:10 solution, indicative of either a low
concentration of doped polymer segments, or the formation of a species with very low oscillator
strength. We were however, able to increase the signal by a factor of two by light soaking/
illumination as with BCF-doped rreP3HT solutions. Once again, no additional peaks which can be

assigned to the BCF anion were observed (in the spectral range considered here).

Similar absorption features as shown in Figure 5.2b have been reported in literature and assigned
to polarons located in amorphous P3HT domains or on individual chains.!!® 169 172 Moreover,
during my master thesis studies, | had observed that upon heating BCF-doped rreP3HT solutions
(in chlorobenzene) beyond 70 °C, the characteristic P3HT polaron absorption in the NIR region of
the spectrum transforms into a broad peak centered around 1.5 eV.*3*° This was accompanied by
the suppression of the P3HT aggregate peak at 2 eV, which suggested that the characteristic NIR
absorption we see in BCF-doped rraP3HT might originate from a more localized P3HT polaron
that is present on individual non-aggregated chains. *® This assignment was recently confirmed by
Mansour et al. who showed that the same absorption features are observed in filtered solutions of
BCF-doped rreP3HT wherein the aggregated P3HT chains have been physically removed.!”

Lastly, the UV-Vis-NIR spectra of Mo(tfd-CO2Me)s-doped rraP3HT shown in Figure 5.2c display
no features in addition to the absorption of neutral rraP3HT and the neutral dopant. Therefore, we
concluded that Mo(tfd-CO2Me)s does not dope rraP3HT, presumably due to the energetic barrier

(IEmapstT = 5.25 eV, EAmogtd-cozme)s = 5.0 eV)®H 14° for charge transfer to occur,

To briefly summarize this section, the UV-Vis-NIR experiments on doped P3HT solutions suggest
that the three different dopants form essentially the same type of doping-induced charge carrier on
regioregular P3HT chains, whereas each dopant interacts differently with regiorandom P3HT
chains. Based on peak assignments reported in literature, the spectral features are assigned to P3HT
polarons (in doped rreP3HT), charge transfer complexes (in F4ATCNQ-doped rraP3HT), and
“localized” P3HT polarons (in BCF-doped rraP3HT). In order to verify our assignment of the
spectral features to the doping-induced species and to gain additional information about the nature

and environment of the species, we turn to EPR spectroscopy.
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5.1.2 Insights from EPR spectroscopy

As mentioned earlier, doping-induced polarons formed via ICT have unpaired electrons in their
ground state whereas bipolarons as well as CTCs are diamagnetic in their ground state. As a result,
samples containing ICT polarons will be EPR-active whereas bipolarons and CTCs will be EPR-
silent. Therefore, if the experimental conditions are kept identical, the qualitative and quantitative
information from EPR and UV-Vis-NIR combined will provide insight into the nature of the

species, and their optical signatures can be confirmed.

Figure 5.3 shows the X-band room temperature continuous wave EPR (cwEPR) spectra of doped
rre- and rraP3HT solutions. These EPR measurements were made in parallel to the UV-Vis-NIR
experiments (shown in Figure 5.1 and Figure 5.2), from the same batch of solutions to enable a
direct comparison between the two sets of data. Since the EPR measurement and data analysis was
not performed by me,? only a brief discussion which is relevant for this thesis is presented here.
The corresponding joint publication'*® contains a detailed description of the EPR measurement

technique and analysis.

Let us first consider the EPR spectra of doped rreP3HT shown in Figure 5.3a. The top half of the
graph compares the signal intensities from the three doped solutions. All three samples show an
EPR signal, thereby confirming the presence of unpaired electrons in the respective solutions.
Notably, the EPR spectrum of the FaTCNQ doped solution has a much higher signal intensity,
indicating a higher concentration of unpaired electrons in comparison to the other two systems. As
mentioned in earlier sections, the shape and position (g-factor) of an EPR spectrum is unique to a
particular paramagnetic species and reveals important information about the local environment of
the unpaired electron. In our case, the Mo(tfd-CO2Me)z and BCF-doped rreP3HT solutions show
an EPR signal at g = 2.0022. Unlike the BCF-doped sample, the Mo(tfd-CO2Me)s-doped rreP3HT
shows an additional signal at g = 2.0085, of equal integrated intensity as the other signal (at g =
2.0022). On the other hand, the F4sTCNQ-doped rreP3HT solution shows an EPR signal at g =

2.0025, superimposed by a partially resolved hyperfine structure”.

9 The EPR measurements and data analysis were done by Dr. Claudia E. Tait (Berlin Joint EPR Lab, Freie Universitat
Berlin)

" Hyperfine structure typically arises from interactions between the e cloud and the magnetic nuclei (in this case N
and °F) that result in additional splitting of the electron spin energy levels and therefore splitting of the EPR line.
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Based on literature,’’* the EPR signal at g = 2.0022 can be assigned to the radical cation on the
P3HT backbone, thereby confirming the presence of ICT polarons in both Mo(tfd-CO2>Me)s- and
BCF-doped rreP3HT solutions. The additional signal in the Mo(tfd-CO2Me)s-doped sample most
likely stems from the Mo(tfd-CO2Me)s radical anion, as others report similar g-values for related
monoanionic molybdenum complexes!’>1’6, Based on additional EPR experiments on the FsTCNQ
radical anion generated in tetrahydrofuran (see Appendix Figure A.3), we assign the contribution
with resolved hyperfine structure in the FATCNQ-doped rreP3HT solution to a small fraction of
free F4TCNQ radical anions in the system (ca. 1% of the observed unpaired electrons). The EPR
signal of free F4sTCNQ radical anions was found to be centered at g = 2.0030. Since our Fs TCNQ-
doped rreP3HT solution shows an EPR signal at g = 2.0025, which is intermediate between that of
the P3HT radical cation (g = 2.0022) and the free FsTCNQ radical anion (g = 2.0030), based on
similar observations reported in literature,*-1"° we infer that the P3HT aggregates in the FATCNQ-

doped solution consist of exchange-coupled' F4TCNQ radical anions and P3HT radical cations.

The lack of an additional EPR signal assigned to a BCF radical anion in the BCF-doped rreP3HT
solution reinforces the notion of a further reaction of this species 47 163, However, the absence of
any other EPR signals apart from that of the P3HT radical cation is inconsistent with the Lewis
acid doping mechanism as proposed by Yurash et al.,!%® according to which we would expect an
EPR signal from a neutral radical on a protonated P3HT chain. This will be addressed in detail in

subsequent sections.

i Exchange interaction is the interaction between two magnetic species (atoms or molecules) that stems from the spin
configuration in the species and arises in the presence of overlap of their electronic wavefunctions.
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Figure 5.3. X-band room temperature cw EPR spectra recorded on solutions of rreP3HT (a) and
rraP3HT (b) doped with Fs TCNQ, BCF or Mo(tfd-CO,Me); in chloroform at doping ratios of 1:100
(and 1:10 for rraP3HT). The signal intensities normalized by Q-factor and modulation amplitude
are compared in the top part of the graphs and the normalized spectra are shown in the bottom part
for comparison of the spectral shapes. The signal from the Mo(tfd-CO;Me)s anion is highlighted by
the dashed grey line. The spectra are shown for a microwave frequency of 9.4 GHz, additional
details are described in the corresponding publication#

Next, we turn to the EPR spectra of doped rraP3HT solutions shown in Figure 5.3b. Notably, the
signal in all three systems are significantly weaker compared to that in rreP3HT for the same doping
ratio (1:100) and P3HT concentration, thereby implying a lower concentration of unpaired
electrons in the solutions. In case of the Mo(tfd-CO2.Me)sz-doped rraP3HT, the signal appears to
consist almost exclusively of a weak signal from the monoanionic dopant (g =2.0085), presumably
formed due to adventitious reduction by water. The BCF-doped rraP3HT solutions show a weak
signal at g = 2.0022 assigned to the P3HT radical cation, and no other signal arising from the BCF
radical anion or other paramagnetic species in the system. The EPR signal of the FaTCNQ-doped
rraP3HT solution comprises the signal from the free F4TCNQ radical anion, and the P3HT radical

cation, but the concentration of spins is significantly lower in rraP3HT, as shown below.

Table 5.1 compares the fraction of P3HT polarons generated per dopant molecule via ICT (i.e. the
ionization efficiency) estimated from the analysis of the UV-Vis-NIR absorption spectra and the
spin concentration obtained by EPR. For the F4sTCNQ and Mo(tfd-CO2Me)z-doped rreP3HT
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samples we find good agreement between the NIR absorption and EPR data when considering that
each ICT yields two radicals (the radical anion of the dopant and the P3HT radical cation), whereas
for the BCF doped rreP3HT sample, the NIR absorption and EPR data match only when assuming
that BCF creates one spin per ICT. This is once again in line with previously reported statements
that the BCF anion undergoes further reaction and is absent in the system.'4" 163 More importantly,
the excellent agreement between the ionization efficiency values from optical spectroscopy and

EPR rules out a significant contribution from bipolarons in these systems.

Table 5.1. Fraction of doped P3HT per added dopant molecule estimated from UV-Vis-NIR and cw
EPR spectroscopy

Doped rreP3HT per dopant molecule Doped rraP3HT per dopant molecule
Dopant UV-Vis-NIR, 1:100" EPR, 1:100° EPR, 1:100° EPR, 1:10°
F.TCNQ 0.66 0.54 +0.05 0.0044 +0.0022 0.0012 +0.0003
BCF 0.15 0.12+0.01 0.0023 + 0.0005 0.0008 + 0.0001
Mo(tfd-CO.Me)s 0.35 0.27 £+ 0.03 0.0002 + 0.0002

# Estimated from the UV-Vis-NIR absorption spectra in Figure 5.1
§ Estimated from the quantitative analysis of the EPR spectra in Figure 5.3 by considering two spins generated per
dopant for FaTCNQ and Mo(tfd-CO2Me)s, and one spin per dopant for BCF-doped solutions. The reported error estimate

corresponds to the standard deviation from individual measurements.

In contrast to the situation in rreP3HT, the corresponding ionization efficiencies of the dopants are
orders of magnitude lower in rraP3HT!, indicating a low concentration of P3HT polarons formed
by ICT in the latter. This is expected in the case of Mo(tfd-CO>Me)s-doped rraP3HT as no
additional doping-induced features were found, also in the UV-Vis-NIR spectrum. In the case of
the F4sTCNQ-doped rraP3HT solutions, the observation of a rather strong NIR absorption (see
Figure 5.2a) despite the low ionization efficiency measured by EPR, is consistent with the

assignment of the corresponding dominant NIR absorption features to a CTC, which would be

I'In this case we report only ionization efficiency values corresponding to EPR data and not UV-Vis-NIR
measurements, due to the lack of extinction coefficient spectra of the doping-induced species observed in rraP3HT.
We instead use this opportunity to estimate the extinction coefficient spectra of the species, as discussed in subsequent
sections.
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EPR-silent. In BCF-doped rraP3HT on the other hand, the low EPR signal strength and ionization
efficiency is consistent with the low absorption strength of the NIR feature (see Figure 5.2b) and
indicates a low concentration of doping-induced P3HT polarons.

To briefly summarize the important findings up to now, the EPR results in combination with the
UV-Vis-NIR results confirm that all three dopants undergo integer charge transfer with
regioregular P3HT in solution, resulting predominantly in P3HT polarons and not bipolarons (for
the doping concentrations considered). In F4sTCNQ-doped regiorandom P3HT solutions, we find a
very low concentration of unpaired electrons despite the strong NIR absorption, indicating charge
transfer complex formation in this system. On the other hand, the consistently low NIR absorption
as well as spin concentration in BCF-doped rraP3HT suggests inefficient charge transfer (doping)
in this system. The absence of any additional EPR signals apart from that of the P3HT polaron in
the BCF-doped rre- and rraP3HT confirms that the BCF anion undergoes further chemical

transformation, but at the same time, raises further questions about the reaction mechanism in play.

5.1.3 Additional evidence from FTIR spectroscopy, protonation experiments and ENDOR

FTIR Spectroscopy on F4TCNQ-doped P3HT solutions

To further validate our assignment of the features in the F4sTCNQ-doped P3HT solutions to ICT

polarons and CTCs, we turned to FTIR spectroscopy.

When F4TCNQ is ionized, the IR bands in the C=N stretching region undergo a red shift with a
magnitude proportional to the degree of charge transfer.!3! The degree of charge transfer(8) can

then be estimated from the equation

21-1
0 0

where v, and v; denote the vibrational frequency of the neutral molecule and the radical anion

respectively, and Av is the frequency shift from the neutral band to the new position. '3
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Figure 5.4 shows the FTIR spectra® of FsTCNQ-doped rre and rraP3HT in solution (CF). The
spectra were recorded (in ambient air) in transmission mode with a Bruker Vertex 70V FTIR
spectrometer, at a resolution of 4 cm™ using 256 scans and an aperture size of 1 mm. A liquid
transmission cell (Omni-Cell system from Specac) with two silicon windows and a 110 pum thick
PTFE spacer was used to contain the doped P3HT solutions. A background spectrum of the solvent
(chloroform), measured under the same conditions was subtracted from all data. The sample
preparation procedure (solvent, polymer concentration, doping ratio etc.) was identical to that used

for UV-Vis-NIR and EPR spectroscopy, the details of which are given in section 3.2.2.

Neutral FsTCNQ has a characteristic C=N stretching band centered at 2227 cm™.%8: 131 Upon doping
with rreP3HT, new peaks emerge, the strongest of which is at ca. 2195 cm™, as shown in Figure
5.4. This peak is widely assigned to FATCNQ radical anions and thereby ICT with the polymer.®®
181 In F,TCNQ-doped rraP3HT on the other hand, the primary peak is centered at ca. 2210 cm™.
As per equation 5.2, for the doped rraP3HT solutions, § amounts to 0.53.

This supports the assignment of the UV-Vis-NIR features in Figure 5.2a to CTCs formed via partial
charge transfer between FsTCNQ and rraP3HT.*® 8% We note that there is also a contribution near
2195 cm? attributed to an ICT fraction in the FaTCNQ-rraP3HT solution (particularly for the 1:100
ratio), and a CTC peak in the FsTCNQ-rreP3HT solution. This implies a coexistence of ICT and
CTC states in the doped samples, as reported in the recent work by Neelamraju et al.®® This finding
was interpreted in terms of the broad density of state (DOS) distribution of the highly disordered
rraP3HT layer, where only a small fraction of the conjugated neutral segments have a sufficiently
low ionization potential (IP) to enable electron transfer to the LUMO of FsTCNQ.*® Our rraP3HT
has a 50% probability for head-to-tail couplings, which would still allow for a small fraction of
sufficiently long head-to-tail coupled segments to undergo ICT. However, since the FTIR spectrum
is dominated by the peak centered at 2210 cm™ we believe that the CTC is the dominant species in
FATCNQ-doped rraP3HT. This validates the assignment of the spectral features in the UV-Vis-
NIR spectra of F4sTCNQ-rraP3HT shown in Figure 5.2a to CTCs.

K The FTIR measurements were performed by Dr. Ahmed E. Mansour (Institut fir Physik & IRIS Adlershof,
Humboldt-Universitdit zu Berlin, Germany).
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Figure 5.4. FT-IR spectra of F4TCNQ-doped rreP3HT (1:100 ratio) and rraP3HT (1:10, 1:100 ratio)
in chloroform solution, in the C=N stretching region of F4TCNQ. The position of ICT (grey) and
CTC (red) bands are indicated for reference.

Protonation of P3HT:

As mentioned earlier, Yurash et al. recently proposed a multi-step process for BCF doping of the
conjugated polymer PCPDTBT.'®® Initially, BCF reacts with traces of water present in the
environment to form BCF-H.O, which is known to be a strong Brgnsted acid that is capable of
oxidizing molecules such as ferrocene (which has a similar ionization potential as rreP3HT).18?
This highly acidic BCF-H>O complex was suggested to oxidize the PCPDTBT polymer via an
endothermic proton-transfer reaction, resulting in a positively charged protonated polymer and a
BCF-OH anion. 1% Following this, the protonated polymer undergoes an exothermic electron-
transfer reaction with a nearby neutral polymer chain (or segment) to form a radical cation
(polaron) and a neutral protonated radical species.'® Since the doping reaction was said to involve
protonation of the thiophene ring of the polymer subunit, 13 a similar mechanism can be envisioned
for BCF doping of P3HT. However, our EPR results of BCF-doped rre- and rraP3HT shown above
indicate the presence of only the P3HT radical cation and no other species. This is inconsistent
with the proposed BCF doping mechanism as described by Yurash et al.,'® according to which we

should expect a second signal from the neutral protonated P3HT radical.
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In order to further investigate the validity of this mechanism for P3HT, we carried out UV-Vis-
NIR and EPR experiments on rre- and rraP3HT solutions doped with the Brgnsted (protonic) acid
dopant bis(trifluoromethanesulfonyl)-imide (HTFSI). HTFSI is typically used as a catalyst in
various chemical reactions®® but has also been used to dope polythiophene derivatives®® 184, which

presumably occurs via pathways involving backbone protonation®: 18,

Figure 5.5a shows the UV-Vis-NIR spectra of HTFSI-doped (rre- and rra-) P3HT solutions' in
comparison to those of BCF-doped P3HT solutions. Both HTFSI- and BCF-doped rreP3HT
solution spectra are nearly identical with regard to spectral shape, suggesting the formation of a
similar species. As per earlier discussions, we assign this to the signature of delocalized P3HT
polarons. The higher absorbance of the HTFSI-doped rreP3HT sample is most likely due to the
higher doping concentration in the solution (see footnote). Likewise, the optical spectra of rraP3HT
solutions doped with HTFSI or BCF are identical, with features assigned to localized P3HT
polarons. The NIR signal in HTFSI-doped rraP3HT was also influenced by time and illumination
(see Appendix Figure A.4). Notably, despite adding similar amounts of HTFSI to both rreP3HT
and rraP3HT, the strength of the corresponding NIR signal is more than an order of magnitude
higher in rreP3HT than rraP3HT.
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Figure 5.5. (a) Comparison of UV-Vis-NIR absorption spectra of rre- and rraP3HT solutions (in
chloroform) doped with BCF and HTFSI (Inset: chemical structure of HTFSI) (b) Comparison of

"' Unlike the BCF-doped P3HT solutions which were prepared according to specific doping ratios (1:100 and 1:10
dopant:host), the HTFSI-doped samples were prepared by directly adding 1-2 crystals of HTFSI to ca. 500 pL P3HT
solution in CF to avoid exposure of HTFSI to ambient air for weighing. Therefore, they most likely have a higher, but
unknown doping concentration.
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X-band room temperature cw EPR spectra recorded on solutions of rreP3HT and rraP3HT doped
with BCF or HTFSI. The signal intensities normalized by the Q-factor and modulation amplitude
are compared in the top part of the graphs and the normalized spectra are shown in the bottom part
for comparison of the spectral shapes.

The EPR results™ of the HTFSI-doped P3HT solutions are in full agreement with those of optical
spectroscopy. We see in Figure 5.5b that HTFSI-doped P3HT solutions (rre- and rra-) show
identical EPR spectra to BCF-doped P3HT, with a single signal at g = 2.0022 assigned to the P3HT
radical cation. No additional EPR signals arising from other paramagnetic species such as the
neutral radical on the protonated chain are detected. Notably, if a neutral protonated P3HT radical
was indeed present, we would expect it to have a different g-value compared to the P3HT radical

cation, due to the differences in spin density distribution on the P3HT backbone.
Nevertheless, these findings are consistent with an overall reaction:
P3HT + HA — P3HT"" + A” + 0.5H;

where HA = BCF-H20 or HTFSI, and A" is the corresponding anion, similar to what has been
suggested for the reaction of ferrocene and BCF-OH..'8? The reaction might proceed in a similar
fashion to that suggested for PCPDTBT,®3 as shown in Figure 5.6, but the absence of additional
EPR signals suggests that the neutral protonated radical species most likely undergo further
reactions to form spin-less products. This could occur via different channels. For instance, two
neutral protonated radicals could react together to eliminate hydrogen and regenerate a neutral
closed-shell P3HT. Alternatively, two protonated P3HT cations could react to give two polarons
and Ho.

™ Measured and analyzed by Dr. Claudia E. Tait
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further reaction

Figure 5.6. Possible reaction mechanism between P3HT units and BCF or HTFSI following
references %% 18 in which the chain is first protonated (brown), leading to the creation of a spin-
less protonated polymer cation and a negatively charged BCF:OH" complex. The subsequent
electron transfer from a neutral chain or segment results in a P3HT radical cation (orange) and a
neutral protonated radical (grey).

In agreement with the UV-Vis-NIR results, the spin count in HTFSI-doped rreP3HT was found to
be nearly two orders of magnitude higher" than that in HTFSI-doped rraP3HT, suggesting
inefficient charge transfer of the dopant with rraP3HT. Importantly, these results suggest that both
BCF as well as HTFSI dope P3HT via similar pathways.

Degree of charge delocalization from ENDOR spectroscopy

A recurring observation in the experiments discussed till now is that all the dopants undergo
efficient ICT with rreP3HT to form P3HT polarons, whereas the ionization efficiency in rraP3HT
is very poor. The optical spectra of the doped rreP3HT solutions in chloroform (with the red-shifted
P transition and the strong aggregate absorption at 2 eV, as shown in Figure 5.1), are reminiscent
of the spectra of highly delocalized P3HT polarons.!!® It has been previously suggested that the
doping mechanism as well as the charge transfer efficiency in a dopant:host system is determined
by the ability of the host to form ordered aggregates and thereby delocalize the charge.!*® 5
Currently, however, there is only limited direct experimental evidence pertaining to the role of

charge delocalization on the mechanism of doping. 2> 1" To address this open question, we

" Spin concentration in 25 L of HTFSI-doped rreP3HT was 8.7 + 0.1 x 10%* whereas 1.6 + 0.5 x 10%% in doped rraP3HT
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employed electron nuclear double resonance (ENDOR) spectroscopy on our doped P3HT

solutions.

In a paramagnetic sample held in a magnetic field, in addition to the electron Zeeman splitting and
nuclear Zeeman splitting of energy levels®, a further shift of the energy levels is caused by the
interaction of the electron spin with the nuclear spin. In the case of an electron spin coupled to a
hydrogen H (I=1/2) nucleus and placed in an external magnetic field, a splitting into four energy
levels results, which can be selectively probed by initiating EPR or NMR transitions (see Figure
5.7). Importantly, the energy differences (verr and vnmr) depend on the strength of the coupling
between the magnetic nuclei and the electron. The ENDOR experiment probes the NMR transitions
through changes in the intensity of the EPR transitions. For a coupled S=1/2, 1=1/2 system, this
results in two spectral lines at frequencies vnmr1 and vamrz, Which are centered at the nuclear
Larmor frequency (vn), resulting from the nuclear Zeeman interaction and split by the hyperfine
coupling (a), as shown in Figure 5.7. Therefore, the stronger the interaction between the electron
and nucleus, the larger the hyperfine splitting between the lines and the broader the ENDOR
spectrum. Hence, a narrow ENDOR spectrum will imply a more delocalized charge, whereas a
broad ENDOR spectrum will indicate a more localized charge in the system. ENDOR spectroscopy
has been successfully used in the past to study the extent of polaron delocalization on the
conjugated polymer backbone, 174 188-189

° Electron Zeeman splitting is caused by the interaction of the electron with the magnetic field and the nuclear Zeeman
splitting is caused by the interaction of the nuclear spin with the magnetic field
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Figure 5.7. Schematic illustrations of a) the energy levels for a coupled electron (S = %) and nucleus
(I = %) under an externally applied magnetic field resulting from electron Zeeman, nuclear Zeeman
and hyperfine interactions b) an ENDOR spectrum with the hyperfine coupling constant (a) and the
nuclear Larmor frequency (v).

Figure 5.8 shows the spectra of Q-band *H Davies ENDOR measurementsP performed on flash-
frozen solutions of doped rre- and rraP3HT in chloroform. We used identical sample preparation
conditions as before, to enable a direct comparison of the optical and ENDOR results. Detailed
information about the measurement parameters and ENDOR analysis can be found in our

publication.4

The ENDOR spectrum in the doped P3HT samples arises mainly from the interaction between the
a-protons on the thiophene rings and the electron spin density on the adjacent carbon atom. Since
the spin density is distributed over multiple thiophene rings, several protons with different
hyperfine coupling strengths contribute to the ENDOR spectrum without clear features that could
be assigned to individual protons. Regardless, the width of the spectrum is still determined by the
largest proton hyperfine coupling and scales with the number of thiophene rings over which the

electron is delocalized.17* 188-189

P The ENDOR measurements and data analysis was done by Dr. Claudia E. Tait
9 Low measurement temperatures are required to 1) obtain reduced relaxation times enabling the ENDOR experiment
with higher signal intensity and 2) prevent averaging of anisotropic interactions due to tumbling in a liquid medium.
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In frozen rreP3HT solution, the overall width of the ENDOR spectrum was found to be identical
irrespective of the size or type of dopant used, as seen in Figure 5.8a. This not only implies a similar
extent of charge delocalization and environment in all four doped rreP3HT systems, but also
supports our postulation that the neutral protonated radical species in BCF/HTFSI-doped P3HT
solutions most likely undergoes further reaction as it would otherwise also contribute to the
ENDOR spectrum. We would expect such a species to be characterized by a reduced extent of spin
delocalization and therefore by a broader ENDOR spectrum. The differences in the central region
of the ENDOR spectrum of each system most likely stem from weak interactions to distant protons

as well as contributions from the dopant anion.

(@) [ regioregular P3HT (b) regiorandom P3HT
1
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Figure 5.8. Q-band *H Davies ENDOR spectra recorded on frozen chloroform solutions of rreP3HT
() and rraP3HT (b) doped with F4,TCNQ, BCF, HTFSI or Mo(tfd-CO;Me)s at doping ratios of
1:100 (and 1:10 for rraP3HT) at a temperature of 10 K. The ENDOR spectra were recorded at the
maximum of the EPR signal of the P3HT radical cation, at a magnetic field around 1213.5 mT (see
our publication*é for additional experimental details). The lower signal-to-noise ratio for the spectra
in b) is due to the significantly smaller number of spin-carrying moieties in doped rraP3HT
solutions.

In contrast, Figure 5.8b shows the noticeably broader ENDOR spectra of frozen solutions of doped
rraP3HT, indicating that the polaron is more localized in these samples. Moreover, the signal
intensity is considerably weaker in these samples. It is, however, important to keep in mind that
the signals measured via ENDOR only correspond to the fraction of the sample that have undergone

ICT (and are therefore paramagnetic in nature), and even amongst that, only the species whose
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spins do not decay very fast". Nevertheless, these results suggest that the concentration of ICT
polarons in these systems is significantly lower compared to rreP3HT, in accordance with our
previous cCWEPR and optical spectroscopy experiments. Further analysis of the ENDOR spectra as
per the procedure described by Aguirre et al. 1" revealed that in our doped rreP3HT solutions, the
polaron is delocalized over ca. 12 thiophene rings, in accordance to what they observed for I,-
doped rreP3HT. On the other hand, analysis of the spectra of the doped rraP3HT solutions indicates
that the polaron is restricted to ca. 6 thiophene rings in this case. A detailed discussion of the
ENDOR results and analysis procedure is outside the scope of this thesis, but can be found in our

joint publication®4,

In general, the results from ENDOR spectroscopy are in close agreement with our findings from
optical spectroscopy. Mainly, these results justify the assignment of the spectral features observed
in doped rreP3HT solutions to delocalized polarons, and the ICT features observed in BCF- or
HTFSI-doped rraP3HT to localized polarons. This once again supports the hypothesis that the ICT
mechanism prevails in systems which are able to form ordered structures and hence delocalize the
charge, whereas inefficient charge transfer processes occur in more disordered systems such as

oligomers and amorphous conjugated polymers.

In summary, the results presented in this section have corroborated several findings from the
previous two sections. FTIR spectroscopy showed that FsTCNQ-doped rraP3HT solutions
predominantly consist of CTCs, thereby confirming the assignment of the UV-Vis-NIR features in
the corresponding solutions to a CTC. The protonic acid dopant HTFSI was found to dope P3HT
in a similar fashion as BCF, forming delocalized polarons in rreP3HT and localized polarons in
rraP3HT. ENDOR results showed that the polaron is indeed more delocalized in doped rreP3HT
than rraP3HT.

With these additional insights, we sought to (re)calculate the molar extinction coefficient spectra

of the doping-induced species observed in our P3HT solutions, as shown in the next section.

" The ENDOR measurements were carried out in pulse-mode and not continuous-wave mode. Paramagnetic species
that relax within the duration of the pulse sequence (ca. 25 ps for Davies ENDOR) do not contribute to the observed
ENDOR spectrum.

79



5.1.4 Estimating the molar extinction coefficient of the doping-induced species

Previously reported values of the molar extinction coefficient spectrum of the P3HT polaron are
likely prone to some degree of error, since they were estimated indirectly, by fitting optical spectra
to a reference based on the molar extinction coefficient of FATCNQ 3649 (see Appendix A section
2). Recalling that by quantitative analysis of EPR data we obtain the actual concentration of
charged P3HT in the doped solutions, we recalculated the molar extinction coefficient of the
doping-induced P3HT polarons by now considering the concentration of P3HT spins measured in
the doped solutions. In the process, we also sought to distinguish the different species that
contribute to the optical spectra of doped P3HT solutions. From previous discussions, we know
that they can be one or more of the following: localized polaron, delocalized polaron, bipolaron or
CTC.

Reqgioreqular PSHT

Figure 5.9a shows the estimated molar extinction spectrum of P3HT polarons on aggregated chains,
which was obtained by dividing the optical spectra of doped rreP3HT solutions by the molar
concentration of P3HT spins in the solutions. The close agreement of the three spectra in Figure
5.9a and the EPR results in Table 5.1 suggests that all three dopants (FaTCNQ, BCF and Mo(tfd-
CO2Me)z) induce the very same polaronic species. In particular, the fact that the shape, peak
position, as well as the oscillator strengths in the optical spectra align closely, rules out to a large
degree the contribution of other doping-induced species to the NIR absorption of the doped
rreP3HT herein.

Since a contribution from CTCs to the spectra in Figure 5.9a can be neglected, we turn to the case
of localized polarons. Mansour et al. have recently shown that solutions of BCF-doped rreP3HT
contain some amount of polarons on non-aggregated chains (i.e. localized polarons), depending on
the doping ratio as well as the absolute polymer concentration of the sample.1® Drawing from their
discussion, our 1:100 ratio BCF-doped rreP3HT solution with an absolute P3HT concentration of
2 mg mL* most likely contains only a small fraction of localized polarons. Besides, in our
experiments we do not find Mo(tfd-CO2Me)s to induce any such localized polarons, as seen from

the lack of charge transfer with rraP3HT (see Figure A.1) and in temperature-dependent
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experiments (vide infra). Therefore, the overall contribution of localized polarons to the molar

extinction spectra of doped rreP3HT shown in Figure 5.9a must be very small.

Next we consider the case for bipolarons contributing to the optical spectra. As per
spectroelectrochemistry results reported in the literature, bipolarons on P3HT are expected to
exhibit a very different shape i.e. a broad spectrum with strong absorption even at lower energies
(no “dip” around 1 eV as seen below), and a peak at ca. 0.7 eV.!%%1%! Such a contribution is
inconsistent with the distinct shape of the optical absorption spectra in Figure 5.9a. Therefore, we
assign the NIR optical absorption of our doped rreP3HT samples in CF entirely to delocalized

polarons on P3HT aggregates.
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Figure 5.9. The molar extinction coefficient of a polaron on a) rreP3HT and b) rraP3HT, determined
using the concentration of spins of charged P3HT (see Appendix Table A.1 for values) obtained
from EPR spectroscopy. Shown in c) is the molar extinction spectrum of the CTC formed between
FsTCNQ and rraP3HT, estimated from the optical absorption spectra of different sets of data with
the assumption that every added dopant molecule forms a complex (Note the different y-scale in
(c)). In all three graphs, the absorption beyond 1.7 eV becomes dominated by neutral, aggregated
and non-aggregated P3HT chains, which will contribute differently to the spectra depending on the
polymer concentration and the degree of aggregation.

Regiorandom P3HT

Similarly, to estimate the molar extinction spectrum of the doping-induced species in BCF- and
HTFSI-doped rraP3HT solutions shown in Figure 5.9b, we divided the optical spectra by the
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corresponding molar concentration of P3HT spins® in the doped solutions. Notably, the calculated
molar extinction coefficient spectrum of the spin-carrying moiety exhibits a reasonably high
absorption strength, comparable to that of the doped rreP3HT samples (see Figure 6b), further
supporting the assignment of the feature to that of a localized polaron on rraP3HT. The differences
in the strength and shape of the spectra of the different samples may on the one hand be due to the
low absolute absorbance of the doped rraP3HT solutions (especially the 1:100 BCF-rreP3HT)
which causes an uncertainty in the background correction. Alternatively, they could also stem from
differences in chain conformation/interactions depending on the doping concentration and nature
of the doping-induced species. Importantly, our experiments showed some evidence for the
coexistence of spin-less doping-induced species in BCF/HTFSI-doped rraP3HT solutions. For
example, although the doping-induced NIR signal of these solutions increased upon light soaking,
we did not see an equivalent increase in the EPR signal (see Appendix Figure A.5). In order to
ascertain that the (also spin-less) protonated P3HT cation which is an intermediate product in the
doping reaction (see Figure 5.6) does not contribute significantly to the molar extinction spectrum
in Figure 5.9b, we turned to DFT.

Time-dependent DFT (TDDFT) calculations' on (protonated) 4T doped by BCF in solution show
that the main effect of protonation is to either distort the molecular backbone of the host or to break
the conjugation, depending on the protonation site (see Appendix A section 7). This typically
results in the segregation of the frontier orbitals and consequently, to a splitting of the first
absorption peak into two excitations at (slightly) lower and higher energies with respect to the
absorption onset of the neutral species. Importantly, we found no evidence of strong sub-band gap
absorption (comparable to that in Figure 5.9b) in any of the considered scenarios (in protonated 4T
or 10T) from the TDDFT calculations (see Table A.2). Therefore, we can be quite certain that the

protonated chains do not contribute strongly to the sub-bandgap feature observed in Figure 5.9b.

Finally, we estimated the molar extinction coefficient of CTCs in F4sTCNQ-doped rraP3HT, shown

in Figure 5.9c. Since EPR does not provide any information about this spin-less species, we

$ On the assumption that each polymer polaron leads to the formation of one spin, based on the EPR, UV-Vis results
in sections 5.1.2, 5.1.3 and DFT results (vide infra)
' The TDDFT calculations and data interpretation was done by Dr. Michele Guerrini (Humboldt-Universitit zu Berlin)
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proceeded by assuming that all the applied dopants form CTCs, based on the FTIR results. The
spectra coincide well, indicating that this is a fairly reasonable assumption.

5.2 Revealing the underlying mechanism of doping: the role of structural order

The molar extinction spectrum of the polaron on rreP3HT shown above highlights an unexpected
result. As seen in Figure 5.9a, the NIR absorption is identical for all three solutions, despite our
results hinting at the presence/occurrence of different interactions between the dopants and the
polymer/solvent. For example, the EPR measurements indicate an exchange interaction between
the rreP3HT polaron and the FsTCNQ anion, but not for the other two dopants. Aside from that,
the lack of a second spin-carrying species in our BCF-doped solution suggests that the formed
radical anion product undergoes further reaction in accordance with previous work.'*’ Still, the

NIR region of the solution spectra appears to be unaffected by these processes.

This is in contrast to the typical situation in solid-state doped rreP3HT films, which often reveal
differences not only in the exact shape of the P> double peak feature, but also in the position of the
P transition, depending on the doping concentration and conditions.!? Given the absence of these
effects in our solution studies, our data suggests that the exact nature and the optical absorption of
the doping-induced polarons on rreP3HT in the solid state is influenced by mechanical strain and
the unavoidable heterogeneity of the solid films. The presence of a solvent on the other hand, will
allow the doping-induced aggregates to relieve any mechanical stress and adopt a
thermodynamically stable conformation, which then enables the formed polarons to delocalize

along, and possibly among, the neighboring polymer backbones.

In rraP3HT solutions on the other hand, the choice of the dopant is found to greatly influence the
type of species formed (and consequently, the optical spectrum). For instance, the planar FaTCNQ
molecule predominantly forms a CTC with the polymer, whereas BCF and HFTSI-doping of
rraP3HT results in the formation of a low concentration of P3HT polarons which are more localized
compared to those in aggregated rreP3HT. The bulky Mo(tfd-CO.Me)s, is consistently found to
not dope rraP3HT, presumably due to the energetic mismatch (IEsapsHt = 5.25 €V, EAMo(fd-co2me)3
~ 5.0 eV)*t ¥° Notably, the absence of a peak at 2 eV (assigned to doping-induced chain
aggregation®® 1”3) in all of the doped rraP3HT solutions shows that the rraP3HT chains are unable

to planarize and form aggregates.

83



From the discussion above, it is evident that rreP3HT and rraP3HT represent extreme cases. This

raises the following questions:

1) Can the type of doping-induced species formed be changed by changing the environment
of the polymer?

2) Will the species (localized polaron, delocalized polaron, CTC) transform from one to
another when the degree of chain aggregation is deliberately modified in the system?

3) Are the species formed in rraP3HT a necessary precursor to those observed/formed in
rreP3HT? (Since prior to doping, rreP3HT chains in solution are also in the twisted (non-
aggregated) conformation like the chains in rraP3HT.)

4) The low doping efficiency in rraP3HT is often attributed to the inability of the rraP3HT
chain to planarize/aggregate and thereby delocalize the polaron.*® This suggests that a high
concentration of polarons cannot be efficiently formed on individual, non-aggregated

chains. Can we further verify/justify this hypothesis?

One simple way to investigate the theories stated above would be with temperature-dependent
measurements on doped solutions. On the one hand, increasing the temperature can improve the
solubility of the compounds due to entropic effects; on the other hand, the additional thermal energy
can induce a larger twist of the backbone, thereby reducing the effective conjugation length of the
polymer chain. Duong et al. and Wang et al. have successfully demonstrated the use of temperature

to control the dopant-polymer interaction in solution as well as films.1% 1%

5.2.1 Insights from heating and cooling BCF-doped rreP3HT

Figure 5.10 shows the temperature dependent UV-Vis-NIR spectra of a 1:100 BCF-doped rreP3HT
solution. For this study, chlorobenzene was used as the solvent since it has a higher boiling point
(~ 130 °C) compared to chloroform (~ 62 °C), which allows for a larger measurement range. The
cuvette was maintained at the specific temperature for ca. 10 minutes (in order for the solution to

equilibrate) before each measurement.

As expected, the spectrum at room temperature (25 °C) in Figure 5.10a is dominated by the
characteristic optical signature of delocalized polarons on aggregated P3HT chains, as in Figure

5.9a. However, with a gradual increase in the solution temperature, the neutral P3HT aggregate
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signal at ca. 2 eV decreases, and the broad double peak (P2) signal between 1.25 eV and 1.75 eV
transforms into a single broad peak at ca. 1.5 eV. Finally, the spectrum at 100°C (seen clearly in
Figure 5.10b) is characterized by a blue-shifted absorption minimum at ca. 1.1 eV, and a broad

peak at 1.5 eV, which is identical to the optical signature of the localized polaron shown in Figure

5.9b.
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Figure 5.10. Temperature-dependent UV-Vis-NIR solution spectra of 1:100 BCF-doped rreP3HT
(in chlorobenzene), showing the heating cycle (a) and the final spectrum after cooling back to room
temperature (b). The vertical dotted lines indicate the characteristic peak positions of the delocalized
polaron (A), the localized polaron (B) and the P3HT aggregate (C). The dashed-grey spectra in (a)
correspond to the spectra reconstructed by the weighted summation of the delocalized P3HT polaron
spectrum and the localized P3HT polaron spectrum (see the main text for details). Select individual

graphs are shown in Appendix Figure A.7.

Based on previous studies,*® 1*¢ the characteristic changes in the optical spectra of doped P3HT
upon heating have been interpreted in terms of a temperature-induced de-aggregation of the P3HT
chains. The optical spectra of the BCF-doped rreP3HT solution at 25 °C and 100 °C are reminiscent
of the two extreme cases of delocalized P3HT polarons and localized P3HT polarons, respectively.
This raises the question as to whether the optical spectra at the intermediate temperatures can be
reconstructed as linear combinations of the respective molar extinction coefficient spectra shown

in Figure 5.9.

Indeed, the dotted lines in Figure 5.10 are the weighted summation of the delocalized P3HT polaron

spectrum and the localized P3HT polaron spectrum (see Appendix Figure A.7 for select individual
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graphs). The fit parameters are given in Table 5.2. As expected, an increase in temperature leads
to an increase in the contribution from the localized polarons on isolated chains at the expense of
the delocalized polarons on aggregated chains. This implies a coexistence of polarons on
aggregated and individual chains (depending on the temperature of the solution), with no evidence

of any other species.

Table 5.2. The fit parameters for the reconstructed temperature dependent BCF-rreP3HT spectra
(shown in Figure 5.10 (dotted lines)), relative to the polaron concentration of the solution at 25 °C
(which is ca. 22 % of the initial BCF concentration)

Solution Aggregated Isolated
Temperature fraction (%) fraction (%)
25°C 100 0
40°C 88 5
50°C 80 10
60°C 60 14
70°C 35 25
80°C 2 35
90°C 0 26
100°C 0 18

Upon cooling the solution from 100 °C, the original absorption peaks (corresponding to polarons
on aggregated chains) are regained slowly, but the process is not entirely reversible. This is

consistent with the notion of an irreversible reaction of the formed dopant species.

Next, we consider the situation in FsTCNQ-doped rreP3HT solutions.

5.2.2 Insights from heating and cooling FaTCNQ-doped rreP3HT

Figure 5.11 shows the temperature dependent optical spectra of a 1:100 F4sTCNQ-doped rreP3HT
solution, in chloroform. Similar to the observation in BCF-doped rreP3HT solutions, the FATCNQ
doped solution undergoes a rapid de-doping upon heating, as evident from the loss in the combined
signal of the P3HT polaron on aggregated chains and the F4,TCNQ anion signal. Cooling the
solution back to room temperature restores the original spectrum, showing that doping and de-
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doping of P3HT with FsTCNQ is reversible to a large extent,? in contrast to the case of BCF-
doping as discussed above. On the other hand, the same system (F4sTCNQ-doped rreP3HT) behaves
quite differently in chlorobenzene, as discussed below.

FATCNQ-rreP3HT in CF

1:100

0.5 1.0 1.5 2.0 25 3.0
Energy (eV)

Figure 5.11. Temperature dependent UV-Vis-NIR solution spectra of 1:100 F,TCNQ doped
rreP3HT, in chloroform.

Before we proceed with discussion of the temperature dependent data, let us first compare the room
temperature absorption spectra of F4sTCNQ-doped rreP3HT in the two solvents, shown in Figure
5.12. Note that both solutions are identical with respect to the doping level (1:100 dopant:3HT)
and the final P3HT concentration (= 2 mg mL™). Compared to chloroform, the solution in
chlorobenzene exhibits no features attributed to P3HT aggregates (e.g. peak at ca. 2 eV), but instead
shows only a single broad P, peak at ca. 1.6 eV (superimposed on the FsTCNQ anion peaks), and
a blue-shifted P transition (at ca. 0.6 eV). Wang et al. report similar absorption spectra for
FsTCNQ-doped rreP3HT solutions in chlorobenzene, ''° and assign the corresponding NIR
features to that of a bipolaron on P3HT chains, based on older studies'®*%. However, the
assignments were made for samples with much higher doping levels (ca. 1:10 in %), in which case
the presence of bipolarons cannot be entirely excluded. On the other hand, we do not expect our
1:100 dopant-polymer ratio solution to contain a significant amount of bipolarons, if at all.
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In fact, the NIR region of the room temperature optical spectrum in chlorobenzene can be
reconstructed by considering that ca. 3 % of the added FsTCNQ dopants form delocalized P3HT
polarons and ca. 23 % of the added dopants lead to localized P3HT polarons. This agrees very well
with quantitative EPR measurements which indicate that in chlorobenzene, ca. 201 % of the
employed F4sTCNQ induce polarons on P3HT chains (see Appendix Figure A.9). Therefore, the
F4TCNQ-doped rreP3HT solution appears to be dominated by localized polarons on isolated chains

in chlorobenzene, whereas the same system in chloroform consists primarily of delocalized

polarons on aggregated P3HT chains.
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Figure 5.12. Comparison of the UV-Vis-NIR absorption spectra of 1:100 F4,TCNQ-doped rreP3HT
solution in chloroform (blue) vs. chlorobenzene (red).

Miller et al. have previously investigated the difference in the optoelectronic properties of
FsTCNQ-doped rreP3HT solutions in chloroform and chlorobenzene.>® Notably, they report a
higher degree of aggregation (and hence stronger doping) in a chlorobenzene-based solution than
in a chloroform-based solution, as per UV-Vis-NIR measurements.>®As mentioned in section 4.3,
they attributed this to the difference in the polarity of the two solvents. However, their results are
in direct contradiction to our observation for this system, since our UV-Vis-NIR spectra shown in
Figure 5.12 clearly demonstrate a stronger peak at 2 eV (attributed to P3HT aggregates) in
chloroform than in chlorobenzene. A closer look at the experimental conditions of the other work,>®
offers a possible explanation for this discrepancy. Apart from the difference in the final polymer
concentration (2 mg mL™ in our case vs. 0.012 mg mL™ in ref 5°) which is also deemed to affect

dopant-polymer interactions and the degree of aggregation,'’® the UV-Vis-NIR measurements by
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Miiller et al. were performed on doped solutions maintained at 50 °C. Previous studies 8 119 13 gg

well as the results presented herein demonstrate that the temperature of the solution significantly
influences the degree of aggregation, the type, and concentration of dopant-induced species. Hence,
we believe that at room temperature and intermediate polymer concentrations of 2 mg mL™,
F4TCNQ-doped rreP3HT chains are more solvated in chlorobenzene than in chloroform. (We note,
however, that the solvent polarity also plays a role on the degree of dopant-host interaction,> as
discussed in section 4.3 for BCF-doped rreP3HT solutions.)

Returning now to the influence of temperature on the doped solutions, Figure 5.13 shows the results
of the temperature dependent measurements on 1:100 ratio F4sTCNQ-doped rreP3HT solution in
chlorobenzene. The optical spectra are plotted in Figure 5.13a whereas the evolution in spin count
determined by EPR spectroscopy (normalized to the value at room temperature) is shown in Figure
5.13b. Care was taken to maintain similar experimental conditions (polymer concentrations,
duration of heating, etc.) during both the measurements. Figure 5.13a reveals several differences
compared to the behavior in chloroform. First, we see that upon heating, the shape of the absorption
signal remains unchanged until ca. 60 °C. Besides, the signal strength does not decrease
substantially until ca. 60 °C. However, a further increase in the temperature to 70 °C causes a
sudden decrease in the signal strength (while still not drastically affecting the shape of the
spectrum). Heating beyond 70 °C to 80 °C and above is, however, clearly detrimental for the

dopant-host interaction, as we are left with a broad and nearly featureless sub-band gap signal.
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Figure 5.13. Temperature dependent UV-Vis-NIR solution spectra (a) of 1:100 F,TCNQ-doped
rreP3HT, in chlorobenzene (b) Evolution of the F,TCNQ anion absorption peak at 1.6 eV and the
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average spin count in the solution (from EPR experiments) with temperature. The data have been
normalized to the corresponding value at 25°C before the heating cycle.

Cooling the solution back to room temperature restores the initial spectrum, indicating that the
doping and de-doping process in this system is reversible. Remarkably, the characteristic CTC
absorption signature is discerned in the 35 °C - 45 °C range, but only in the cooling cycle. Analysis
of the NIR region of these spectra (see Appendix A section 10) reveals that, in this temperature
range, the doped solution predominantly consists of CTCs, with up to ~ 40 % of the added dopants
forming CTCs. At even lower temperatures (< 35°C), this signal is superimposed by the absorption
signal from localized polarons and is accompanied by a progressive reduction in the CTC

contribution. This is seen nicely in Table A.3.

A closer look at the evolution of the absorption peak (e.g. at 1.6 eV) with temperature, shown in
Figure 5.13b indicates that the 1:100 F4sTCNQ-doped rreP3HT system exhibits a pronounced
hysteresis in chlorobenzene. From Figure 5.13a we see that although the absorption signal from
the localized polaron is stable up to ca. 60°C in the heating cycle, the corresponding features are
regained only at ca. 30 °C in the cooling cycle. This correlates well with the EPR measurements
which shows that the spin concentration in the doped solution follows a similar hysteresis behavior
with temperature, as seen in Figure 5.13b. Considering that the recovery of the localized polaron
signal follows the appearance of the CTC, we speculate that the CTC is indeed the precursor to
localized polarons in F4sTCNQ doped rreP3HT.

5.2.3 Insights from heating and cooling Mo(tfd-CO;Me)s-doped rreP3HT

Finally, we consider the situation in Mo(tfd-CO2Me)s-doped rreP3HT. Figure 5.14 shows the
temperature dependent UV-Vis-NIR spectra of 1:100 ratio Mo(tfd-CO2Me)s-doped rreP3HT
solution in chloroform. Similar to the other experiments, the final polymer concentration is 2 mg
mL? and the doped solution was heated for ca. 10 minutes at each temperature before the

measurement.
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Figure 5.14. Temperature dependent UV-Vis-NIR solution spectra of 1:100 Mo(tfd-CO,Me)s-
doped rreP3HT, in chloroform. Note that Mo(tfd-CO.Me); barely dopes rreP3HT in CB.

As per previous discussions, the NIR absorption signal is attributed to that of the delocalized
polaron on aggregated P3HT chains. Upon heating, the strength of this signal reduces rapidly, with
no apparent change in the shape of the features to indicate a change in the nature of the species.
Already at 40 °C, the spectrum displays only the absorption features of the neutral dopant
superimposed on the undoped rreP3HT spectrum, implying complete de-doping. Notably, although
the de-doping process is rapid (within 10 minutes of heating at each temperature), in the cooling
cycle, the polaron signal recovers slowly over a few hours despite cooling to 25 °C. This is in
agreement with the slow initial charge transfer (doping) process that we typically observe in this
system, as mentioned in section 5.1. Nevertheless, the original signal is recovered completely by

the next day, indicating that the doping and de-doping process is reversible for this system.

The slow recovery of the polaron signal is in line with the hypothesis of an energetic/kinetic barrier
to polaron formation in Mo(tfd-CO2Me)s-doped rreP3HT solutions. This is further supported by
the fact that we did not observe significant NIR absorption signal to indicate doping in Mo(tfd-

CO2Me)s-doped rreP3HT solution in chlorobenzene.

5.3 Conclusion
In this chapter, the optical signatures and doping mechanism in p-doped P3HT in solution were

comprehensively studied with the aim of elucidating 1) the actual nature of the doping-induced
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species observed via optical spectroscopy and 2) the factors influencing the doping mechanism and
ionization efficiency in a dopant:host system. This was accomplished by employing high resolution
UV-Vis-NIR, FTIR and EPR spectroscopy on rreP3HT and rraP3HT solutions doped with three
different dopants: F4sTCNQ, BCF and Mo(tfd-CO2Me)z that vary in shape/size and doping
mechanism. This allowed us to unambiguously identify three distinct optical signatures of P3HT,
assigned to delocalized polarons (formed via ICT), localized/isolated P3HT polarons (via ICT),
and charge-transfer complexes, and estimate their molar extinction coefficient values. Notably, we
found that all three dopants consistently form the same predominant species (i.e. delocalized
polarons) in rreP3HT solution at room temperature, where the polymer chains are free to aggregate.
However, when the ability of the polymer chains to aggregate is suppressed, either due to steric
effects (as in rraP3HT), or by heating of the polymer solution, the polymer-dopant interactions
become more critical, leading to reduced doping (ionization) efficiency, and/or CTC formation.
Using ENDOR spectroscopy, we were able to provide direct experimental evidence of higher
charge delocalization in doped rreP3HT compared to doped rraP3HT, thereby demonstrating that
the local morphology in the polymer chain has a stronger influence on the doping mechanism than

the shape or size of the dopant molecule.
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6. Doped Polymer Films: Correlating the Morphology and Charge

Transport

In the previous two chapters we looked at the various parameters influencing the charge transfer
mechanism and efficiency in doped polymeric solutions. This was important in order to isolate the
interactions between the dopant molecules and the polymer chains, and exclude the influence of
the morphological changes (e.g. aggregation or crystallization) occurring between the polymer
chains during film formation. However, the ultimate goal in this field is to realize controlled,
efficient doping of polymeric films that can then be implemented in devices. This requires a
thorough understanding of not only the fundamental dopant-host interactions , but also the

influence of crystallinity and morphology? on the optoelectronic properties of the doped film.

As stated previously, | first investigated the BCF:rreP3HT system during my master thesis work*®,
wherein we conducted preliminary optical, morphological and electrical studies on BCF-doped
rreP3HT films in comparison to the prototypical F4sTCNQ-doped rreP3HT system, and found BCF
to be a promising candidate for p-doping P3HT. Importantly, despite the low ionization efficiency
of BCF (~ 13%) when compared to FsTCNQ (~ 66%) in rreP3HT solutions (as shown also in
chapter 5), both systems exhibited integer charge transfer and similar high ionization efficiency
(ca. 40-50%) in solid-state films.* This is shown in Figure 6.1, in which similar levels of sub-band
gap absorption are observed at a particular doping level, for both dopants. This was markedly
different from the observation in doped solutions (see Figure 5.1). Preliminary morphology studies
showed improved film quality in BCF-doped rreP3HT samples compared to FaTCNQ-doped films.
However, other aspects such as the packing behavior of this bulky dopant in the polymer matrix,
were not yet investigated. Aside from that, there was growing interest in alternate processing
techniques, such as sequential doping, which enable the fabrication of doped films with
significantly improved film quality and consequently, high charge conductivity compared to the
traditional mixed solution doped films.**1This raised the question as to whether bulky dopants
such as BCF could also be incorporated into films via sequential processing, particularly from

solutions.
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Figure 6.1. UV-Vis-NIR spectra of Fs,TCNQ- and BCF-doped films (prepared by the conventional
mixed-solution doping technique), showing similar absorption intensities for a particular doping
level. The spectra have been normalized to the film thickness.[Replotted from my master thesis*®]

In this chapter, we present our findings pertaining to BCF doped P3HT films, with a focus on the
interdependence between the film processing technique, charge transport and polymer
morphology. In the first part, we follow up on the previous work done during my master thesis, by
presenting additional insight into the crystal microstructure and morphological changes that occur
upon mixed solution BCF doping of rreP3HT films in comparison to F4aTCNQ doped films.
Subsequently, we evaluate the suitability of two sequential processing techniques — a) sequential
spin coating and b) dip doping for doping rreP3HT films with BCF, and find the latter to be more
effective. We show that dip doping can lead to a 10X improvement in the electrical conductivity
compared to mixed solution doping, and explain this gain by comparing and evaluating the

morphology of the respective films.

The main characterization techniques used to investigate the doped films in this chapter are optical
(UV-Vis-NIR and photoluminescence) spectroscopy, GIXRD for the studying the packing
behavior within the P3HT crystallites, AFM for the film morphology and 4PP for conductivity

measurements.

6.1 Morphology and charge transport in BCF doped rreP3HT films
The first step at the beginning of this work was to investigate the crystal microstructure of the
undoped and BCF-doped rreP3HT films. Due to the high percentage of head-to-tail couplings,
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which enables backbone planarization and efficient packing, rreP3HT is able to form ordered
crystallites in the solid state. The resulting packing motif can be nicely observed with X-ray
diffraction experiments.

Figure 6.2 shows the GIXRD images" of undoped rreP3HT films, FATCNQ- and BCF-doped
rreP3HT films, cast on Si substrates from chloroform solutions. The undoped rreP3HT film shows
characteristic diffraction peaks in the out-of-plane (h00), and in-plane (0Oh0) directions. The (h00)
peaks derive from the vertical lamellar stacking'®® (also known as alkyl-stacking) of planarized
P3HT chain segments whereas the (0h0) peak originates from the strong n-w interaction between
the conjugated backbone (i.e. n-stacking) of a folded chain % 1% or between neighboring chains.
The exact position of the diffraction peaks indicate that, within the crystallites in our undoped
rreP3HT film, the conjugated subunits are stacked at a periodic distance of ca. 1.65 nm vertically
(i.e. alkyl-stacking distance) and ca. 0.38 nm horizontally (i.e. n-n stacking distance), as depicted
in Figure 6.2. This agrees well with the data reported in literature for rreP3HT >4 5658 111,195 ‘g

implies a preferential edge-on orientation of the P3HT chains within the crystallites.
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Figure 6.2. a) Grazing incidence X-ray diffraction (GIXRD) images of undoped rreP3HT, mixed-
solution doped 1:40 and 1:10 ratio FaTCNQ-doped rreP3HT and BCF-doped P3HT films. The

Y GIXRD measurements were carried out by Dr. Ingo Salzmann (Humboldt-Universitét zu Berlin)
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dashed-red line is a visual guide assigned to the out-of-plane (300) peak of the undoped film. The
integrated in-plane and out-of-plane intensities of the 2D images are shown in the graph (bottom
left). b) Schematic illustration of the packing motif within the undoped and doped crystallites.

As anticipated, doping leads to changes in the polymer microstructure. Upon doping rreP3HT with
F4TCNQ, the out-of-plane (h00) peaks gradually shift to lower g, values with increasing dopant
loading, indicating an increase in the lamellar-stacking distance from ca. 1.65 nm in the undoped
state to ca. 1.85 nm in the 1:10 ratio doped film. Moreover, in the 1:10 ratio film, the in-plane (010)
peak at ca. 1.7 At splits into two peaks. On the other hand, no such additional features are observed
in the BCF-doped rreP3HT films. In fact, the 1:40 ratio BCF-doped rreP3HT film remains
essentially identical to the undoped rreP3HT film, except for a slight broadening of the peaks,
which could be due to a reduction in the fraction of crystallites. With further increase in the dopant
loading (to 1:10 ratio), the out-of-plane (h00) peaks shift to lower g, values, indicating that the
lamellar-stacking distance increases to ca. 1.85 nm upon BCF doping, but the position and shape
of the in-plane (010) peak remains predominantly unchanged.

The doping-induced changes in the XRD measurements are typically interpreted as changes in the
periodicity within the crystallites due to the incorporation of the dopant molecules into the host
matrix.*0 %8111 114 The increase in the lamellar stacking distance is widely attributed to the presence
of the dopant counterions between the alkyl chains. In the case of our BCF-doped samples, based
on the insights from Chapter-5, in which we demonstrated that the BCF in anion form is most likely
absent in the samples, we instead attribute the increase in the lamellar stacking region in these films
to the presence of BCF-derived byproducts of the doping reaction.

For small dopant molecules like F4sTCNQ, the dopant is believed to also intercalate into the -7
stacks of the host, resulting in the new peak at higher g values (at ca. 0.358 nm in real space).® 1%
1% This hypothesis is predominantly based on the optimized conformation of the FA,TCNQ-4T
complex estimated using DFT,'®” and is further supported by inelastic neutron scattering
experiments on F4TCNQ-doped P3HT films.1%

Recent studies, however, have challenged the idea of dopant-polymer co-crystallization. Hamidi-
Sakr et al. investigated preferentially aligned sequentially doped FsTCNQ-rreP3HT films using
polarized UV — Vis — NIR spectroscopy and found that the transition dipole of FaTCNQ lies
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perpendicular to the polymer chain, which would imply the absence of n-n stacked FATCNQ —
P3HT.'® In another study, Scholes et al. concluded that the FsTCNQ anions reside in the crystalline
lamellar region and the amorphous regions of the polymer instead of intercalating into the n-n
stacks, based on optical and GIWAXS measurements on sequentially doped F4sTCNQ-doped
rreP3HT films. % The new peak at higher q (i.e. smaller distance in real space) is instead suggested
to originate from the doped P3HT crystallites which are packed closer as a result of polaron
delocalization.’®? According to this theory, we would expect an additional peak in the (OhO)

direction in our BCF-doped rreP3HT films, which is, however, absent.

One possible argument for the absence of these features could be that the bulky structure of BCF
hinders efficient n-m stacking and polaron delocalization. A close comparison of the (010) peak
positions in the GIXRD data of our undoped and 1:10 BCF-doped P3HT films (see Appendix
Figure B.1) shows that there is indeed a small reduction of A ~ 0.06 A in the n-7 stacking distance
upon BCF doping. This agrees well with the findings of Liu et al., who conducted electron
diffraction (ED) studies on P3HT films doped with the bulky Mo(tfd-CO.)Mes dopant, and found
a similar decrease (A ~ 0.08 A) in the n-r stacking distance after doping.?®® Notably, the Mo(tfd-
CO2)Mes-doped films also exhibit only a single in-plane scattering peak.2%° Their DFT calculations
revealed that the shift to lower n-n stacking distances is consistent with the presence of a charge
on a 5-unit thiophene dimer (equivalent to a 1:10 doping ratio), irrespective of the size or type of
the dopant, 2°° which fits well to other experimental reports.?°1-292 Additionally, the magnitude of
the deviation of the n-n stacking distance in a neutral dimer to that in a charged dimer is shown to
depend inversely on the length of the dimer. ?® This suggests that the F4TCNQ-doped rreP3HT
films display two well resolved in-plane peaks due to the localization of the charge on a shorter
chain segment. On the other hand, the charge on the BCF-doped film shown here, and on the other
systems reported in the literature,?°%-292 which display only a single peak, may be more delocalized,
whereby both the neutral crystallites as well as the doped crystallites have similar n-n stacking

distances, which are mutually indistinguishable in the scattering experiments.

Notably, our preliminary ENDOR experiments on doped rreP3HT films hint at an identical proton
hyperfine coupling strength in BCF and Mo(tfd-CO,)Mes-doped films, implying a similar degree
of delocalization and environment around the charge (i.e. the P3HT polaron) in these two systems

also in the solid-state (see Appendix Figure B.2). On the other hand, the polarons in the FaTCNQ-
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doped P3HT film seem to be more localized. Although these ENDOR studies were done on films
with a 1:100 dopant:host ratio”, the results appear to support the above hypothesis. Nevertheless,

as these are only preliminary experiments, a concrete assignment cannot be made at this point.

Since only the crystallites within a sample can be probed using X-ray diffraction, we turn to atomic
force microscopy (AFM) to obtain information about the nature and distribution of the amorphous
and crystalline domains within the film. Figure 6.3 shows AFM topography images of undoped
rreP3HT, F4sTCNQ-doped rreP3HT and BCF-doped rreP3HT films spin cast from mixed solutions
in chloroform, measured in tapping mode. The root mean square (RMS) roughness value is
displayed below each image. A common height scale is used (except for the undoped and 1:10
F4sTCNQ-doped rreP3HT image) to allow for better comparison. The undoped rreP3HT film is
predominantly featureless and quite smooth. Upon doping, the picture changes dramatically. The
1:40 F4sTCNQ-doped P3HT film shows strong contrast, with a wide distribution of domain heights.
With further increase of the dopant loading to 1:10, the film quality is severely compromised, as
seen by the large isolated agglomerates and the high RMS roughness value of 50 nm. On the other
hand, no such detrimental changes are observed in the BCF-doped films. At 1:40 ratio, the BCF-
doped rreP3HT film shows characteristic doping-induced nanoscale fibrillar structures, which
appear to be well dispersed in the amorphous P3HT matrix. Doping further to 1:10 ratio leads to a
significant increase in the number of fibrils, while surprisingly still maintaining the film
homogeneity, as indicated by the low contrast and RMS roughness value. These features are clearly
observed in the high resolution topography and phase" images of the respective films shown in

Figure 6.4.

V' Highly doped samples typically undergo fast spin relaxation, which reduces signal intensity and in many cases even
prevents pulse EPR measurements. Therefore, a lower doping concentration is chosen to obtain the optimal signal
intensity.

"W The AFM phase image is derived from changes in the signal amplitude due to the attractive/repulsive forces between
the sample and the cantilever tip. Therefore, the phase image reveals important information about the rigidity of the
sample. In a doped sample, doping-induced polymer aggregates as well as dopant-rich domains may manifest as “rigid”
moieties.

98



FATCNQ 1:1

+ F4ATCNQ

>

Undoped rreP3HT

11 nm

0 10 20 30 40 50 Hm

0 10 20 30 40 50 pum
RMS =50.25 nm

a

BCF 1:10

0nm

0 2 4 6 8 pm
RMS =0.95 nm

+BCF

4 b 0 2 4 6 Bum
RMS = 3.09 nm RMS =2.95 nm

Figure 6.3. AFM topography images of undoped rreP3HT, and mixed solution F,TCNQ and BCF-
doped rreP3HT films, cast from chloroform solutions. The reported root mean square roughness
values of the topography images were obtained from the ND-MDT image acquisition and analysis
software (see Chapter-3 for details). The AFM image of the 1:10 F, TCNQ-doped rreP3HT film was
recorded during my master thesis,*® and has a different length scale.

The close-up topography and phase images shown in Figure 6.4 reveal several differences in the
aggregation mechanism in FaTCNQ versus BCF doped films. In line with previous studies,*® we
see that in the presence of F4sTCNQ, the rreP3HT chains appear to form aggregates of small
globular nanoparticles, which are clearly distinguished in the phase image. Moreover, the doped
chains appear to have a higher tendency to stack vertically, as seen by the large fraction of domains
with height > 18 nm in Figure 6.3 and 6.4.

In comparison, the BCF-doped rreP3HT chains tend towards forming long fibrillar aggregates.
These nanoscale fibers are nicely discerned in the phase image, and can be reconciled with the
strong n-n stacking signal observed via GIXRD (see Figure 6.2). Similar features have been
previously observed in undoped and doped rreP3HT nanowires 2°® and P3HT:PCBM films?%,
Importantly, most of these cases typically involve special processing methods (e.g. self assembly

using poor solvents and slow cooling)?®* for obtaining the highly ordered structures. That BCF
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readily initiates nanofiber formation at room temperature in this system is, however, interesting
and also puzzling. Notably, our preliminary AFM measurements on BCF-doped regiorandom
P3HT films did not reveal such fibrillar structures (see Appendix Figure B.3). This suggests that

steric factors might play a role, and could be a potential topic for further studies.

Undoped rreP3HT FATCNQ 1:40 BCF 1:40

8nm 25 nm

O0nm
o

Figure 6.4. Close-up AFM topography images (top) and the corresponding phase images (bottom)
of the undoped and doped rreP3HT films shown in Figure 6.3. The height scale of each sample has
been optimized to obtain the best visualization of the features.

Having investigated the morphology of the doped films, we turn to study its impact on charge
transport. Figure 6.5 compares the conductivity of FsTCNQ-doped rreP3HT and BCF-doped
rreP3HT films, measured using a home-built 4-point-probe setup. Despite the stark difference in
the film morphology at 1:40 ratio, both films show equal conductivity of ca. 1 S m™. Upon doubling
the dopant loading to a 1:20 ratio, the conductivity of the FaTCNQ-doped film drops sharply to just
0.25 S m, whereas that of the BCF-doped film doubles to 2.5 S m™. A further increase in the
dopant concentration leads to a progressive improvement in the conductivity up to ca. 10 S m* (for
the 1:4 ratio) of the BCF-doped film. On the other hand, the quality of the 1:10 ratio FaTCNQ-
doped film was so severely compromised by dopant-induced aggregation (see Figure 6.3), that it

did not yield a measurable conductivity value.
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It is well known that beyond a certain doping ratio, the conductivity of FA TCNQ-doped rreP3HT
films deteriorates dramatically, as a result of dopant oversaturation and phase segregation.*: 11 |t
is worth noting that although higher conductivity values have been reported previously for similar
(or even higher) doping ratios in mixed-solution doped FsTCNQ-rreP3HT films,>® ! these
measurements were typically taken from samples that were cast from solutions at elevated
temperatures®® 111, Since subsequent reports'!® 1% as well as the discussion in Chapter-5 have

shown that temperature influences the ionization efficiency and the extent of aggregation in the
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doped solution, and consequently, the film,**® we believe the values shown here are reasonable.
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Figure 6.5. Conductivity of BCF and F4TCNQ-doped rreP3HT films measured using the 4-point-
probe technique.

Meanwhile, our results show that BCF-doped films do not suffer from these issues. One reason for
this could be the high solubility of BCF compared to FsTCNQ. However, a more important hint
may lie in the ionization efficiency. We know from the discussion in Chapter-5 that the ionization
efficiency of BCF is about 5 times lower than of F4sTCNQ in rreP3HT solution, whereas both
dopants ionize quite efficiently in the solid-state (see Figure 6.1 and ref*®). This low ionization
efficiency of BCF in solution could be an advantage as it avoids the issue of excessive doping-
induced aggregation in solution, while still retaining the ability to undergo efficient charge transfer
with the P3HT chains during film formation. Therefore, a design strategy for dopant molecules in
the future could be to suppresses ionization in the solution and selectively activate it in the solid-

State.
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The next step was to see if the conductivity of BCF-doped films could be improved further, using

alternative film fabrication techniques such as sequential spin-coating.

6.2. Sequential dip-doping to improve the charge transport

As mentioned previously, several groups have investigated alternative solution processing
techniques such as sequential spin-coating and dip-doping from orthogonal solvents, to improve
the performance of doped films, 4041205208 Ag the orthogonal solvent merely swells the polymer
chains rather than dissolve them, the original polymer morphology is essentially preserved even

after doping.

To that end, we attempted to dope rreP3HT films with BCF via sequential spin-coating, with
dichloromethane (DCM) as the orthogonal solvent. Unfortunately, this technique proved to be
unsuitable for doping with BCF. Control of doping level in sequentially spin-coated films is
typically achieved by varying the dopant concentration in the orthogonal solvent; more polarons
are created in the film by applying a more concentrated dopant solution while spin-coating.*%-4!
Although this works very well for doping rreP3HT films with FATCNQ (see Appendix Figure B.4
and refs 40-41), the UV-Vis-NIR spectra of sequentially spin-coated BCF-rreP3HT films showed
inconsistent and low levels of doping (see Figure B.4). This was presumably due to the bulky nature
of BCF, which prevented quick diffusion through the swollen polymer onto favorable sites for
charge transfer. Therefore, we subsequently pursued dip-doping, in which the undoped polymer
film is dipped into a dopant:orthogonal solvent mixture for a specific duration of time, allowing
for sufficient dopant incorporation into the film. We note that although various groups have
reported on using a series of orthogonal solvents or solvent blends to tune the extent and region of
polymer swelling, and thereby, the doping levels in films,* “° we have used only DCM for our
studies so as to minimize complications arising from unwanted solvent interactions. Similarly,
although P3HT films cast from other solvents such as o-dichlorobenzene and p-xylene have been
shown to have higher crystallinity than that cast from CF,'%2 2% in order maintain consistency and
enable a reasonable comparison with the findings in Chapter-4 and 5, all the films were cast from

CF (unless mentioned otherwise).

Optical spectra of dip-doped BCF-rreP3HT films
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Let us first consider the optical absorption of the dip-doped BCF-rreP3HT films. Figure 6.6 shows
the UV-Vis-NIR spectra of a series of BCF-doped rreP3HT films that were submerged in the
BCF:DCM solution for different durations. Strong sub-band gap absorption, which is assigned to
that of the delocalized P3HT polaron is observed even after a “quick” dip of the rreP3HT film into
the dopant solution. This is accompanied by bleaching of the neutral rreP3HT absorption signal at
ca. 2.5 eV. With increasing dipping time, the polaron absorption signal grows further, but to a much
smaller extent, and saturates within 1 hour. This is quite reasonable because already within 1 minute
(dipping), the polaron level nearly matches that of a 1:10 ratio mixed-solution BCF-doped rreP3HT
film. Presumably, all the available sites in the polymer layer are already occupied by the dopant
within 1h of dipping. This is consistent with the evolution of the film thickness, which increases
upon dip-doping by ca. 11% in the “quick dip” film, ca. 13% in the 1 h doped film, and then remains

constant despite further increase in dipping time.
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Figure 6.6. a) UV-Vis-NIR spectra of BCF-doped rreP3HT films prepared by dip doping. The
pristine rreP3HT films were cast from chloroform, and the films were dipped for a specific duration
in DCM solutions of BCF. b) Reconstructed optical absorption spectra (dashed blue lines) of select
dip-doped BCF-rreP3HT films (see main text for details).

Using the Beer-Lambert law and the molar extinction coefficient spectrum of the delocalized P3HT
polaron shown in Figure 5.9a, we analyzed the optical spectra of selected dip-doped films to
determine the approximate polaron concentration. The fitted curves shown in Figure 6.6b coincide
only to a certain degree with the experimental data. This is because the molar extinction coefficient

was estimated from solution spectra, which already differ slightly from the optical spectra of the
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corresponding solid-state films.3® %° Recalling the discussion in Chapter-5, the Vis-NIR region of
the absorption spectrum is highly sensitive to the backbone conformation and crystallinity,'%2
which presumably causes the mismatch in the fit below ca. 1 eV, at ca. 1.3 eV, and beyond 2 eV.
Therefore, for our estimation, we have considered the best fit at 1.5 eV. Secondly, although
bipolaron formation at high doping levels has been suggested,**> 1% our optical spectra do not
exhibit the characteristic NIR features assigned to P3HT bipolarons that have been reported in the
literature.1%1%! Therefore, we have assumed that the Vis-NIR features in our optical spectra are

derived entirely from delocalized P3HT polarons.

A rough estimation based on the assumptions mentioned above tells us that the polaron
concentration in the “quick dip” sample is ca. 0.07 mol L, and increases to ca. 0.11 mol L within
a minute of dipping. The 24 h sample has a polaron concentration of ca. 0.14 mol L™ In
comparison, the concentration of charged P3HT in the 1:10 mixed-solution doped BCF-rreP3HT
film was found to be ca. 0.16 mol L %, With this in mind, we turn to evaluate the efficiency of

charge transport through the dip-doped films.

Charge transport in dip-doped films

Figure 6.7 shows the 4PP conductivity of 5 batches of dip-doped BCF-rreP3HT films, plotted as a
function of dipping time. Already for 1 minute of dip-doping, we see a higher conductivity than
that of a 1:4 mixed-solution BCF doped film (shown in Figure 6.5), confirming that a higher
conductivity range can be accessed by employing this technique. More importantly, we see that
despite the negligible difference in the sub-band gap absorption of the films beyond 1 h of dip-
doping (see Figure 6.6a), the conductivity of the films continues to increase with dipping time. In
fact, the conductivity of the 24 h dip-doped film is ca. 4 times higher than the conductivity of a 1
h dip-doped film.
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Figure 6.7. 4-point-probe conductivity values of 5 batches of dip doped BCF-rreP3HT films, plotted
as a function of dipping time. The error bars correspond to the standard deviation from the arithmetic
mean (solid symbol) of 6-8 measurements at different positions on the film. The dashed arrow is a
visual guide.

Since the conductivity (o) of a sample is determined by the number of charge carriers (n), as well
as the mobility of the carriers (i) according to the relation o = enu, the increase observed (in
Figure 6.7) implies that with longer dipping time, either more polarons are being created (increase
in n), or that the mobility improves, or a combination of both factors. The unchanging UV-Vis-
NIR signal for samples beyond 1 h of doping (Figure 6.6a) suggests that the number of charge
carriers (n) does not increase significantly beyond this duration. However, the bulky size of BCF
might initially restrict it to the surface or top layers of the P3HT film, which may then be overcome
with increased dipping time and consequently, additional swelling.

To verify whether dopant distribution (i.e. inhomogeneity) is responsible for the dipping-time-
dependent increase in conductivity, we compared the photoluminescence (PL) emission measured
from the front (film side) and the back (glass side) of 280 nm thick 1 h and 24 h dip-doped films
(shown in Appendix Figure B.5). Since the PL emission from an undoped sample is typically
quenched upon doping, if the doped domains were indeed concentrated only at the surface/ top
layers of the film, we would expect a stronger PL emission from the “glass-side” of the 1 h dip-
doped film compared to the 24 h dip-doped film. However, since the PL signal of both samples

were consistent for all measurements (Figure B.5), we can be fairly certain that the dopant is
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homogeneously distributed throughout the film, even in the 1 h dip-doped sample. This implies
that the conductivity increase most likely stems from an increase in the mobility of the charges
through the film.

As mentioned in section 2.2.4, the direct and accurate measurement of charge carrier mobility in
doped films is quite challenging, and is outside the scope of this work. A rough calculation based
on the polaron concentration obtained from the optical spectra, and the conductivity data indicates
that the “apparent” mobility (of bound and mobile charges combined) increases from 0.026 + 0.007
cm? Vs 1 in the quick-dip film to 0.10 + 0.009 cm? V1 s 1 after 1 h of dipping, and ultimately
reaches ca. 0.31+ 0.108 cm? V' s 1 in the 24 h dip-doped film. This data is summarized in Table
6.1. In comparison, the apparent mobility of the 1:10 ratio mixed-solution BCF-rreP3HT film
amounts to ca. 0.003 + 0.0003 cm? V! s "1, Note that these values are most likely overestimated,
because 1) the estimation is based on the assumption that all the doping-induced polarons are free
to move (i.e. no traps are present in the system, which is unlikely*® 2% and over that, 2) there is
some ambiguity in the polaron concentration, as the fit (in Figure 6.6b) is not perfect. In the
literature, AC Hall effect measurements on sequentially spin-coated F4sTCNQ-doped rreP3HT
films indicate u to be between 0.003 cm? V! stand 0.02 cm? V1 s, with conductivity ranging
from ca. 0.02 S m™? to 157 S m™ in the corresponding samples.** In another study, the AC Hall
effect-derived u of vapor doped FaTCNQ-PBTTT films is reported to be 1.8 cm? V! s (with o =
24800 S m™).1*3 However, we cannot draw a direct correlation between this information and our
samples, as the system and preparation conditions are vastly different. Therefore, to make a general
comment about the efficiency of charge transport in our samples, it is useful to first study the

morphology and the microstructure of the dip-doped films.

Table 6.1. Summary of the electrical properties of selected mixed-solution and dip-doped BCF-
rreP3HT films

Sample Polaron density Conductivity Apparent mobility
. -1 3 -1 2 1 41
25
1:4 mixed soln 0.16 9.63x10 5.35+0.45 0.0034 +0.0003
25
“quick” dip 0.07 4.21x10 17.56 +4.99 0.0260 + 0.0074
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25
1 hdip 0.105 6.32x 10 107.90 +9.69 0.1065 + 0.0096

25
24 hdip 0.14 9.63 x 10 428.40 +145.95 0.3172 +£0.1080

Total density of sites (3HT) = 4 x 10%’, assuming a P3HT mass density’*® of 1.1 g cm?3

Figure 6.8 shows the AFM images of undoped and dip-doped BCF-rreP3HT films, plotted with a
constant height scale. Unlike the mixed-solution BCF-doped rreP3HT films which showed
characteristic nanoscale fibrillar structures (Figures 6.3 and 6.4), the dip-doped samples
predominantly retain the morphology of the undoped film. Nevertheless, the contrast increases
upon doping and with dipping time (particularly in the 24 h sample), indicating an increase in the
height of certain domains. This is also reflected in the RMS roughness, which increases slightly

with doping.
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Figure 6.8. AFM topography images of undoped rreP3HT and dip-doped BCF-rreP3HT films
plotted by keeping a constant height scale. The dipping time is mentioned above the image and the
RMS roughness values are given below each image. A representative phase image of a dip-doped
sample (6h) is shown at the bottom right.

Moving on to the GIXRD results, a comparison of the peak positions and intensities of the undoped,
1:10 ratio mixed-solution doped, and (10 minute) dip-doped BCF-rreP3HT films shown in Figure
6.9 indicates that the dopant-derived byproducts are predominantly located in the alkyl chains, as
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in the case of mixed-solution doped films. This is consistent with the observation of increased film
thickness in the dip-doped films, as mentioned earlier. The peak positions of the dip-doped film
closely mirror those of the 1:10 mixed-solution doped film, indicating a similar packing behavior
within the doped crystallites, and a preferential edge-on orientation of the chains. However, the
overall intensity of the in-plane and out-of-plane peaks is lower in the dip-doped samples. This
suggests a gain in isotropy. The XRD data of a 24 h dip doped film would have provided valuable
insight into the impact of dipping time on the packing motif, particularly to see changes if any, in
the isotropy of the film. However, we were unsuccessful in preparing a suitable sample due to
delamination of the polymer layer from the Si substrate. A small modification in the experimental

setup* should be able to fix that issue, and could be a potential experiment for the future.

Undoped rreP3HT —— undoped P3HT
10" { —— BCF dip doped
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Figure 6.9. GIXRD images of undoped rreP3HT (left) and 10 minute dip-doped BCF-rreP3HT film
(middle); and the corresponding integrated in-plane and out-of-plane intensity as a function of g
(left).

Based on the above AFM and GIXRD data, the marked improvement in the charge transport in
dip-doped BCF-rreP3HT films compared to the mixed-solution doped films can be explained by
the presence of a higher fraction of tie chains*> 2™ in the dip-doped films. It has been suggested
that although charge transport within highly ordered individual nanofibers/nanowires is very

efficient, the charges typically get trapped at the grain boundaries, resulting in a reduced overall

* For example, by placing the undoped film in a shallow container with just enough volume of the dopant:orthogonal
solvent to cover the film. Importantly, the setup should be left undisturbed, and after the stipulated time, the sample
must be picked up very carefully such that the potentially floating film is “collected” by the substrate.
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transport in the bulk.®® We can envision a similar situation in our mixed-solution BCF-doped films,
which appear to contain numerous nanofibers that are, however, quite disconnected (see Figure
6.4). On the other hand, in the dip-doped films, prior to doping, the undoped P3HT film has a more
homogeneous morphology, with a strong interconnected network between the aggregated and
amorphous domains. Upon dipping in the dopant:DCM mixture, initially, a few of the chains in the
amorphous domains get doped, and due to the interconnected network, the film already exhibits
better charge transport than the mixed-solution doped film. The additional increase in conductivity
with increasing dipping time could be due to two factors, 1) the existing aggregated domains are
able to grow further as a result of the neighboring amorphous chains swelling in the orthogonal
solvent medium, and 2) reduction or passivation of voids in the polymer matrix, by the orthogonal
solvent. It is entirely possible for both of these processes to occur simultaneously in our system.
The increase in AFM contrast in the 24 h dip-doped film (shown in Figure 6.8) is consistent with

an increase in the size of the aggregated domains.

6.3 Thermal stability of doped films

Finally, it is worth investigating how stable the doped films are towards post-processing treatments
such as thermal annealing, which is commonly employed during the fabrication of devices to
improve the film morphology. Figure 6.10 shows the room temperature 4PP conductivity values
of doped P3HT films that have been progressively annealed for ca. 15 minutes at different

temperaturesY.

The conductivity of the 1:40 FsTCNQ-doped rreP3HT sample remains constant till about 120 °C,
after which it starts deteriorating. The mixed-solution BCF-doped rreP3HT films exhibit a curious
behavior. Upon annealing the samples to 60 °C, the conductivity increases in these film. On the
other hand, no such observation is made in the dip-doped samples, whose conductivity remain
unchanged at this temperature. However, when both mixed-solution or dip-doped BCF-rreP3HT
samples are heated to 80 °C, the conductivity reduces slightly. Upon heating the samples further to
100 °C and beyond, the conductivity falls rather sharply.

Y i.e. after the initial & measurement at room temperature (RT), the films were heated for 15 minutes at the specific
annealing temperature, then cooled back to room temperature, and measured (after waiting for ca. 10 minutes).
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Figure 6.10. Change in the conductivity of doped rreP3HT samples as a function of annealing
temperature.” The solid symbol indicates the mean conductivity value of measurements at six
different regions on the film (and the error bar is the standard deviation from the mean value). The
black lines are a visual guide. The films were ca. 120 nm thick. Note that these values have been
measured at room temperature.

The increase in the conductivity of the mixed-solution BCF-doped films upon annealing to 60 °C
could on the one hand be due to the removal of residual solvent molecules or voids, whose presence
may lead to trapped charges, but could also be due to an improvement in the crystallinity, as a result
of a rearrangement of chain segments. For example, chains that are “frozen-in” during film
formation could be relieved upon annealing.?*? Such a change is presumably not observed in the
case of the dip-doped films because, in the process of swelling the polymer, the orthogonal solvent

already provides a pathway for the chains to attain the energetically favored conformation.?'?

In the F4aTCNQ-doped rreP3HT film on the other hand, o remains quite stable until 100 °C, beyond
which it decreases due to the evaporation of F4sTCNQ. This is in line with the findings of Kroon et
al., who observed a similar decrease in o of FaTCNQ-doped P3HT films upon thermal annealing.
214 In another study, Hase and co-workers studied the FsTCNQ de-doping process (in rreP3HT
films) at different temperatures and found using conductivity and GIXRD measurements that de-

doping starts already at 80 °C, and the P3HT layer gets completely de-doped upon annealing at

z Some of this data has been published in ref 173. Mansour, A. E.; Lungwitz, D.; Schultz, T.; Arvind, M,
Valencia, A. M.; Cocchi, C.; Opitz, A.; Neher, D.; Koch, N., The Optical Signatures of Molecular-Doping Induced
Polarons in Poly(3-Hexylthiophene-2,5-Diyl): Individual Polymer Chains Versus Aggregates. J. Mater. Chem. C 2020,
8, 2870-2879.
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120 °C.8° However, the authors also show that the duration of annealing impacts the results, which
might explain the difference between our observations (as their samples were annealed for 1 h

whereas ours were annealed for 15 minutes).

In general, the low thermal stability of doped organic semiconductors can be attributed to one or
more of the following reasons?!®: 1) the diffusion or sublimation of the dopant molecules from the
host matrix,*> 8 214 2) chemical transformation or degradation of the dopant and/or host material,
or 3) modification in the nature of interaction between the dopant and host brought about by thermal
energy®. In the case of Fs,TCNQ-doped P3HT, the thermal instability in films is most commonly
attributed to the sublimation of F,TCNQ from the P3HT matrix.?'* 21® For example, Kroon et al.
demonstrated that F4sTCNQ undergoes sublimation at a higher rate and from a lower temperature
(110 °C) from the P3HT matrix than from the p(gs2T-T) matrix (120 °C), the latter of which is a
polar tetraethylene glycol-functionalized polythiophene.?# It has been suggested that polar side-

chains on the polymer backbone may help stabilize the dopant anion against diffusion.?!4 216

However, in a very recent study, Watts and coworkers argue that the thermal instability in this
particular system is instead due to the thermally-induced chemical transformation of the FATCNQ
radical anion (FsTCNQ'-) to the protonated FsTCNQ dianion (HFsTCNQ -).2%® Based on UV-Vis-
NIR, XPS, and FTIR studies of thermally annealed FsTCNQ-doped rreP3HT films, they suggest
that the H-atom on the a-carbon of the hexyl group of P3HT provides the proton to the F4aTCNQ
2= This is further corroborated by the fact that a similar study on p(gs2T-T) (which does not contain
any methylene groups at that particular reactive position) indicates no presence of the characteristic

HF,TCNQ ~bands in any of the measurements.?%®

Let us now turn to the case of BCF-doped rreP3HT films, which show a de-doping onset at ca. 80
°C. We saw already in section 5.2 that a significant fraction of BCF-doped rreP3HT undergoes
irreversible de-doping upon heating upto 80 °C, even in solution state. This strongly suggests that
dopant and/or polymer undergo chemical degradation/ transformation, particularly considering the
proposed BCF doping mechanism in the literature®®, section 5.1 of this thesis, and the recent
reports on doped-P3HT’s thermal instability?*>. A more concrete description of the BCF de-doping
mechanism requires additional multidisciplinary investigations which are, unfortunately, out of the
scope of this work. However, it is important to keep in mind that molecularly doped organic

semiconductors are, by nature, quite susceptible to de-doping under thermal and/or chemical stress
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(eg. solvent) because they are based on redox reactions between the dopant and host rather than
covalent bonding.?® Therefore, this reinforces the notion that one must carefully consider any
changes made to the environment that might disturb the equilibrium of the charge transfer reaction.

6.4 Summary

In this chapter, the morphology and optoelectronic properties of BCF-doped rreP3HT films
prepared by the conventional mixed-solution (solution blending) technique was compared to that
of sequentially processed (i.e. dip-doped) films, using GIXRD, AFM, optical spectroscopy and
conductivity measurements. It was found that the crystallites within the mixed-solution BCF-doped
rreP3HT films still retain their edge-on orientation, with the dopant-derived byproducts (e.g. the
passivated counterion) dispersed among the alkyl chains, and/or in the amorphous domains. Unlike
with F4sTCNQ, the rreP3HT chains in the mixed-solution BCF-doped films attain a more
homogeneous, nanofibrillar morphology, which resulted in improved conductivity, even at higher
doping ratios for the BCF-doped films. Sequential spin-coating was found to be sub-optimal for
BCF-doping. Instead, dip-doping worked very well for this system, resulting in doped films with
over 5 S cm™ conductivity (10X improvement compared to that of mixed-solution doped films)
after 24 h of dipping in the dopant:orthogonal solvent mixture. Based on AFM results, this gain in
conductivity was mainly attributed to the presence of a larger number of tie chains in the dip-doped
film, which reduces traps, thereby improving the charge transport through the layers. Finally, it
was shown that BCF-doped rreP3HT films are only stable to heating up to ca. 80 °C. Beyond this
temperature, the conductivity of both mixed-solution and dip-doped films starts deteriorating,
presumably due to dopant degradation, implying that these films are not very suitable for
applications requiring post-processing thermal annealing.
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7. Summary and Outlook

This thesis set out to improve our understanding of the underlying mechanisms involved in
molecular doping of semiconducting polymers. This was done by studying the doping-induced
changes in solutions and films of the prototypical polymer P3HT, primarily using UV-Vis-NIR
spectroscopy, EPR spectroscopy, grazing incidence X-ray diffraction, atomic force microscopy and

electrical conductivity measurements.

The Lewis acid BCF was the main (p-) dopant of choice. This was chosen because, at the beginning
of this work, the Lewis acid doping mechanism was still largely unknown. Yet, BCF was found to
undergo integer charge transfer with P3HT, both in solutions and films, similar to the traditional
molecular p-dopant F4aTCNQ. Unlike F4sTCNQ, BCF is much easier to work with due to its high
solubility. Moreover, the absorption signal of the BCF anion does not interfere with that of the
P3HT polaron, making it easier to observe the doping-induced changes on the polymer backbone.

Therefore, this made for an interesting system to carry out further studies.

A critical challenge encountered at the initial phase of this project was the slow and inconsistent
polaron formation in the BCF-doped rreP3HT solutions. Hence, the first course of action was to
determine what external factors influence polaron formation in this system. This is the focus of
Chapter-4. Since it was previously suggested that the presence of aggregates may improve doping
efficiency,'® we studied the kinetics of polaron formation in a BCF-doped pre-aggregated
rreP3HT solution using UV-Vis-NIR spectroscopy. Our results showed that pre-aggregation does
not improve the kinetics of polaron formation in BCF. However, we found that 1) exposure to white
light, 2) the duration of light exposure, and 3) the solvent polarity impacted the concentration of
polarons in the BCF-doped rreP3HT solution. For example, in the absence of white light, BCF
barely dopes rreP3HT in chloroform, but within minutes of light exposure, the polaron level
observed by UV-Vis-NIR spectroscopy increases. Alternatively, in chlorobenzene, BCF was found
to dope rreP3HT even in the absence of light. Nevertheless, light was found to significantly increase

the concentration of polarons, even in chlorobenzene-based solutions.

Around this time, the Nguyen group at Santa Barbara, USA reported a study elucidating the Lewis

acid doping mechanism.%® Based on their hypothesis that BCF doping involves an endothermic
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rate-limiting polymer protonation step, we were able to conclude that light exposure helps in
overcoming the energetic barrier to P3HT protonation, resulting in increased polaron
concentration. Importantly, this finding resolved the problems in sample inconsistency, as care was
taken in all subsequent experiments to also ensure consistent levels of light exposure during sample

preparation, amongst other standard parameters such as polymer and dopant concentration.

With an established sample preparation routine, the next step was aimed at studying the interplay
between the polymer backbone arrangement, the dopant size/structure and the doping mechanism.
To that end, two forms of P3HT — rreP3HT and rraP3HT, whose chains differ in their ability to
planarize and aggregate, and three different dopants — F4aTCNQ, Mo(tfd-CO.Me)s and BCF, which
differ in size and/or type, were chosen. This was the focus of Chapter-5. To carry out reliable
qualitative as well as quantitative estimations, we complemented the UV-Vis-NIR absorption
measurements with EPR spectroscopy, the latter of which is selectively sensitive to the presence
of paramagnetic species such as polarons. This powerful spectroscopic combination allowed for a
comprehensive study of the dopant:polymer solutions, which led to an unambiguous differentiation
of the optical signatures of the resultant doping-induced species into 1) delocalized polarons on
aggregated chains, 2) localized polarons on isolated chains and 3) charge-transfer complexes.
Using ENDOR spectroscopy on frozen solutions, we demonstrated that at low temperatures, the
polaron formed by integer charge transfer is delocalized over 12 thiophene units in the case of
doped rreP3HT chains. In doped rraP3HT, however, we found that the rather small fraction of
polarons that are present, are delocalized over only 6 thiophene rings. By correlating the optical
signatures obtained from UV-Vis-NIR and the spin density obtained from EPR spectroscopy, we
were also able to estimate the molar extinction coefficient of all three doping-induced species in

P3HT, which has not been reported previously in the scientific community.

A key contribution of this work is regarding the role of structural order on the type of doping-
induced species formed. Our studies showed that irrespective of their shape/size, all three dopants
lead to delocalized polarons on the rreP3HT backbone, with identical extents of charge
delocalization (at low temperatures). However, when the ability of the polymer chains to aggregate
is inhibited, either intrinsically as in rraP3HT, or extrinsically by elevating the solution
temperature, the nature of the dopant-polymer interactions change. This is illustrated in Figure 7.1.

This suggests that rather than the dopant size or type, the polymer backbone arrangement plays a
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more crucial role in determining the nature of the doping-induced species (doping mechanism) and

the ionization efficiency. Although limited by the sample size, this is an important insight for the

design and selection of semiconducting polymers for doping in the future.

Another surprising observation was that all 3 dopants produce identical polaronic absorption
features in the rreP3HT solutions despite differences in the chemical nature of the dopants, doping
process, and interactions between the dopant-polymer (see Figure 7.1). This led us to hypothesize
that the often reported differences in the NIR region of the optical absorption spectra in the solid-

state (i.e. doped films) in the literature stem from mechanical strain of the polymer chains.

charge-transfer complex
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Figure 7.1. lllustration depicting the influence of polymer structure and dopant size on the nature
and optical signature of doping-induced species in p-doped P3HT in solution. All three dopants
form identical delocalized polarons with rreP3HT whose chains are able to aggregate. Conversely,
when the chains are unable to aggregate, as in rraP3HT, inefficient charge transfer mechanisms
prevail

The final part of this thesis, i.e. Chapter-6, dealt with the morphological and optoelectronic
properties of doped films. The aims of this chapter were to 1) build upon previously conducted
research on BCF-doped rreP3HT films*® by studying the film microstructure and morphology in
order to gain a better overall understanding of the doping process in films, and 2) verify whether

bulky dopants such as BCF can also be incorporated into the film via sequential doping techniques.

Atomic force microscopy and grazing incidence X-ray diffraction studies showed that mixed-

solution BCF-doped rreP3HT chains tend to form long nanofibrillar structures in the solid-state,
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with the chains within the crystalline domains adopting an edge-on orientation. Such highly ordered
morphologies in P3HT films are typically obtained only through special processing techniques,?*
indicating that BCF-rreP3HT is indeed a unique system to investigate.

It was shown that unlike mixed-solution F4sTCNQ-doped rreP3HT films, BCF-doped rreP3HT
films exhibit a homogeneous morphology even at higher doping levels. This directly resulted in a
high electrical conductivity of 10 S m™ for the 1:10 BCF-doped rreP3HT film, which is in contrast
to the 1:10 F4sTCNQ-doped film whose morphology was severely compromised by doping-induced

aggregation.

In the second part of Chapter-6 we demonstrated that even higher conductivity values up to ca. 350
S m™ could be attained for BCF-rreP3HT films by sequential dip-doping, in which the dopant is
introduced into the pre-cast polymer film by dipping the film in a dopant-orthogonal solvent
mixture for a specific duration. This modification in the processing technique allowed for a more
homogeneous film morphology with the aggregated domains interconnected by tie chains that
facilitate efficient charge transport through the film. Although optical absorption from the dip
doped films did not reveal an increase in the polaron concentration beyond 1 h of dip-doping, the
conductivity of the films increased further with increased dipping time. Based on morphology
studies, this was assigned to the orthogonal solvent-induced growth in the size of the aggregated
domains, and the passivation of pre-existing voids, both of which can positively influence charge

transport.

Although this thesis answered several questions regarding the underlying doping mechanism in
semiconducting polymers, some aspects remain yet unclear and require additional investigations.
For example, in dip-doped BCF-rreP3HT films, we were unsuccessful in examining the impact of
dipping time on the film microstructure due to experimental and time constrains. However, as
suggested in Chapter-6, this can be easily studied using GIXRD and a modification in the sample
preparation. Based on our solution and film studies of BCF- and FsTCNQ-doped rreP3HT, we
hypothesized that a low/delayed ionization efficiency of the dopant in the polymer solution may be
a design strategy for obtaining a well-ordered homogeneous morphology without premature
doping-induced aggregation in mixed-solution doped films. This may be verified by extending the
optical and morphological studies to include Mo(tfd-CO2Me)s-doped rreP3HT films, and other

dopant:host combinations which exhibit a similar behavior. In Chapter-4, we identified that light
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helps in overcoming the energetic barrier to polymer protonation in the Lewis acid doping
mechanism. The fact that this effect is more pronounced in certain solvents demonstrates the
complex relationship between the polymer chain conformation, solvent polarity, the reaction
mechanism, and calls for further multidisciplinary research to disentangle the various factors

influencing doping process.

This work demonstrated that optical and electron paramagnetic resonance spectroscopy jointly
serve as a powerful tool for studying doping processes in organic semiconductors. In doped
rreP3HT solutions, our ENDOR experiments revealed similar extents of charge delocalization for
all 3 considered dopants, but preliminary ENDOR experiments on doped rreP3HT films suggested
differences in the extent of charge delocalization. Expanding the study of doped films further with
optical and EPR techniques, for rraP3HT as well as other polymer-dopant systems can provide

valuable insight into the doping mechanism in polymers.

In conclusion, this thesis has furthered our understanding of molecular doping process in
semiconducting polymers in solution and films. The ideas shared here, in the form of experimental
methods, results obtained, or theories stated, serve as an important basis for future research in this
field.
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Appendix

A. Appendix for Chapter-5:

1. Polaron formation in Mo(tfd-CO2)Mes doped solutions

7 neutral Mo(tfdCO,Me), in THF
| Moytidco,Me), anion

oDrd (cm)
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Figure A.1. UV-Vis-NIR absorption spectra of (a) 1:100 ratio Mo(tfd-CO.Me); doped rreP3HT in
chloroform, measured immediately (dashed line) and two days (solid line) after mixing. (Note: the
kink near 1.5 eV is an artifact caused due to the detector change in the instrument) (b) neutral
Mo(tfd-CO;Me)s (black line), and Mo(tfd-CO;Me)s anion (pink line) in THF solution. The spectra
in (b) coincide well with data reported in the literature®.
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2. Rescaled absorption and molar extinction coefficient spectra of the charged species
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Figure A.2. Molar extinction coefficient of the reference FA,TCNQ anion (according to ref 1*°) and
P3HT polaron (according to ref ), along with the experimental UV-Vis-NIR spectra of the doped
solutions that have been rescaled with the appropriate ionization factor (X) to fit the reference
curves.

3. UV-Vis-NIR and EPR spectra of the F4TCNQ radical anion
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Figure A.3. (a) UV-Vis-NIR spectrum of F,TCNQ dissolved in THF (ca. 0.5 g L) showing the
characteristic absorption peaks of the radical anion. (b) X-band room temperature continuous wave
EPR spectrum of F,TCNQ in THF and the corresponding simulation performed for a g-value of
2.00295, four equivalent N (I = 1) nuclei with an isotropic hyperfine coupling of 3.11 MHz and
four equivalent 1°F (I = %) nuclei with an isotropic hyperfine coupling of 4.26 MHz.
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4. Influence of time and illumination on HTFSI-doped rraP3HT
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Figure A.4. UV-Vis-NIR absorption spectra of a HTFSI-doped rraP3HT solution (in chloroform)
measured initially (brown dotted line), 5 days after preparation (brown solid line), and after 15
minutes of subsequent illumination. The spectra correspond to measurements on the same solution
sample.

5. Spin concentration in doped P3HT solutions

Table A.1. Spin concentration (from EPR spectra) in doped rre- and rraP3HT solutions used for
estimating the molar extinction coefficient of P3HT polarons shown in Figure 5.9.

Solution Nspins ( in 25 pL) Nispins (L)
rreP3HT — F4TCNQ 1.94 x 10%° 7.76 x 10*°
rreP3HT — Mo(tfd-CO2Me)s 9.79 x 10% 3.92 x 10%°
rreP3HT — BCF 2.09 x 10* 8.36 x 10*8
1:100 BCF — rraP3HT 4.2 x 1022 1.7 x 10V
1:10 BCF — rraP3HT 1.5 x 103 6.0 x 10Y
HTFSI — rraP3HT (Sample 1) 6.9 x 103 2.8x 108
HTFSI — rraP3HT (Sample 2) 1.6 x 103 6.4 x 10V

Quantitative analysis was done by comparing the double integral of the experimental spectrum
with that of a reference sample of known spin concentration (TEMPOL, stable nitroxide radical, in
toluene), taking the experimental settings and the Q-factor of the resonator into account. Further

details about the analysis procedure can be found in our corresponding joint publication®.
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6. Influence of illumination on the EPR spectra of BCF-doped P3HT solutions
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Figure A.5. X-band room temperature cw EPR spectra recorded on solutions of BCF-doped
rraP3HT in CF, at doping ratios of 1:100 and 1:10 on two occasions each, and of a 1:10 solution
illuminated by white light. The signal intensities are normalized by Q-factor for comparison of the
spectral intensities.

7. TDDFT results on protonated nT

Time-dependent density-functional theory (TDDFT) calculations were made using the package
Gaussian16.2'” The cc-pVTZ basis set was used in the calculations of protonated oligothiophene.
The exchange-correlation potential was approximated with the range-separated CAM-B3LYP
hybrid functional.*® The dispersion interactions were accounted for using the Grimme DFT-D3
scheme.?!® All structures were relaxed until the residual forces were smaller than 10 Ha/bohr. The
solvent was treated implicitly using the polarizable continuum model (PCM)?%° with values of the

dielectric constants £0=78.36 and £-.=1.78 for water, and £0=4.71 and £.=2.09 for chloroform.

Figure A.6a shows the simulated absorption spectra of the pristine and protonated 4T oligomer. In

the latter, two different protonation sites on the central C, and Cg are considered.
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Figure A.6. TDDFT estimated absorption spectra of (a) pristine 4T oligomer (gray shaded area) and
of the protonated 4T oligomer at the C, (brown) and Cg site (green), and (b) protonated 4T doped
by the BCF:OH" complex (red) and of 4T-H+:Cp (green). A Lorentzian broadening of 100 meV is
applied to all the spectra.

Table A.2. The energy, oscillator strength (OS), and composition of the lowest excitations in the
TDDFT-estimated absorption spectra of pristine, protonated and charged

System Energy (eV) | OS | Composition (weight)
4T 3.31 1.28 H - L (93%)
2.76 <103 H - L (91%)
4T-H* C, H-2 - L (57%)
3.46 0.79
H-3 - L (33%)
2.60 0.11 H - L (79%)
4T-H" Cp H-1 - L (64%)
3.40 0.77
H - L (14%)
2.72 0.17 H - L (76%)
H-3 - L (36%)
BCF-OH : 4T-H* C,
3.52 0.50 H- L ({17%)

H-6 — L (14%)
H > L (60%)

10T 2.16 382 | H-1-> L+1(28%)
H-2-> L+2 (16%)
2.18 2.19 H-1 - L (82%)
10T-H*C,
2.55 <107 H - L (74%)
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8. Temperature dependent UV-Vis-NIR spectra of BCF-doped rreP3HT
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Figure A.7. Experimental and reconstructed UV-Vis-NIR spectra of BCF-doped rreP3HT at select
temperatures. The fit parameters are given in Table 5.2
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Figure A.8. Comparison of the molar extinction spectra of the delocalized and localized polaron
(from Figure 5.9a,b) and the absorption spectra of the BCF-doped rreP3HT solution in CB at (a) 25

°C and (b) 100 °C.
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9. lonization efficiency of F4sTCNQ with rreP3HT in chloroform vs. chlorobenzene
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Figure A.9. Spin concentration in FsTCNQ-doped rreP3HT solution for different doping ratios in
CF and CB, determined by EPR spectroscopy.

10. Temperature dependent UV-Vis-NIR spectra of FATCNQ-doped rreP3HT in CB
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Figure A.10. a) Reference extinction coefficient spectra of the CTCratcno-rant (green), localized
P3HT polaron (dark blue), and the rescaled 1:100 F4TCNQ-doped rreP3HT (25°C in CB);
Absorption spectra of 1:100 FaTCNQ-doped rreP3HT (in CB) recorded during the b) heating cycle
and c) cooling cycle. Dotted lines show reconstructed fits for selected temperatures using the
extinction coefficient spectra (in (a)).
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As shown in Figure A.10a, the rescaled optical spectrum® of FA TCNQ-rreP3HT in CB coincides
well with the localized polaron spectrum, indicating that this dopant:host system predominantly
consists of localized P3HT polarons (and the F4TCNQ counterions) in CB. Therefore, for the fitted
spectra shown in Figure A.10b and c, we considered the weighted summation of the rescaled

spectrum and the CTC. The fit parameters are shown in Table A.3.

Table A.3. Fit parameters for the reconstructed spectra of the temperature dependent FsTCNQ-
doped rreP3HT in CB shown in Figure A.10b,c.

Fraction of added FATCNQ resulting in,

Solution

Temperature localized P3HT polarons (%) CTCs (%)
25°C 27 0
60°C 18 0
70°C 8 0
80°C 0.5 10
45°C 0.2 23
35°C 0.2 35
33°C 2.2 26
30°C 15 10
25°C 22 5

3 Measured optical spectrum divided by the corresponding spin concentration of P3HT polarons (~ 2 x 101° L) in
the solution (obtained from EPR spectroscopy)
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B. Appendix for Chapter-6:

1. Integrated intensity from GIXRD images
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Figure B.1. Integrated intensity of mixed solution F;TCNQ and BCF-doped rreP3HT films

2. Preliminary ENDOR results of doped rreP3HT films

H Davies ENDOR, 10 K
rreP3HT film, (from CF), 1:100
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Figure B.2. Q-band *H Davies ENDOR spectra of frozen films of rreP3HT doped with F,TCNQ,
BCF or Mo(tfd-CO,Me); at doping ratios of 1:100 measured at a temperature of 10 K.
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3. AFM images of BCF-doped rraP3HT films
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Figure B.3. Topography (top) and phase (bottom) AFM images of undoped and BCF-doped
rraP3HT films prepared via mixed solution doping, from CF solutions.

4. Sequential spin coating
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Figure B.4. UV-Vis-NIR spectra of films of Fs,TCNQ-doped rreP3HT prepared by sequential spin
coating and dip doping (right), and sequential spin-coated BCF-doped rreP3HT (left). In this case,
the undoped P3HT films were cast from CB. However, for subsequent work shown in Chapter-6
and here, CF was used as the solvent.
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5. Photoluminescence spectra of dip-doped BCF-rreP3HT films
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Figure B.5. Photoluminescence (PL) intensity of ca. 280 nm thick films of undoped rreP3HT, 1 h
dip doped and 24 h dip doped BCF — P3HT films, measured from the film side (a), and from the
glass-side (b), as depicted in the inset. The higher signal intensity in the doped films around 750 nm
in (b) is due to the strong emission from glass (grey spectrum) in this region.
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