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Interplay of Thermoelectric and Mechanical Properties of Doped Conjugated Polymers
MARIAVITTORIA CRAIGHERO

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

The rapid growth of interconnected and wearable devices, which together make up the so-called
Internet of Things, is increasing the demand for autonomous and on-site energy supplies. One promising
solution relies on harvesting heat, an abundant and often wasted energy source, using thermoelectric
generators (TEGs) that can directly convert heat into electricity. Wearable small devices, such as health-
monitoring sensors and GPS, may be powered by the heat dissipated from the human body using TEGs
made of organic semiconductors, such as conjugated polymers, which offer the advantages to be
lightweight and flexible. However, to design effective organic TEGs, a good thermoelectric perfomance
of conjugated polymers alone is not enough. Long-term stability, bulk processability and mechanical

robustness are also essential for their use in wearable electronics.

This thesis explores the structure—property relationships governing the thermoelectric and
mechanical behavior of p- and n-type conjugated polymers for their potential use in flexible and
wearable electronics. Here, side-chain engineering is used as a tool to improve the thermoelectric
performance of thiophene-based conjugated polymers. Shorter oligoether side chains enhance solid-
state order, leading to improved charge-carrier mobility and thus a p-type conductor with high electrical
conductivity. Additionally, the formation of lateral doping gradients, achieved through the drift of
dopant counterions in an electric field, is explored. In turn, gradients are proposed as a viable strategy
to improve the thermoelectric performance of non-optimized doped polymers and can serve as a
screening tool for new materials. Moreover, the effect of chemical doping on the nanostructure and
mechanical behavior of conjugated polymers with oligoether side chains is investigated. Doping
enhances solid-state order of these materials, increases the temperatures associated with the onset of
polymer relaxation, and raises their elastic modulus. The extent of these changes depends on the type of
dopant counterion, suggesting that counterion selection offers a strategy for tailoring the mechanical
properties, enabling the design of soft conductors needed for wearable electronics. Finally, the
mechanical properties of a n-type conjugated polymer are studied. The suitability of this n-type polymer
as coating material for the preparation of conductive multifilaments is assessed, which show a promising
stability with a half-life of more than 3 years. The importance of air stability and mechanical robustness

for the development of wearable organic TEGs is highlighted throughout.

Keywords: organic thermoelectrics, conjugated polymers, chemical doping, electrical properties,

mechanical properties, wearable devices
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NOMENCLATURE

Symbols and Abbreviations

F nuclear magnetic resonance
dynamic mechanical analyzer
dynamic mechanical thermal analysis
differential scanning calorimetry
Young’s modulus

storage modulus

loss modulus

electron affinity

bandgap energy

Fourier transform infrared
grazing-incidence wide-angle X-ray scattering
highest occupied molecular orbital
ionization energy

Internet of Things

lowest unoccupied molecular orbital
charge carrier concentration
number of polarons per unit volume
organic light-emitting diodes
organic photovoltaics
proton-coupled electron-transfer
thermolectric power factor

output power

scanning electron microscopy
thermoelectric generators

glass transition temperature
o-relaxation temperature
f-relaxation temperature
ultraviolet-visible-near infrared
bias voltage

open-circuit voltage

X-ray photoelectron spectroscopy
figure of merit

Seebeck coefticient

strain

elongation at break
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Oe/

AcN
AcN-d3
BCF

BQ

DDQ
DMSO
EBSA
F4sTCNQ
FsTCNNQ
FeCls

HQ

H-TFSI
LiNFSI
LiTFSI
Magic Blue
Mo(tfd-COCF3)3
N-DMBI-H

P(NDI2OD-T2)

P3ATs
P3BT
P3HT
PBFDO
PBTTT
PCPDTBT

PEDOT:PSS
PEO
TEA

ionization efficiency
thermal conductivity
charge carrier mobility
stress

electrical conductivity

Chemicals
acetonitrile
deuterated acetonitrile
tris(pentafluorophenyl)borane
benzoquinone
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
dimethyl sulfoxide
ethylbenzene sulfonic acid
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane
iron(I1I) chloride
hydroquinone
bistriflimidic acid
lithium bis(nonafluorobutanesulfonyl)imide
lithium bis(trifluoromethanesulfonyl)imide
tris(4-bromophenyl)ammoniumyl hexachloroantimonate
molybdenum dithiolene complex
4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-
dimethylaniline
poly[[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)]
poly(3-alkylthiophene)s
poly(3-butylthiophene)
poly(3-hexylthiophene)
poly(benzodifurandione)

poly[2,5-bis(3-dodecylthiophen-2-yl)thieno(3,2-b)thiophene]

poly[2,6-(4,4-bis(2-hexadecyl)-4H-cyclopenta[2,1-b;3,4-
b'|dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]

poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
poly(ethylene oxide)

triethylamine
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1 Introduction

Organic electronics is a growing field focused on the use of carbon-based semiconductors
for electronic and energy-related applications. Unlike traditional silicon-based technologies,
organic electronics are made of, e.g., conductive and semiconductive polymers, potentially
offering many advantages such as low cost, large-area fabrication, ease of processing and
mechanical flexibility.

This class of materials was firstly discovered in the mid-1970s by Heeger, MacDiarmid,
Shirakawa and their research teams,!!) and has since then enabled significant technological
progress. Over the past decades, organic semiconductors, such as conjugated polymers, have
played a central role in the development of innovative devices across various applications,
including organic light-emitting diodes (OLEDs) used in flexible displays,> 3! organic solar
cells for lightweight photovoltaics (OPVs),[* 3! bioelectronics,® 7! as well as energy storage!® )
and harvesting technologies.!’!

11121 which are the focus of this thesis.

One example of the latter is organic thermoelectrics!
Organic thermoelectric generators (TEGs) can directly convert heat into electricity without the
need of moving parts, offering a sustainable and promising solution for continuous energy
generation. The flexibility and lightweight nature of organic semiconductors make organic
thermoelectric generators particularly attractive for wearable applications, where they can serve

as power sources for, e.g., healthcare monitoring systems and other Internet of Things (IoT)

devices by harvesting the heat dissipated by the human body.['* 4]

1.1 Conjugated polymers

Conjugated polymers are macromolecules that can exhibit conductive or semiconductive
behavior. Their key feature is a conjugated backbone that comprises alternating single- and
double-carbon bonds (Figure 1.1). Their semiconducting property arises from sp>-hybridized
carbon atoms, which form both localized c-bonds with adjacent carbon atoms and delocalized
n-bonds with a multitude of carbon atoms in the molecule. Extension of the n-bonding system

creates delocalized bonding m and antibonding ©* orbitals, shaping the valence band limited by



the highest occupied molecular orbital (HOMO) and the conduction band with the lowest
unoccupied molecular orbital (LUMO), respectively. The difference in energy between HOMO
and LUMO is denoted as the band gap E,, which defines many of the optical and electrical
properties of conjugated polymers. As the conjugation length increases, the band gap E,
decreases reaching values within the typical range of 1.5 - 3 eV for semiconductor materials.
The presence of aromatic units in the backbones of conjugated polymers promote a strong
tendency for m-stacking that influences their nanostructure. Typically, ordered domains are
embedded in a less ordered matrix. These ordered regions are often characterized by the n-
stacking of polymer backbones, while the side chains, which are commonly incorporated to
enhance solubility and processability, are oriented orthogonally to the n-stacking direction.
However, n-conjugation and stacking alone do not ensure electrical conductivity. Charge

carriers must be introduced, for example, through doping (Sections 1.2).

Figure 1.1. Chemical structure of two exemplary conjugated polymers, with the characteristic
alternating single-double carbon bonds highlighted, and the conjugated polymers studied in
this thesis.



1.2 Chemical doping

Chemical doping is a powerful technique that allows the introduction of charge carriers into
conjugated polymers and hence tune their electrical properties. This process typically involves
an electron or proton transfer between the conjugated polymer and the dopant species, resulting
in the formation of polarons and/or bipolarons/polaron pairs. These are radical cations, in case
of p-type doping, or radical anions, in case of n-type doping, that are delocalized along polymer
segments and cause intramolecular distortion. The charge neutrality is maintained by the dopant
counterions that reside in the vicinity of the charge on the polymer backbone.

The formation of polarons or bipolarons/polaron pairs can also be represented as new
electronic states, which give rise to new optical transitions at lower energies (Figure 1.2).
Distinct peaks in the near-infrared (NIR) and infrared (IR) serve as optical signatures of charge

carriers on the conjugated backbone, enabling their identification.[!>- 1¢]

Figure 1.2. UV-vis-NIR absorption spectra showing the absorption 4 for neat p(g3TT-T2) and
p(g3TT-T2) chemically doped by proton-coupled electron-transfer reaction of benzoquinone

(BQ) in the presence of LiNFSI electrolyte.

1.2.1 Doping mechanisms

Two main chemical doping mechanisms are redox doping and acid-base doping.

Chemical redox doping involves the use of molecular dopants that act as oxidizing or
reducing agents. Through a redox reaction driven by a favorable energy difference between the
ionization energy (IE) or electron affinity (EA) of the polymer and a relevant energy level in

case of the dopant, the dopants exchange one or more electrons with the conjugated polymer.



If the dopant accepts electrons from the polymer (often EAq > IE, by at least 0.11 eV for
efficient electron transfer!!”), p-doping occurs. Conversely, n-doping takes place when the
dopant donates electrons to the polymer (often EA, > IEq) (Figure 1.3).[18]

Redox doping can also occur through the presence of atmospheric oxygen, which can act
as an oxidizing agent in acidic conditions.!*- 2] Recently, Fabiano et al. showed that redox
doping can still occur despite an unfavorable energy difference between IE and EA (EA4 <IE,
for p-doping). Weak dopants, when photoexcited, can facilitate charge transfer with conjugated
polymers.[2!]

In case of acid-base doping, the charge transfer takes place through the transfer of a proton
(H") or hydride (H") to the polymer backbone resulting in p-doping or n-doping, respectively
(Figure 1.3).122: 231

An alternative approach is Lewis acid-base doping, where a Lewis acid-base complex
facilitates the protonation (or electron transfer) of the polymer backbone. For example, Nguyen
et al. have argued that a complex of water— tris(pentafluorophenyl)borane (BCF) can protonate
high-IE polymers like PCPDTBT,??¥ and according to Jang et al. and Campoy-Quiles ef al. a
complex of  2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ)-BCF can
undergo electron transfer with various polymers.[2> 261

Figure 1.4 shows the chemical structures of the dopants used in this thesis.

1.2.2 Doping processes

Generally, two methods are used for chemical doping of conjugated polymers: (1) co-
processing and (2) sequential processing. Co-processing involves blending the conjugated
polymer and dopant through dissolution in the same solvent and processing the resulting
solution using techniques such as spin coating or drop casting. Sequential processing, instead,
comprises two steps: first processing the conjugated polymer to form a solid sample and then
exposing it to a dopant solution or vapor (Figure 1.3). Another approach is ion-exchange
doping, where a conjugated polymer film is subjected to a strong oxidizing (or reducing) agent
that is dissolved in an electrolyte solution. Oxidation (or reduction) of the film is followed by
exchange of the dopant counterions with different ions from the electrolyte (Figure 1.3).[27-2%]
Takeya et al. introduced an alternative doping process based on proton-coupled electron
transfer (PCET) of quinones in aqueous solutions at different pH values. Here, a quinone (e.g.,

benzoquinone, BQ) accepts two electrons from the polymer and two protons (H") from the

buffered solution to form a neutral hydroquinone (HQ). Since HQ cannot act as a counterion



for the p-doped polymer, excess electrolyte anions neutralize the charge on the polymer (Figure

1.3).30

Figure 1.3. Basic principles of redox doping and acid-base doping (top); schematic of different
doping processes (bottom): co-processing, sequential doping with dopant solution or dopant

vapor, ion-exchange and proton-coupled electron-transfer doping.

1.3 Charge transport in conjugated polymers

Only a fraction of the charge carriers that are introduced via chemical doping are mobile,
and thus contribute to charge transport. This usually requires two processes to occur: (1)
ionization of polymer and dopant, forming a polaron that is Coulombically bound to the
counterion, and (2) dissociation of the polaron from the counterion resulting in a mobile
charge.!

Charge transport in conjugated polymers often occurs through a thermally activated

hopping mechanism of the localized charge carriers, which is typical for disordered structures

5



[31, 32

like organic semiconductors. 1 To achieve efficient charge transport, charge carriers must

be able to move freely between polymer chains without being trapped or scattered.

Consequently, several factors can influence charge-carrier transport, such as molecular
packing, disorder, the presence of impurities, temperature, electric field and the charge-carrier
density. For instance, within ordered domains, the delocalization of charge carriers is promoted
by m-stacking, which in turn eases dissociation.?*) Conversely, structural defects, such as
conformational changes that lead to backbone twisting in amorphous domains, as well as
defects in ordered domains can lead to a loss of conjugation and therefore reduce the mobility

s.34 Further, the connectivity between ordered domains influences charge

of charge carrier
transport. Tie chains, i.e. parts of a polymer chain, that bridge an amorphous domain between
adjacent crystallites can aid charge transport. Conversely, transport can be impeded by grain

boundaries in otherwise highly ordered materials.[*!

Figure 1.4. Chemical structure of the dopants used in this thesis.



2 Thermoelectric and mechanical properties of

conjugated polymers

Conjugated polymers must exhibit excellent (thermo)electrical and mechanical properties
to enable the fabrication of mechanically robust and flexible thermoelectric generators.[*¢ 37]
Therefore, the investigation of both thermoelectric and mechanical characteristics of conjugated
polymers becomes essential for assessing their usefulness for applications.

In this Section, the thermoelectric (Section 2.1) and mechanical (Section 2.2) properties of
conjugated polymers are explored. Additionally, the relationship between these two properties

1s discussed in Section 2.3.

2.1 Thermoelectric properties of conjugated polymers

When a semiconducting or conducting material is exposed to a temperature difference,
charge carriers will move from the hot to the cold side leading to a formation of an electric
potential that can be used to drive an electric current (Figure 2.1). This phenomenon is known

as the Seebeck effect and was first observed by Thomas J. Seebeck in 1821.38]

Figure 2.1. Seebeck effect in a p-type semiconductor.

The thermoelectric performance of a material can be evaluated through the dimensionless
figure of merit Z7, given by:
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where o,; is the electrical conductivity, a is the Seebeck coefficient, and x is the thermal
conductivity of the material at a given temperature 7. Therefore, a good thermoelectric material
should show a high o, high @, and low « in order to maximize Z7. An ideal material would
embody the “phonon-glass electron-crystal” concept meaning that it combines the electronic
properties of semiconductor single crystals with the thermal properties of amorphous
materials.[*”]

However, the three thermoelectric parameters are highly interdependent and can vary with
temperature. Hence, the optimization of the final performance typically requires a trade-off.

The electrical conductivity is proportional to the product of charge carrier concentration n

and charge carrier mobility u, given by

Ou = NG, (2.2)

where ¢ is the elementary charge, i.e. 1.6 - 10" C. g,; increases with the number of charge
carriers, which can be tuned by doping (see Section 1.2), and with the mobility u which depends
on polymer chain conformation and solid-state order as well as n (see Section 1.3).

The Seebeck coefficient can be seen as a measure of the average entropy per charge carrier.
Therefore, a usually decreases upon addition of charge carriers (i.e. doping). « is defined as:

_ _Av (2.3)

Y
where AV is the electrical potential that arises when a material is exposed to a temperature
difference AT. The sign of a indicates the type of charge carriers, i.e. @ < 0 for electrons (n-
type semiconductors) and ¢ > 0 for holes (p-type semiconductors) (Figure 2.1).
The thermal conductivity x represents the ability of a material to transfer heat. The total
thermal conductivity is composed of a lattice contribution k;,¢; and an electronic contribution
K, since both phonons and electrons contribute to heat transport, according to

K = Kjgtr + Ke. (2.4)

The Wiedemann-Franz law describes how the electronic part depends on g,;, according to

K, = La,,T, (2.5)

where L is the Lorenz number, of which the value for organic materials remains a debated
topic,!*%l and T is the temperature. So, when a material has a high electrical conductivity, its
thermal transport is generally governed by the electronic contribution (k, > k4 ). Instead,
materials exhibiting a low electrical conductivity have a minor electronic contribution and thus
the thermal conductivity is largely governed by the phonon contribution. The classical picture

of a phonon is a quantified lattice vibrational energy that transfers heat through lattice vibration,



unless it is scattered by defects, impurities, and grain boundaries. Regardless, thermal transport
in polymers is governed by defects and grain boundaries, and therefore their intrinsic thermal
conductivity is low. Typical values are « = 0.1 — 0.5 Wm ' K'andx =0.2 -1 W m' K'! for
largely amorphous and long-range ordered conjugated polymers, respectively.l*!l As a result,
conjugated polymers are appealing thermoelectric materials. However, the effect of introducing
charge carries (i.e. doping) on the thermal conductivity « is still unclear. Both an increase due

[42.43] and a decrease due to solid solution scattering caused

to a larger electronic contribution
by counterions!** 431 have been reported.

Therefore, enhancing the figure of merit Z7 is not a trivial task due to the interdependency
of the thermoelectric parameters, particularly the interplay between a and o,; with charge-
carrier concentration ». Indeed, improving one parameter could negatively affect the other, as
shown in Figure 2.2. In this figure, some experimental data collected in this thesis lie on the
empirical power-law proposed by Chabinyc et al.,[*) which argues that the Seebeck coefficient

scales with the electrical conductivity to the power of -0.25.

Figure 2.2. Seebeck coefficient a vs. electrical conductivity g,;. Grey dashed line represents
a « g, %25, Experimental data collected for p(gsTT-T2),*” **) with different molecular

weights, oxidized with different dopant molecules and doping mechanisms. Unpublished data.

Several strategies to decouple the thermoelectric parameters have been proposed. One

approach is structural anisotropy,“”! which can be induced by, for example, high-temperature
pp Py Y p g p

rubbing®Y or drawing.°! This method aims to improve g,; by increasing the charge carrier

mobility x which benefits from long-range connectivity. An alternative approach is to enhance



a through the modification of the energy landscape achieved by, e.g., mixtures of conjugated
polymers.[52 331

Considering the interdependency of the thermoelectric parameters, the majority of studies
focus on finding the optimal point where the figure of merit ZT or the power factor PF = o,a?
is maximized. However, this thesis will discuss in more detail how the electrical conductivity

can be enhanced through different techniques, as discussed in Section 5.

2.2 Mechanical properties of conjugated polymers

Conjugated polymers, like other polymers, display a wide span of mechanical properties,®
54351 which can be tuned by many approaches, including synthetic design,% 3" blending with

insulating polymerst®-%°! or compounding with nanomaterials, [!- 62 and chemical doping.[2% 6%

64]

Tensile testing is the most widely used technique for investigating the mechanical properties
of polymers and can be used to determine the stiffness, ductility, elasticity, stretchability and
toughness of a material. In this method, a sample is typically elongated at a fixed strain or force

rate, allowing to record the stress ¢ as a function of strain € until fracture (Figure 2.3).

Figure 2.3. Stress—strain curve recorded during a tensile deformation experiment of a ductile
polymer allows to determine the Young’s modulus E, the yield strain and stress, €y;¢;4 and
Oyield» the strain and stress at break, &preqx and Opreqr, and the toughness (yellow area under

o(¢€)). Reproduced from ref [55] with permission from the Royal Society of Chemistry.
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Initially, the material undergoes elastic deformation, where o increases linearly with
strain €. The initial slope of o (¢) is referred to as the Young’s modulus E = g (¢)/e. When the
applied deformation approaches the yield stress gy;¢;4, the material starts to experience plastic
(permanent) deformation. Ultimately, the sample breaks, yielding the stress and strain at break,
Opreak and €preqr- Materials with a low &, are considered brittle, while ductile materials
feature an €p,pqr >> 100%. The area under the stress-strain curve is the toughness, i.e. the
energy per volume absorbed by a material during tensile deformation, meaning that an initially

stiff and then ductile material has a high toughness.!>>: 6]

2.2.1 Viscoelastic behavior

Conjugated polymers, like other polymers, are viscoelastic materials, showing both elastic
and viscous behavior. When deformed, they can store and/or dissipate energy through
conformational changes on different length scales, given that enough time for relaxation is
provided. Such conformational changes are driven by temperature and occur at different
temperatures depending on the specific segment of the polymer chain involved. Hence, some
characteristic temperatures exist, such as the glass transition temperature T, also referred to as
a-relaxation temperature T,,, which marks the onset of main-chain relaxation processes, i.e. the
polymer backbone, and the Srelaxation temperature Ty, which is associated to the relaxation
processes of side-chains where relevant.[%6]
As a result, viscoelastic materials display complex rheological and mechanical behavior that
depends on temperature, time, frequency and deformation rate.

When a polymer is subjected to dynamic deformation, such as an oscillating sinusoidal
strain £(t) = gpsinwt in a dynamic mechanical analyzer (DMA), the resulting stress o(t) =

oosin(wt + §) will be out of phase by & from the strain (Figure 2.4a). The ratios between the

stress and strain components define the storage and loss moduli, E' = 2—00056 and E" =
0

Z—O sin  respectively. The storage modulus describes the elastic behavior of the material, related
0

to the energy stored in the system during deformation. The loss modulus E'’ represents the
energy dissipated in the form of, e.g., heat, describing the viscous behavior. Their ratio E'/E"'

is called tand, which is the damping factor.>]
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Figure 2.4. a) Oscillating sinusoidal strain £(t) applied to a viscoelastic material and the
resulting stress o(t), which has a phase difference of § from the strain. b) DMTA graph for an
amorphous polymer (green), showing the variation in storage modulus (E’) (solid line), loss
modulus (E") (dashed line) and tan & (double line) with temperature. Adapted from ref [55]

with permission from the Royal Society of Chemistry.

Figure 2.4b shows a typical dynamic mechanical thermal analysis (DMTA) thermogram
for an amorphous polymer, i.e. E'and E" vs. T. Three principal regions can be distinguished
corresponding to the glassy, rubbery and viscous regimes. In the glassy regime, the polymer
chains have very little segmental mobility, potentially leading to a sub-glass transition
temperature Tg. As a result, the material is brittle with a high E’. The transition from the glassy
to the rubbery regime occurs around the T due to the onset of main-chain relaxation. The Ty is
associated with a significant drop in E’ along with a peak in E'" as well as in tand, and its
position is affected by the frequency and heating/cooling rate. Above the T, the rubbery plateau

is reached, where E’ is constant. The extent of the rubbery plateau depends on the presence of
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entanglements and crosslinks, which prevent the polymer chains from flowing, and on the
molecular weight, which determines how easily a polymer can disentangle.!>3 In the viscous
regime, polymer chains are completely disentangled and hence free to relax.

The mechanical properties of conjugated polymers vary with temperature and are governed
by T, (Figure 2.5). For instance, conjugated polymers with a Ty below 0 °C, such as, e.g.,
polythiophenes with oligoether side chains, are soft and ductile at room temperature with an

elastic modulus of 1-100 MPa.[6!. ¢ 64 671 [n contrast, polymers with a T, above room
temperature, like regio-random poly(3-butylthiophene) (P3BT) with a T, =~ 45 °C, are in the

glassy state at room temperature with an elastic modulus of several hundred MPa.[68: 6]

Figure 2.5. Tensile elastic modulus at room temperature vs. the T, of conjugated polymers
with oligoether (open diamond) and alkyl side chains (filled circles). Values from tensile
testing or DMTA (green) and from oscillatory shear rheometry (purple, converted using E =
2G(1 +v) with v = 0.5). Adapted from ref [55] with permission from the Royal Society of
Chemistry.

2.3 Correlation between electrical and mechanical properties

Both electrical and mechanical properties of conjugated polymers are significantly
influenced by their nano- and microstructure, resulting in interdependencies between them.[*7]

The presence of ordered domains, such as crystallites or regions where n-stacking occurs,
concomitantly enhances charge transport and increases the elastic modulus.’”! Tie chains,
which connect ordered domains in conjugated polymers with sufficiently high molecular
weight, tend to increase the charge-carrier mobility due to an improved connectivity between
ordered domains. At the same time they contribute to achieve a ductile material with a high

Epreak- Uniaxial orientation, typical for fibers and stretched tapes, also impacts charge transport
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and stiffness, leading to an enhancement of, e.g., conductivity as well as Young’s modulus
along the direction of alignment.[!- 71 721

Therefore, o,; and E tend to correlate (Figure 2.6). Materials with a high electrical
conductivity typically exhibit a high elastic modulus. For instance, materials without side
chains such as poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and
poly(benzodifurandione) (PBFDO:H) tend to feature values of a,; >> 1000 S cm™! and E > 1
GPa.53 7731 Similarly, o,; and E tend to increase in tandem with the oxidation level of
conjugated polymers, as observed in the case of polythiophenes with oligoether or alkyl side
chains doped with F4TCNQ.[!: 63,691

However, in some cases, this correlation can be partially decoupled through the use of
multi-component systems!’® 77! and the addition of suitable dopants, as reported for p(g42T-T)
doped with bistriflimidic acid (H-TFSI).[2% This highlights the potential of selecting appropriate

dopants or counterions for the design of conducting materials that are not characterized by a

very high stiffness.

Figure 2.6. Electrical conductivity g,; vs. elastic modulus £ for isotropic (filled symbol) and
anisotropic (open symbol) doped conjugated polymers. Adapted from ref [78]; references of

data therein.
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3 Aims of this thesis

The field of organic thermoelectrics has made significant progress in recent years,
accompanied by increasing interest in chemical doping as a tool to achieve the high electrical
conductivities required.l*!- ! However, some challenges remain, hindering further progress.
For instance, doped conjugated polymers often suffer from poor ambient and thermal stability,
while n-type polymers exhibit limited performance, i.e. typically an order of magnitude lower
than p-type counterparts, as well as air instability. Additionally, the prepration of bulk samples
is essential for building prototypes and thermoelectric devices, which necessitates a deeper
understanding of their mechanical behavior, a topic that is until now poorly explored.

Within this thesis, I explore the thermoelectric properties of p-doped and n-doped
conjugated polymers, their stability over time as well as the interplay between electrical and

mechanical properties. The following research questions are addressed:

1. How does the length of oligoether side chains influence the thermoelectric properties

of doped polythiophenes? (Section 5)

2. How does the drift of counterions in an electric field affect the thermoelectric properties

of chemically doped conjugated polymers with oligoether side chains? (Section 7)

3. How does chemical doping affect the mechanical properties of conjugated polymers

with oligoether side chains? (Section 6)

4. Is it possible to decouple the electrical and mechanical properties of doped conjugated

polymers to some degree? (Section 6)

5. Which mechanical properties does the newly reported n-type polymer PBFDO have?
(Section 6)

6. To what extent can PBFDO be used for the fabrication of mechanically robust textile

devices? (Section 8)
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4 Determination of charge-carrier density

Chemical doping facilitates the introduction of charge carriers to conjugated polymers,
allowing for the optimization of their electrical properties by tuning the charge-carrier
concentration n and through the introduction of new energy levels (Section 1.2). Since organic
thermoelectrics require a high electrical conductivity, achieving a high doping regime
characterized by high charge-carrier density of up to n = 10’ m> is a typical goal.l*!]

Given the need of a high n for thermoelectric applications and its influence on the interplay
between a and o,; (Section 2.1), determining n experimentally is of critical importance. Once
n is known and o,; is measured, the charge-carrier mobility u can be calculated through
Equation 2.2 assuming that each charge carrier is mobile and thus contributes to electronic
transport.

Various techniques can be employed to determine the charge-carrier density. For instance,
optical absorbance spectroscopy in the UV-vis-NIR range can provide an estimation of the
polaron mole fraction by comparing the absorbance peaks associated to the neutral polymer and
polaron sites.[®% 811 Additionally, optical spectroscopy can be combined with electrochemistry,
i.e. spectroelectrochemistry, to estimate the molar attenuation coefficient of polarons by
recording the absorbance spectra and comparison with the injected charges at different doping
levels which can be determined with chronoamperometry.[32 831 Another technique that allows
charge-carrier density quantification is electron paramagnetic resonance (EPR) spectroscopy,
which is sensitive to unpaired electrons interacting with an external magnetic field. This makes
it particularly useful for studying polarons or dopant monovalent counterions in doped
conjugated polymers, while bipolarons/polaron pairs are spin silent.[83-8%

Alternative approaches for determining # rely on the quantification of dopant counterions
within the polymer film, assuming an ionization efficiency 7;,,, i.€. the ratio between the
number of polarons and number of dopant molecules per unit volume, equal to 100%. For
instance, X-ray photoelectron spectroscopy (XPS) or '°F nuclear magnetic resonance (NMR)
have been used to quantify the number of TFSI anions in poly[2,5-bis(3-dodecylthiophen-2-
yl)thieno(3,2-b)thiophene] (PBTTT).[8 871 Additionally, gas chromatography can detect
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molecular Hz, a byproduct formed upon doping poly(3-hexylthiophene) (P3HT) with BCF or
P(NDI2OD-T2) with 4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-
dimethylaniline (N-DMBI-H).[®8] Rutherford Back Scattering (RBS) is another analytical
technique that can be used to detect, for example, Sb atoms in Magic Blue-doped PBTTT.®"!
In this thesis, I used optical spectroscopy and XPS together with °F NMR to estimate n in
F4TCNQ-doped polythiophenes with oligoether side chains and in a thienothiophene copolymer

doped via proton-coupled electron-transfer (PCET) reactions, respectively.

4.1 UV-vis-NIR and FTIR spectroscopy

A series of three polymers with a thiophene-based backbone and oligoether side chains of
varying lengths called p(gx2T-T) with x = 3, 4, or 6 (synthesized according to ref [90, 91] by
Sophie Griggs, Dr. Renee Kroon and Junfu Tian, respectively; see Figure 4.1 for chemical
structures) were chosen for studying the impact of side-chain length on thermoelectric and
mechanical properties (paper II).

Each polymer was co-processed with 20 mol% of FsTCNQ per thiophene ring. I anticipated
that increasing the side-chain length reduces 7, as a larger volume fraction is occupied by the
non-conjugated side chains. To investigate this hypothesis, the number of charge carriers in the
three polymers was estimated through comparison of the UV-vis-NIR absorbance spectra of
F4TCNQ-doped polymer films with those of the neutral F4sTCNQ and the F4sTCNQ anion
dissolved in dry acetonitrile, as reported by Kiefer er al.[®?! (Figure 4.1). Specifically, the
absorption peaks around 3.4 eV in the UV-vis spectra of doped films were compared with a
superposition of the absorption spectra of neutral F4TCNQ and its anion yielding an estimate
of the ratio of ionized and neutral dopant molecules f'in the films and hence the ionization
efficiency 1;,, = 1/(1 + f). It should be noted that this method results in a poor description
of the experimentally obtained spectra, likely because FaTCNQ and its anion are in a different
dielectric environment, meaning that the obtained value for f is only a crude estimate. The

number of polarons per unit volume N VVis was estimated by assuming that each F4ATCNQ

anion generates one polaron on the polymer backbone (Table 4.1):

-1
i M - MF,TCN (4-1)
NZV¥S = i - g (220 (100 = xg) + SEIM )
3'Pp(gx2T-T) PF4TCNQ

where x, is the dopant molar concentration (i.e. 20 mol% F4TCNQ), ppg,2r-1) = 1 & cm and

Pr,rcng = 1.6 8 cm are the assumed density of p(gx2T-T) and F4sTCNQ, and My or-7 =570,
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659 or 835 g mol™! and Mg, rcyg = 276 g mol ™! are the molecular weight of the g2 T-T repeat
unit in case of x =3, 4 and 6 respectively and FsTCNQ. The error of N YVis was estimated to

be 30%, dominated by the uncertainty in f'and the film thickness.
Among the three polymers co-processed with 20 mol% F4TCNQ, p(g32T-T) shows the highest

values, i.e. nI07" = 42 + 14 % and NJVV = (2.8 £ 0.8) - 10%° m™.

ion

Figure 4.1. Chemical structure of p(g:2T-T) polymers; UV-vis spectra of neat p(g3;2T-T) and
of p(g«2T-T) films co-processed with 20 mol% F4sTCNQ (purple, pink, orange line), of neutral
F4TCNQ and its anions in dry acetonitrile from ref [92] (purple and green filled curves) and
superposition of the dopant spectra that best describes the measured spectra in the UV region
as well as a vertical offset (black and grey, respectively); transmission FTIR absorbance spectra
of p(g2T-T) films co-processed with 20 mol% FsTCNQ with the absorbance 4 normalized by
the film thickness d. Adapted with permission from ref [64] published by ACS Publications.
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Transmission FTIR absorbance spectra, which confirmed the absence of FATCNQ dianions,
were used to obtain an independent estimate of number of polarons for samples co-processed
with 20 mol% F4TCNQ (Figure 4.1). Nj™'® per unit volume was calculated by comparing the
relative intensities of the cyano stretch vibration peaks at 2190 cm™!, which are characteristic of
F4TCNQ anions, with the extinction coefficient previously reported for FATCNQ doped p(g42T-
T) with an ionization efficiency of 100% (Table 4.1).15% %21 The extinction coefficient was
assumed to scale linearly with the concentration of ionized dopant in the sample, and an error
of approximately 30% was considered due to the uncertainty in film thickness. Based on these
assumptions and considering that each anion generates one polaron, a value of ni/ /8 =31 +9
% is obtained for p(g;2T-T), in reasonable agreement with n2"”S Instead, the values obtained
for p(g42T-T) and p(ge2T-T) are approximately twice those obtained from the analysis of UV-
vis spectra.

The number of polarons per unit volume, together with the electrical conductivity a,;, was
used to derive the charge carrier mobility x# according to equation 2.2. Regardless the

uncertainty in N, p(g32T-T) exhibits a much higher  than p(g42T-T) and p(ge2T-T) because

of a much higher o,; (see Section 5.1).

Table 4.1. Polymer co-processed with 20 mol% FsTCNQ per thiophene ring, ionization efficiency

N2V and number of polarons per unit volume NJV¥'S from analysis of UV-vis spectra, number of

polarons per unit volume le TIR and ionization efficiency nf1 /R from analysis of FTIR spectra.
niUOI:lvis ng]Vvis n;’I;IIR Né?TIR
polymer
(%) (10% m) %) (10%m)
p(g32T-T) 42+ 14 2.8+0.8 31+9 22+0.7
p(g42T-T) 36 12 2.1+£0.6 60 £ 18 42+13
p(gs2T-T) 28+ 9 1.4+04 47+ 14 33+£1.0

4.2 X-ray Photoelectron Spectroscopy (XPS)

When the absorbance spectra of counterions do not exhibit distinct spectroscopic features
in the UV-vis or IR region, which is the case for, e.g. TFSI and NFSI anions, other analytical

techniques are needed for determining #n. One of these alternative techniques is XPS, which was
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employed here to characterize the atomic composition near the surface of thin films of the
thienothiophene copolymer p(g3TT-T2) with triethylene glycol side chains. This polymer,

synthesized by Joost Kimpel,[47> 48]

was chemically doped via PCET reactions of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) in the presence of an electrolyte, such as LiNFSI or
LiTFSI, in MilliQ water.

XPS is a surface sensitive technique. Hence, the method described here works if there is no
doping gradient or unreacted dopant molecules on the top of the film. XPS enables the
estimation of the molar ratio of atoms in each species, which is directly related to the ratio of
peak integrals for a given transition. Since both p(g3TT-T2) and NFSI contain sulfur, the molar
ratio of the anion to the polymer repeat unit can be determined by measuring the areas of the
sulfur peaks corresponding to each component, as previously described by Jacobs et al..*”) For
the peak fitting, separate 2p doublet components were assigned to the neutral polymer chain
segments and polarons (Figure 4.2, see Materials and Methods in paper V for fitting details),
with the latter being shifted to a higher binding energy due to the positive charge. Distinct 2p
doublet components were used to describe the peaks arising from the two sulfur atoms of NFSI.
The calculated molar ratio of NFSI to polymer repeat unit x,, is around 0.64, which was used
to estimate the number of charge carriers per volume Ny* S, assuming that each counterion
corresponds to a polaron and no volume change upon doping, according to:

-1
M — 4.2)
XPS _ g3TT-T2
Np = Xox "Ny < . ) >
Pp(g3TT-T2)

Here, N4 is Avogadro’s number, My, rr_r, is the molar mass of the repeat unit, 626.8 g mol’!,
and p,(g.77-T2) i8 the density of p(g3TT-T2), taken as 1.05 g cm™, based on the reported value
for PBTTT,®® a similar polymer but with alkyl side chains. Alternatively, if a volume
expansion upon doping is considered, leading to a total volume comprising both the polymer
and anion, NyFS is given by:

- -1 43
NEPS = gy Ny (T2 (100 — ) 4 Mmst e ) (4
Pp(g3TT-T2) PLiNFSI
where Mypg; is the molar mass of the NFSI anion, 580 g mol™!, and p,;yrs; is the density of
LiNFSI salt, taken as 1.33 g cm, based on the reported value for LiTFSI. Considering a total
uncertainty of approximately 20%, resulting from the volume estimation (15%) and the fitting

process (5%), the calculated polaron number per volume is Ny = (7.1 + 1.03) - 10% m.

The same fitting procedure was performed for XPS spectra recorded for p(g3TT-T2) doped by
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PCET with LiTFSI as electrolyte, resulting in a molar ratio of TFSI to polymer repeat of around
0.62, and to a NP = (7.2 + 1.08) - 10% m™.

Figure 4.2. XPS spectra of p(gsTT-T2) neat and doped films. a) Sulfur 2p XPS spectra of
p(g3TT-T2) (left) and p(g3TT-T2):NFSI (right) including peak fits corresponding to signals
from the neat polymer (blue), polaron (green) and NFSI (yellow and orange). b) Sulfur S 2p,
Fluorine F 1s, Carbon C 1s and Nitrogen N 1s XPS spectra of p(g3TT-T2) neat and doped
through PCET with TFSI or NFSI counterions. XPS measurement, spectra fitting and data
analysis were performed by Dr. Andreas Schaefer. Unpublished data.
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4.3 F nuclear magnetic resonance (NMR)

An alternative technique for quantifying counterions that do not exhibit optical
spectroscopic features is nuclear magnetic resonance (NMR), which measures the response of
magnetically active nuclei to radiowaves in a magnetic field. Since !°F is a highly abundant,
magnetically active nucleus, quantitative '°F NMR allows for the measurement of the absolute
concentration of fluorine atoms, e.g. present in the counterions studied here, by integrating the
NMR signals of the target species and comparing them to an internal standard of known
concentration. The integrated intensity ratios of each signal in an NMR spectrum are
proportional to the mole ratio of the corresponding nuclei.

Quantitative ’F NMR was used to determine the number of NFSI anions present in p(gzTT-
T2) at different doping levels, as indicated by corresponding UV-vis spectra (Figure 4.3). The
polymer was doped via PCET reactions of benzoquinone (BQ) in the presence of aqueous

electrolyte, comprising LiNFSI at pH 2, 4 and 7 to achieve various doping levels.[% %3l

Figure 4.3. UV-vis absorbance spectra of solid thin films of neat and doped p(g3TT-T2)
through PCET in aqueous solution with pH 2, 4 or 7. Unpublished data.

NFSI counterions were removed from the doped thin films by dedoping the sample with 2
mL of 10% v:v triethylamine (TEA) in deuterated acetonitrile (AcN-d3) solution, as previously
reported.’”-*4 1F NMR spectra of samples composed of 0.7 mL of dedoping solution and 20
pL of 25.5 mM of hexafluorobenzene, used as the reference compound, were recorded (Figure

4.4). UV—vis spectra were measured to confirm dedoping (Figure 4.4), which was almost fully
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achieved, as evidenced by the nearly complete recovery of the neutral absorption band of the
polymer in the visible region. Additionally, before dedoping the polymer films, UV—vis and '°F
NMR spectra were recorded for samples that had been prewashed with 2 mL of AcN-d; for 2
minutes and for the prewashing solution, respectively (Figure 4.4). The resulting 'F NMR
spectra of the prewashing solution revealed a significant amount of NFSI, suggesting an excess
of electrolyte on the film surface - despite a prerinsing step performed prior to the prewashing
step by spinning off 50 uL of MilliQ water at 3000 rpm - along with a slight dedoping effect,
as indicated by the increased intensity of the absorbance peak of the neat polymer at ~ 560 nm
in the UV-vis spectra (Figure 4.4). The amount of NFSI in the prewashing solution was not
considered for the calculations of the number of charge carriers per unit volume Ny"™~.

The charge-carrier density was estimated by dividing the NFSI concentration obtained from
integration of the NMR peaks by the dry film volumes, which ranged from 5 to 10 um?®. The

estimated number of polarons per unit volume is approximately Ny™f= (1.2 £ 0.2) - 10" m-

3(6.7 £ 1.3) - 10 m>, and (8.6 + 1.7) - 10> m™ for the samples doped at pH 2, 4 and 7,
respectively. An error of around 20% was considered due to uncertainties in the volume
measurements of dry samples and the swelling of polymer films upon doping. The calculated

Np"MR values agree with the increase in N, inferred from UV-vis spectra (Figure 4.3).
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Figure 4.4. Quantitative 19F NMR spectra of the dedoping solution containing NFSI
counterions and hexafluorobenzene as the calibration standard. UV-vis absorbance spectra of
solid thin films of neat, doped, prewashed and dedoped p(g;TT-T2). Quantitative '°’F NMR

measurement and spectra analysis were performed by Joost Kimpel. Unpublished data.
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5 Effect of solid-state order on charge transport and

electrical properties

Charge transport in molecularly doped systems is influenced by several factors, including
structural characteristics, Coulomb interactions between the charges and the dopant
counterions, as well as ionization and dissociation efficiencies (Section 1.3). This Section
primarily investigates how solid-state order affects the charge transport properties of p-doped
conjugated polymers.

Doping conjugated polymers for thermoelectric applications comprises reaching a high
doping regime characterized by high charge-carrier densities up to n = 10?” m (Section 4).
This is typically achieved by introducing a considerable amount of dopant, i.e. tens of mol %
with respect to the repeat unit. The amount and size of introduced dopant can significantly
influence the nano- and microstructure of conjugated polymers, altering key features such as
the degree of order, crystal structure and size, and connectivity between ordered domains. These
structural modifications have a significant impact on charge transport and on the resulting
electrical properties.

For instance, chemical doping can enhance the degree of m-stacking in less ordered

[95, 96

polymers such as regio-random P3HT,?> *®) induce the formation of new crystalline phases,””-

?1 or modify the conjugation length of amorphous segments of the polymer chains, thus
improving the connectivity between ordered domains.%- 100]

The nano- and microstructure of conjugated polymers can be modified not only through
molecular doping but also by molecular design or physical post-treatments. For example,
planarization of the conjugated backbone is a common strategy to improve intrachain
conjugation and interchain n-interactions, leading to more ordered microstructures.%!- 1021 Side-
chain engineering, commonly used to enhance polymer solubility, can also significantly
influence solid-state organization.l!®* 1041 Additionally, post-processing methods such as

thermal annealing!!?> 1%) and uniaxial chain alignment techniques®® 5!l enable fine-tuning of

the microstructure to enhance the charge transport properties.
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In this Section, I explore the influence of solid-state order on charge transport through X-
ray diffraction analysis and electrical conductivity measurements. In particular, four different

ways of how solid-state order can be altered are presented.

5.1 Impact of side chain length and type of side chain

Firstly, I investigated the effect of side-chain length on the microstructure (paper II) for a
series of three polymers with a thiophene-based backbone and oligoether side chains (see Figure
4.1 for chemical structures of the polymers). Grazing-incidence wide-angle X-ray scattering
(GIWAXS) was used to determine the degree of order of the three polymers, p(g32T-T), p(g42T-
T) and p(ge2T-T), in their neat and oxidized states.

Films of all three neat polymers show a low degree of order. p(g32T-T) exhibits an out-of-
plane 400 diffraction peak at g, =~ 0.30 A™!, which indicates the lamella stacking, and a weak
in-plane gy diffraction, indicating limited n-stacking, on top of a broad amorphous halo at ¢
~ 1.5 A™!. From this an edge-on texture is evident (Figure 5.1a). Instead, p(g42T-T) and p(ge2T-
T) show a face-on orientation with weak out-of-plane qq,o diffraction peak at g =~ 1.7 A™! and
no 400 diffraction peaks.

Co-processing the three polymers with 20 mol% of F4sTCNQ results in an increase of
structural order of the polymers, as reported for doped regiorandom P3HT.>! This is evidenced
by a clear out-of-plane diffraction peak qq;o = 1.75 A™' that emerges due to n-stacking of the
polymer backbone (Figure 5.1b). A change in texture from a predominately edge-on to face-on
orientation is observed for p(g32T-T) upon doping, with in-plane 4#00 diffraction peaks and out-
of-plane diffraction peak qg1¢.

By comparing the out-of-plane qq,, diffraction peak of doped p(gx2T-T) polymers, a decrease
in intensity with increasing side-chain length is observed (Figure 5.1b), indicating a higher
degree of order for the polymer with the shortest side chains, i.e. p(g32T-T). This correlates
with the electrical properties, where p(g:2T-T) displays the highest electrical conductivity
among the three polymers, reaching a value of g,; =830+ 15 S cm!. Instead, p(g42T-T) and
p(g62T-T) show comparable values of g,; =56 +3 Scm™and 51 +£4 S cm™!, respectively. This
aligns with the higher degree of order and more pronounced n-stacking of p(g32T-T) compared

to p(g42T-T) and p(ge2T-T).
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Figure 5.1. GIWAXS diffractograms of p(g«2T-T) a) neat and b) co-processed with 20 mol%
of F4sTCNQ. GIWAXS measurements were performed by Jesika Asatryan. Adapted with
permission from ref [64] published by ACS Publications.

Varying the length of side chains is not the only strategy for modifying the degree of solid-
state order in conjugated polymers to improve their electrical conductivity. An alternative
approach in side-chain engineering involves the modification of the chemical nature of the side
chains.[107-109]

Here, the impact of exchanging oligoether side chains for alkyl side chains was investigated
for a random oligoether:alkyl copolymer (x(g3TT-T2):y(aioTT-T2), further pTTEG-co-pTTA)
(Figure 5.2 for chemical structure), synthesized by Di Zhu according to ref [47].

GIWAXS diffraction measurements of the neat polymers revealed that partial substitution
of oligoether side chains with alkyl chains results in a decrease of solid-state order (Figure 5.2).
This is indicated by the higher n-stacking paracrystallinity g,;_,;, which quantifies the disorder
in ordered domains coming from statistical variations in stacking distances.l**! Specifically,
PTTEG-co-pTTA exhibited a g,_, of 14.9%, compared to 12.4% for pTTEG. Sequentially
doping with SmM F4TCNQ solution induces an expansion of the lamellar stacking distance
along with a slight contraction of the n-stacking distance in both polymers, as evidenced by the
shift of £00 diffraction peaks to lower ¢ values and g1, to higher g values. Additionally, both
doped polymers show a reduction in g,_, compared to their neat state reaching a value of
10.3% and 11.9% for pTTEG and pTTEG-co-pTTA, respectively.

Despite the lower degree of order, pTTEG-co-pTTA displays a higher electrical
conductivity of 390 + 12 S cm™ compared to 82 + 5 S cm™ of pTTEG. This suggests that other

parameters than the degree of order appear to play a role and still need to be elucidated.
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Figure 5.2. Chemical structure and GIWAXS diffractograms of pTTEG (blue) and pTTEG-
co-pTTA (orange) in the neat and doped state. GIWAXS measurements were performed by
Jesika Asatryan and Alberto Peinador Veiga. Unpublished data.

5.2 Impact of backbone: all-thiophene vs. thienothiophene

Chemical design of polymer backbone is a common strategy used to enhance the planarity
of conjugated polymers, promoting a longer conjugation length and a more ordered
nanostructure. Here, the effect of backbone chemical structure on polymer nanostructure and
charge transport is investigated for two copolymers: an all-thiophene and a thienothiophene
based polymer, p(g32T-T) and p(gz3TT-T2), both having triethylene glycol side chains (see
Figure 5.3 for chemical structure).

GIWAXS diffraction measurements of the neat polymer films revealed that p(g3TT-T2)

exhibits a high degree of solid-state order and an edge-on texture, as evidenced by the out-of-
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plane /00 diffraction peaks, at g190 = 4.2 nm™!, g300 = 8.4 nm™!, g390 = 12.5 nm ™!, and an in-
plane g, diffraction at ¢ = 17.1 nm™!, indicating n-stacking. (Figure 5.3). Instead, p(g;2T-T),
as described in Section 5.1, shows limited n-stacking with a weak in-plane gy, diffraction peak
on top of a broad amorphous halo at g = 15 nm™!. Despite the enhanced solid-state order induced
by chemical doping, the doped polymers show a similar structural trend as in their neat state,
with p(g3TT-T2) showing a highly ordered microstructure and p(g32T-T) showing an
amorphous halo but now a clear m-stacking peak. I attribute the greater solid-state order
observed in case of both neat and doped p(g3TT-T2) to the presence of the planar and rigid
thienothiophene (TT) unit, in contrast to the bithiophene (2T) unit in p(gsz2T-T).

Sequential doping of p(gzTT-T2) with 10 mM F4TCNQ in AcN solution induces an
expansion of the unit cell along the side chains and a reduction of the n-stacking distance, as
evidenced by the shift of the out-of-plane 400 diffraction peaks to lower ¢ values and the in-
plane gq1o diffraction to higher ¢ values. This suggests that dopant counterions intercalate
between the side chains in the ordered polymer domains, as indicated by the increase in lamellar
spacing from 14.8 A to 17.7 A for the neat and doped polymer, respectively. Moreover,
sequential doping of p(g3TT-T2) with dopants of different sizes, such as Magic Blue, H-TFSI,
LiNFSI, results in different lamellar distances, i.e. 16.5 A, 17.9 A, and 21.5 A, respectively
(Figure 5 in paper V). This confirms both the presence of dopant counterions between the side
chains and the influence of dopant size on the polymer nanostructure. The electrical
conductivity a,; of p(gzTT-T2) doped with FsTCNQ is 104 + 19 S cm™.

Interestingly, p(g32T-T) co-processed with 20 mol% of FsTCNQ shows no shift of the
diffraction peaks, indicating that the polymer unit cell remains unaffected by doping and by the
presence of counterions. This suggests that the dopant counterions do not intercalate within
ordered domains of the polymer. Instead, they are likely located in the amorphous regions. A
similar behavior was reported for SbClg counterions (from Magic Blue) in P3HT, which
resulted in an increased distance between the polarons on polymer backbone and the
counterions, which in turn reduced Coulombic interactions, enhancing the charge carrier
mobility.[8 110111 The electrical conductivity a,; of p(g32T-T) co-processed with 20 mol% of
F4sTCNQ is 830 + 15 S cm’.

The higher electrical conductivity of doped p(g32T-T) despite its lower degree of solid-
state order compared to p(g3TT-T2) suggests that charge-carrier transport is influenced not only
by the polymer nanostructure but also by additional factors, such as Coulombic interactions and

polaron delocalization, which are important to consider.
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Figure 5.3. a, b) Chemical structure of p(g:2T-T) and p(g;TT-T2). ¢, d) Out-of-plane and in-
plane GIWAXS 1D line cuts of neat and doped p(g:TT-T2) (blue) and p(g:2T-T) (green).
GIWAXS measurements were performed by Jesika Asatryan.

5.3 Polymer chain alignment by high temperature rubbing

The influence of post-processing techniques on microstructure and charge transport was
investigated for p(g32T-T). High-temperature rubbing was chosen as the post-processing
method, a well-established technique for controlling in-plane orientation and solid-state
ordering within polymer thin films.%
Thin films of p(g32T-T) were doctor bladed onto glass substrates and then subjected to high

temperature rubbing. This process consists of a translating hot plate set at a temperature above

the glass transition temperature of the polymer but below its melting point, along with a rotating
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cylinder covered with a microfiber cloth in contact with the polymer thin film, inducing uniaxial
alignment in the translating direction (Figure 5.4a). p(g32T-T) films were rubbed at a relatively
low temperature of 55 °C, significantly lower than the temperatures exceeding 150 °C typically
used to uniaxially align P3HT and PBTTT.[®% ?8 This lower rubbing temperature is possible
due to the low glass transition temperature of -36 °C (Section 6) and its low degree of order at
room temperature (Section 5.2). The polymer films were sequentially doped with FsTCNQ
solution at varying concentrations, ranging from 0.01 to 1 g L', using the incremental
concentration doping (ICD) procedure introduced by Vijayakumar ef al., which results in high
doping levels.['!?]

Polarized UV—vis—NIR spectroscopy was used to characterize the degree of alignment of

polymer films (Figure 5.4). The absorption of neat p(g32T-T) is considerably stronger parallel

to the rubbing direction, with a maximum dichroic ratio % of 7.4 at 666 nm, confirming the
1

uniaxial alignment of the polymer backbone. Upon sequential doping, the spectrum recorded
for POL || R indicates that the neutral absorption band of the polymer is bleached along with
the appearance of polaronic bands in the NIR region and weak absorption bands of FsTCNQ
anions. Instead, the spectrum recorded for POL L R shows stronger bands of F4 TCNQ™ anions
at around ~ 770 and ~ 870 nm and of neutral F4ATCNQ at around ~ 380 nm.®?) The higher
absorption of Fs TCNQ anions in POL L R orientation suggests that the dopant counterions
preferentially align with their long axis perpendicular to the polymer chain direction of p(g32T-
T), as previously observed for P3HT.8!

The electrical conductivity is considerably higher along the rubbing direction (Figure 5.4d),
reaching values of up to g,;; ~ 7300 S cm™!, compared to g, ~ 1300 S cm™ and G 1ot rup
~ 3900 S cm! for p(g32T-T) doped with 1 g L' F4sTCNQ solution. In contrast, the Seebeck
coefficient displays a low degree of in-plane anisotropy with values below 10 pV K-! for most
of the isotropic and anisotropic doped samples (Figure 5.4e).

The different values of electrical conductivity for different directions highlight the

significant influence of uniaxial chain alignment techniques on charge transport properties.
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Figure 5.4. a) Schematic of the high-temperature rubbing technique. b, c) UV—vis—NIR spectra
with light polarization oriented parallel and perpendicular to the chain direction of neat and
doped p(gi2T-T). d, e) Electrical conductivity and Seebeck coefficient vs. F4sTCNQ
concentration of isotropic and anisotropic samples. All experiments and measurements were
performed together with Shubhradip Guchait in the lab of Martin Brinkmann at CNRS in
Strasbourg. No error bars are shown because only one sample per dopant concentration was
measured. The film thickness was estimated to be circa 55 nm from the absorption peak of the
neat polymer, assuming a linear relationship between the molar extinction coefficient of the

polymer and its thickness, according to 0.1 abs = 10 nm. Unpublished data.
5.4 Doping level

The degree of order is influenced not only by side-chain length and type, backbone

conformation and post-processing techniques but also by the amount of dopant (paper I).
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Indeed, co-processing p(g4+2T-T) with different mol% of H-TFSI results in different degrees of
structural order (Figure 5.5).

The intensity of the out-of-plane 040 diffraction peak associated with n-stacking increases
with the addition of up to 7 mol% H-TFSI to p(g42T-T), and then decreases together with a shift
to lower g values at higher H-TFSI concentrations. Interestingly, p(g42T-T) films that contain
a large amount of H-TFSI (25 and 40 mol%) give rise to GIWAXS diffractograms that are more
comparable to neat p(g4+2T-T) with an out-of-plane g, diffraction and a weak q,, diffraction.
This indicates that the degree of m-stacking also depends on the amount of dopant counterions
present in the sample: n-stacking is favored at low dopant concentrations, while high dopant
concentrations are detrimental to m-stacking. A lower degree of order at high dopant
concentrations may indicate that polaron/counterion interactions reduce the ability of the
polymer to order.?"]

The electrical conductivity of p(gs2T-T) co-processed with H-TFSI increases with the
dopant concentration up to 25 mol%, where it reaches a conductivity of ~20 S cm™, followed
by a decrease to ~ 5 S cm! for higher H-TFSI mol% values (Figure 5.5). The electrical
conductivity decreases as the dopant amount reaches 40 mol% H-TFSI despite a further
increase in the oxidation level, as evidenced by UV-vis spectroscopy (Figure 5.5), suggesting

a reduced charge-carrier mobility due to a lower degree of order.
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Figure 5.5. a) GIWAXS diffractograms of p(gs2T-T) co-processed with different amounts of
H-TFSI. b) UV-vis absorption spectra and c¢) electrical conductivity g,; and Seebeck coefficient
a of p(g42T-T) co-processed with different amounts of H-TFSI. GIWAXS measurements were
performed by Sara Marina. Adapted with permission from ref [20] published by RSC.
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6 Effect of doping on the mechanical properties

Chemical doping can strongly alter the nano- and microstructure (Section 5) of conjugated
polymerst®! and these alterations can change their mechanical properties through different
effects including plasticization, stiffening of the polymer backbone, ionic interactions, a change
in the degree of order, and a change in free volume (Section 2.2).

The presence of dopant counterions between the side chains of conjugated polymers can
induce a plasticization effect by reducing the interchain interactions. For example, regioregular
P3HT (regioregularity: 95%) experiences a plasticization effect when doped with ethylbenzene
sulfonic acid (EBSA), showing a decrease in Ty from 30 to 15 °C and, hence, a decrease in
elastic modulus at room temperature from 900 to 345 MPa.[!13] A similar effect occurs in case
of free-standing and tensile-drawn films of P3HT when doped with the molybdenum dithiolene
complex Mo(tfd-COCF3)3, yielding an elastic modulus of 0.4 GPa (compared with 1.1 GPa
prior to doping).!

Conversely, chemical doping can increase the elastic modulus by enhancing n-stacking and
hence the degree of order. This effect has been observed especially in case of softer conjugated
polymers. For instance, p(g42T-T), with an elastic modulus of 8§ MPa at room temperature, can
experience a 29-fold increase in modulus up to 232 MPa along with a change in Ty from -43 to
3 °C when doped with 30 mol% FsTCNQ.[6?]

I investigate the mechanical properties of conjugated polymers using dynamic mechanical
thermal analysis (DMTA), differential scanning calorimetry (DSC) and tensile deformation to
address hypotheses 3 and 4 (Section 3). Section 6.1 and 6.2 focus on how the backbone
chemical structure and chemical doping influence the mechanical properties of a
polythiophene-based copolymer with oligoether side chains. Moreover, the mechanical
properties of an n-type conjugated polymer without side chains are explored in Section 6.3,

addressing hypothesis 5 of this thesis.
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6.1 Effect of the polymer backbone on the mechanical properties

The relaxation temperatures of p(g32T-T) and p(g3TT-T2) were analyzed to investigate the
effect of the backbone structure.

DMTA in tensile mode at a frequency of 1 Hz of neat p(g32T-T) supported by a glass fiber
mesh (Figure 6.1a) indicates a softening of the material upon heating from —80 to 50 °C, as
evidenced by a decrease in £’, a peak in E” at =36 °C, a peak in tand at —30 °C, which I assign
to the onset of a relaxation process of the polymer chain.!* T performed DMTA of neat p(g42T-
T) and p(ge2T-T) to explore the effect of side-chain length on the relaxation temperature of the
polymer. The resulting DMTA thermographs (Figure S9 in paper II) indicate similar values
of —41 and —43 °C, both taken from the peak in E”, for p(gs2T-T) and p(ge2T-T),
respectively.[® The increase in the side-chain length from triethylene glycol to tetra- or
hexaethylene glycol, corresponding to a side-chain fraction of 57, 63 and 71 wt% respectively,
only slightly reduces the relaxation temperature, which is similar to the behavior observed for
poly(3-alkylthiophene)s (P3ATs) with long alkyl side chains (e.g., decyl and dodecyl with a
side-chain fraction of 63 and 68 wt%, respectively).[6¢ 68]

Since p(gx2T-T) polymers have the same backbone, I expected that they would show a similar
T,, corresponding to the relaxation of the backbone. At the same time, since the loss modulus

peak of p(g«2T-T) occurs at the relaxation temperature of oligoether side chains Tg, it is feasible
that the backbone and side-chain relaxation of p(gx2T-T) polymers overlap, resulting in a single
transition in the DMTA plot, which I refer to as T, g. This result may be attributed to an
“internal plasticization” effect induced by long and flexible side chains, which led to a decrease
in the temperature associated with the backbone relaxation, as reported for regiorandom P3ATs
with long alkyl side chains.[68: 114]

DMTA in tensile mode at a frequency of 1 Hz of free-standing samples of neat p(g3TT-
T2), processed via solid-state pressing at 180 °C, reveals two distinct transitions upon heating
the material from —80 to 60 °C (Figure 6.1b), suggesting the occurrence of distinguishable
relaxation processes. A first sub-glass transition Ty is observed at -50 °C, as evidenced by a
decrease in £’ from above to below 1000 MPa, along with peaks in £” and tand. This transition
is likely associated with relaxation of the oligoether side chains, given the similar low T of -
50 °C reported for poly(ethylene oxide) (PEO).[''5] A second transition appears at T, of -5 °C
indicated by a further peak in tand. This transition is attributed to main chain relaxation, i.e. the

polymer backbone. Specifically, I propose that T, corresponds to the relaxation of the
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bithiophene units, since the T-TT linkage likely experiences sulfur-oxygen interactions. Further
experiments are required to validate this hypothesis.

Interestingly, incorporating a rigid unit, such as the thienothiophene-based monomer g3TT,
in the backbone not only enhances the degree of solid-state order (Section 5.2) but also
introduces distinct segmental backbone relaxation compared to a fully thiophene-based
backbone. Similar behavior was observed in case of a poly(benzodithiophene-a/t-dithienyl
difluorobenzotriazole) type copolymer with tri- and tetracthyelene glycol side chains on the
benzodithiophene (BDT) donor and benzotriazole acceptor moieties, respectively, which
exhibits a relaxation process around -40 °C dominated by side chains followed by relaxation of
the backbone at 21 °C.[M6) Likewise, p(gsTT-T2) displays a similar trend, with a sub-glass
transition T at -50 °C and T, at -5 °C, suggesting a relaxation process associated with the side-

chains followed by backbone relaxation.

Figure 6.1. DMTA thermograms showing the storage modulus (E’, dark color), loss modulus
(E", light color) and tand (grey) measured for: a) a glass mesh supported film of neat p(g;2T-

T) (adapted with permission from ref [64] published by ACS Publications) and b) a free-
standing film of neat p(g:TT-T2).
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6.2 Effect of chemical doping on the mechanical properties

In Section 5 I have discussed how chemical doping enhances the order of thin films based
on thiophene-based copolymers with oligoether side chains. Specifically, an increase in n-
stacking is observed upon chemical doping. Given these structural changes, I argued that the
mechanical properties would also be influenced by chemical doping. To investigate this
hypothesis, I performed DMTA and tensile deformation experiments on free-standing samples
of p(g32T-T) co-processed with 20 mol% F4TCNQ (paper II) and p(g3TT-T2) sequentially
doped with 10 mM F4TCNQ solution in dry acetonitrile (paper V).

For both polymers, an increase in the temperature above which relaxation processes occur
was observed. Co-processing p(g32T-T) with 20 mol% F4TCNQ considerably increases the
peak in tand from -30 °C to 5 °C (Figure 6.2a). A similar effect was reported for F4ATCNQ-
doped p(gs2T-T) by Zokaei et al..[®]

Likewise, in case of p(gsTT-T2), the tand peak that I associate with Tp shifts from -50 °C
to -3 °C when comparing the neat and doped polymer (Figure 6.2b). Interestingly, the DMTA
thermograph of doped p(gsTT-T2) exhibits a single transition, suggesting that only one
dominant or, alternatively, two overlapping relaxation process occur within the temperature
range of —80 °C to 60 °C.

This increase in Ty /5 for doped p(g32T-T) and in T for doped p(gsTT-T2) can be attributed
to various factors, such as doping-induced n-stacking, a change in the rigidity of the backbone
upon oxidation as well as a change in the available free volume to chain motion due to the
presence of dopant counterions. For instance, in case of p(g3TT-T2) the dopant counterions
intercalate between the side chains in the ordered polymer domains, as indicated by the increase
in lamellar spacing upon doping (Section 5.2). Hence, I argue that the presence of counterions
may reduce the free volume fraction available for side-chain relaxation, leading to a higher sub-

glass transition temperature Tg. Moreover, interactions between dopant counterions and
semiconductor can also contribute to an increase in T, above which the side chains can relax.

The enhanced solid-state order induced by doping, along with the presence of dopant
counterions, has a significant impact on the storage modulus £". In case of both doped polymers,
E'’ shows a smaller decrease in magnitude when comparing E’ (T — 20°C)/E’(Tg + 20°C) of
neat and doped polymer. In case of p(g3TT-T2), the estimated ratio is approximately 5.5 for the
neat and ~ 3 for the doped polymer. Moreover, £’ shows only a weak temperature dependence

above the transition temperatures observed with DMTA, suggesting that doping enhances the
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stiffness of these materials. Further studies are needed to investigate how the stiffness is
influenced by oxidation level and ionization efficiency at different temperatures.

Tensile tests at room temperature of free-standing samples confirmed an increase in
stiffness upon chemical doping. For p(g32T-T) doped with 20 mol% F4TCNQ, the Young’s
modulus increased by a factor of 10, reaching a value of £ = 826 + 141 MPa, while maintaining
a similar elongation at break &p,04, (Figure 6.2c). In case of p(g3TT-T2) sequentially doped
with F4TCNQ, the Young’s modulus increased by a factor of 20 up to £ = 693 + 185 MPa,
along with a decrease in &, (Figure 6.2d).

I expect the increase in the degree of order to benefit charge transport and to increase the
Young’s modulus of the material, leading to correlation between electrical and mechanical

properties (Section 2.3).

Figure 6.2. DMTA thermograms (left) and stress-strain curves (right) showing E', E” and tand
measured for a) a glass mesh supported film of p(g;2T-T) co-processed with 20 mol% of
F4sTCNQ (green) and for b) a free-standing film of p(g3TT-T2) sequentially doped with
F4sTCNQ (blue). Adapted with permission from ref [64] published by ACS Publications.

Given that the degree of solid-state order is influenced by the amount of dopant introduced

(Section 5.4), the change in T,/ of p(g42T-T) co-processed with different amounts of H-TFSI

was studied by DSC at a scan rate of 10 °C min™' (paper I). The T,z increases with mol% of
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H-TFSI, reaching the highest value of -32 °C (starting from -59 °C in case of the neat polymer)
for aged material doped with 40 mol% H-TFSI (Figure 6.3).120]

The increase in Ty /5 observed in case of p(g42T-T) when co-processed with H-TFSI is less
pronounced compared to the increase achieved through doping with F4aTCNQ (Figure 6.3). This
difference is thought to be due to a different oxidation level, changes in the conformation of the
polymer, possibly due to protonation in case of doping with H-TFSI, as well as the location of
the anion relative to the polymer backbone. Indeed, as suggested by MD simulations performed
by Prof. Igor Zozoulenko and his team, TFSI anions are positioned further away from the
polymer backbone than F4TCNQ anions.!*- ¢! The difference in the T,z of doped polymers
suggests that different dopant counterions and different oxidation levels can yield different

outcomes with regard to the mechanical properties.

Figure 6.3. Transition temperature difference AT, /g vs. dopant concentration of p(g;2T-T) and
p(g42T-T) co-processed with H-TFSI or FsTCNQ. The ATy g is calculated according to
Ta/g.aopea — Ta/pneats Where Ta g near 18 -36 °C for p(gs2T-T) (measured by DMTA), -41 °C
for p(g42T-T) (measured by DMTA), and -59 °C for p(gs2T-T) (measured by DSC). DSC

measurements were carried out by Sepideh Zokaei and Sandra Hultmark.

I further investigated the impact of doping on T of p(gsTT-T2), which was doped by
various doping mechanisms, including redox doping (F4sTCNQ, Magic Blue), acid mediated
doping by oxygen (H-TFSI), and PCET in the presence of aqueous LiNFSI electrolyte (paper
V). Free-standing samples of neat polymer were prepared by hot pressing and sequential

doping, which involved immersing them in the dopant solution for 4 — 24 hours.
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Regardless of the doping mechanism, all samples exhibit an increase in Tg upon doping

(Figure 6.4a), similar to FATCNQ-doped p(g3TT-T2) described in Section 6.2. However, the

magnitude of change in Ty differs depending on the specific dopant counterion. For instance,
in case of H-TFSI-doped p(gsTT-T2), Ty increased slightly to -44 °C, i.e. just 6 °C higher than
Tp of the neat polymer. While for p(gsTT-T2) doped with PCET (with NFSI as the counterion)
and Magic Blue, T increased to -34 °C and -25 °C, respectively. The most pronounced increase
was observed in case of p(gsTT-T2) doped with FAaTCNQ, where Ty reached a value up to -3
°C. This behavior suggests differences in free volume due to the presence of different
counterions. To prove this hypothesis, the fractional free volume in doped samples was
calculated by Dr. Meghna Jha (see paper V for calculation details), and it is found to decrease
with increasing side-chain relaxation temperature Tg (see Figure 6¢ in paper V). This correlation
can be understood in terms of the energy that is required for side-chain relaxation to occur,

which depends on the free volume that is available for the motion of side chains.

Figure 6.4. a) Elastic modulus vs. Tg of free-standing samples and b) o; vs. E of p(g;TT-T2)
doped by F4sTCNQ, Magic Blue, H-TFSI, and through PCET (with NFSI as the counterion).
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Interestingly, the storage and Young’s moduli at room temperature of doped samples
followed the same increasing trend with different counterions as Ty (Figure 6.4a). This suggests
that the stiffness at room temperature correlates with T and thus depends on the ability of side
chains to relax.

Doping p(g3TT-T2) with different counterions allows to achieve samples with a similar o,
=~ 100 S cm™!, but a significantly different Young’s modulus with values varying from E = 0.05
to 0.7 GPa at room temperature (Figure 6.4b). This suggests that selecting a specific doping
mechanism and dopant counterion allows to partially decouple the often-observed correlation

between o,; and E.

6.3 Mechanical properties of a conjugated polymer without side chains

In paper IV, the mechanical properties of the recently reported n-type polymer PBFDOI!!7:

18] (see Figure 6.5a for chemical structure, the polymer was synthesized by Qifan Li according
to ref [117]) were explored to evaluate its potential as a yarn coating material for wearable
thermoelectric devices.[”?! Unlike the other conjugated polymers studied in this thesis, PBFDO
lacks flexible and long side chains. Hence, I anticipated that PBFDO would be a very stiff and
brittle material. However, the polymer could be easily processed into free-standing films that
were mechanically robust and could be handled without fracture, even at temperatures below
room temperature. Bending without breaking was possible after being immersed in liquid
nitrogen for a few minutes (bending radius 5 mm; Figure 6.5a).[7*]

DMTA in tensile mode at a frequency of 1 Hz was used to investigate the thermomechanical
behavior of free-standing PBFDO films. The tensile storage modulus E' had a value of 18 GPa
at -10 °C which slightly decreased above 0 °C, to a value of, e.g., E'= 16 GPa at room
temperature (Figure 6.5b). A further decrease to about 10 GPa was observed above 100 °C,
accompanied by a pronounced peak in tand at 120 °C (Figure 6.5b).[7*) DMTA thermograph
indicate that PBFDO exhibits limited relaxation processes, which may absorb impact energy
even below T, resulting in a certain degree of impact toughness.[>> 1]

To explore the ductility of PBFDO in more detail, tensile deformation measurements were
performed on free-standing samples. At room temperature, the polymer is stiff but nevertheless
somewhat ductile (Figure 6.5c), with a £ = 6.6 +£ 0.9 GPa and a &,..q = 5.2 = 1.1 % when

measured with tensile deformation in force-controlled mode at a deformation rate of 0.01 N

min’!, yielding a toughness of 3.6 = 1.1 MJ. The somewhat lower Young’s modulus values
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compared with the storage modulus from DMTA can be attributed to the here employed low

tensile deformation rate.[”?]

Figure 6.5. a) Chemical structure of reduced PBFDO and photograph of a bent film after being
immersed in liquid nitrogen for a few minutes. b) DMTA thermographs of a free-standing film
showing E’, E" and tand. c) Stress—strain response of three free-standing films measured by
tensile deformation at 20 °C. All measurements were performed together with Qifan Li.

Adapted with permission from ref [73] published by Wiley.
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7 Stability of doped conjugated polymers

Organic electronic devices must have a long operating lifetime, maintaining a near “as-
new” performance, e.g. electrical and thermal in case of organic thermoelectrics, as they age.
In reality, this is difficult to accomplish due to degradation processes that doped conjugated
polymers can experience, compromising their stability and long-term performance.

Chemical doping is a reversible process, hence there are many events that likely influence
the stability of the doped state, such as neutralization of the charged state, diffusion and
sublimation of dopant counterions. For instance, diffusion of dopant molecules is beneficial for
achieving a uniform doping level throughout polymer films during sequential doping. However,
it negatively impacts long-term stability due to dopant redistribution resulting in local variations
of the doping level.B!) The diffusion behavior of dopant molecules depends on both their
valency and size. Neutral dopant molecules diffuse more easily than dopant counterions, which
experience Coulombic interactions with polarons on the polymer backbone.!'20- 121]
Furthermore, larger dopant counterions tend to have lower diffusion coefficients, as seen in the
case of FsTCNNQ anions and F4TCNQ derivatives that feature methyl ester groups, which
diffuse more slowly than F4sTCNQ anions.!'!? 1201

Moreover, doped conjugated polymers are highly sensitive to exposure to air, light, and
heat. Interactions with an atmosphere (e.g. air or nitrogen)!'??! or an electrolyte can lead to
dopant loss through sublimation or leaching. For example, many dopants are relatively small
molecules with high vapor pressure, such as iodine and FsTCNQ, and hence sublime upon
heating, leading to a reduction of the doping level.[** 1231 Additionally, chemical side reactions
between dopant counterions and the conjugated polymer can affect the long-term performance,
as, e.g., observed in the case of F4 TCNQ and P3HT upon thermal annealing above 60 °C, where
the counterion extracts a hydrogen atom from the polymer side chain, forming a weaker dopant
HFsTCNQ.[!24]

In order to develop competitive and reliable thermoelectric technologies, it is important to
study and address these stability issues. Various approaches have been proposed that allow to

enhance the stability of doped conjugated polymers. One of these involves using Lewis-paired
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dopant complexes, such as a complex of BCF and F4sTCNQ, which features a large molecular
size and large binding energy. This has been shown to significantly improve the thermal
stability of doped films, as demonstrated by the prolonged operational lifetime of P3HT at 100
°C in air.[*! A similar method utilizes sulfonic or bistriflimidic acid as p-dopants to enhance
the thermal stability of p(gs2T-T) films, which retained their electronic properties after
annealing at 120 °C for over 10 hours.[?]

An alternative approach focuses on exchanging small and highly reactive dopant
counterions such as F4TCNQ or iron(IIl) chloride (FeCls)with electrolyte anions such as TFSI
through ion exchange doping (Section 1.2.2, Figure 1.3). This doping technique allows to
achieve a high ionization efficiency and enhanced stability, especially when a complete anion
exchange is achieved.[!7- 28]

Here, I investigate the long-term electrical performance at ambient condition of three doped
polymers. Moreover, the lateral drift of dopant counterions in an electric field is discussed and

a method that exploits this drift to improve thermoelectric properties is presented.

7.1 Interaction with atmosphere

To study the electrical stability of p(g32T-T) co-processed with 20 mol% of FsTCNQ at
ambient conditions, the thermoelectric properties were monitored over time (Figure 7.1a, paper
IT). The doped polymer is sensitive to air, as evidenced by a drop in electrical conductivity
within the first 24 hours of ageing, thus leading to a decrease in the thermoelectric performance.
After an initial drop in g,;, thin films of p(g3;2T-T) co-processed with F4TCNQ retained a high
01 =200 S cm! for three months of ageing at ambient conditions.

The initial drop in electrical conductivity can be attributed to partial dedoping that occurs
at ambient conditions. UV-vis spectrum of a 3-months old sample shows the reappearance of
the absorption peak of the neat polymer at 2.1 eV, along with a reduction in the intensity of the
polaronic absorption bands in the near infrared region (Figure 7.1b). Additionally, the peak at
3.2 eV, assigned to neat F4sTCNQ, decreases and shifts to 3.5 eV, which I associate to the
gradual sublimation of the dopant at ambient conditions and to the formation of F4sTCNQ
dianions, which occurs only at low doping levels.[> °2) To verify the presence of dopant
dianions, I recorded a transmission FTIR absorbance spectrum of a 3-months old sample, which
exhibits the characteristic absorption peak of F4TCNQ dianions (Figure 7.1c¢).

I attribute the promising level of long-term stability to the presence of FsTCNQ dianions,

which likely experience a stronger Coulomb interaction with the polymer compared to FsTCNQ
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anions, hence enhancing the diffusion resistance, similarly to the high stability achieved by

doping an n-type polymer with tetravalent counterions, as reported by Koch et al..['?!]

Figure 7.1. a) Electrical conductivity vs. ageing time of p(g;2T-T) co-processed with 20 mol%
of F4TCNQ at ambient conditions. b) UV-vis and transmission FTIR absorbance spectra, with
the absorbance A normalized by the film thickness d, of neat p(g32T-T) and films doped with
20 mol% F4TCNQ, as-cast and aged at ambient conditions for 3 months. ¢) Transmission FTIR
absorbance spectra of doped p(g:2T-T) films, as-cast and aged at ambient conditions for 3

months. Adapted with permission from ref [64] published by ACS Publications.

Unlike the initial drop in electrical conductivity observed in case of p(g32T-T) co-processed
with 20 mol% of F4sTCNQ, p(g42T-T) co-processed with H-TFSI exhibits an increase in
conductivity upon exposure to air (Figure 7.2, paper 1).2%After 2 days of ageing at ambient
conditions films exhibited a higher o,; than as-cast films reported by Hofmann et al..??! The
observation that a high a,; is only obtained when the material is exposed to air can be explained
with acid mediated oxidation of the polymer through O,.[*°]

To investigate the effect of ageing on the stiffness and elongation at break of neat and doped
p(g42T-T), I carried out tensile deformation tests of as-cast free-standing samples and samples
aged for 14-days (Figure 7.2). For as-cast samples the elastic modulus increases up to E = 90
+ 5 MPa at 18 mol% H-TFSI, and then decreases at higher concentrations of H-TFSI. Aged
samples display a similar trend with the Young’s modulus reaching a maximum of 164 + 11
MPa at 18 mol% H-TFSI, followed by a drop in modulus at higher concentrations. The Young’s
modulus of aged samples is higher than for as-cast ones, especially at H-TFSI concentrations
higher than 9 mol%, indicating a gradual modification of the nanostructure due to the slow
kinetics of the doping process. An electrical conductivity of 40 + 5 S cm™ was measured for a

several-months old thick sample doped with 18 mol% H-TFSI, that was previously used for
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mechanical testing, which confirms that bulk samples can retain a high conductivity over long

periods of time.?"]

Figure 7.2. a) Electrical conductivity and b) Young’s modulus of as-cast (open triangles) and
aged (filled circles) samples of doped p(g42T-T) as a function of mol% H-TFSI. Grey symbols:
data from ref [22]. Adapted with permission from ref [20] published by RSC.

In paper IV, the n-type polymer PBFDO, featuring high electrical conductivity and high air
stability,!!'!”] was used to coat silk yarn, resulting in conductive yarns for thermoelectric textiles
(Section 8 for more details). To assess the long-term stability of PBFDO coated yarn, the
electrical resistance was occasionally measured during storage at ambient conditions. Notably,
the electrical conductivity remained almost constant over a span of 24 months when stored at
ambient conditions (Figure 7.3), which indicates exceptional stability of the yarn compared to
other types of n-type polymers.[!25] It was extrapolated that the PBFDO coated yarn would lose
50% of its initial conductivity after 3.7 + 0.8 years.

The thermoelectric properties of PBFDO coated silk yarn were optimized through partial
oxidation, i.e. dedoping, by exposing the polymer to the strong oxidizing agent Magic Blue,[!2¢]
commonly used a p-type dopant.[*>- %1 Oxidized yarn sections displayed a decrease in o, ¢,
while @ became more negative (see Figure S11 in paper 1V), leading to an overall increase in

the power factor up to one order of magnitude from about 0.5 to 5 uW m™! K'!. However, the
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thermoelectric properties of partially oxidized PBFDO yarn were not stable at ambient

conditions, likely due to gradual reduction of the material by moisture in the air.

Figure 7.3. Effective electrical conductivity g, ofr of PBFDO coated yarn (purple squares)
and ageing prediction (grey area) as a function storage time at ambient conditions. Adapted

with permission from ref [73] published by Wiley with data points for t > 500 days added.

7.2 Doping gradients

The movement of dopant counterions due to diffusion or drift in an electric field can have
a negative effect on the long-term electrical performance of doped conjugated polymers.
However, the drift of dopant counterions within polymer films can also be harnessed to create
lateral doping gradients. Indeed, dopant counterions can drift in the presence of an electric field,
accompanied by a redistribution of charge carriers. For example, F4TCNQ anions undergo
lateral drift in P3HT thin films if a strong electric field of 3 V mm™ is applied, leading to a
doping gradient.[?7]

In our lab, we exploited the same approach to create lateral doping gradients in p(gs2T-T)
films doped with F4sTCNQ. This polymer has a larger dielectric constant than P3HT (e, = 4.4
instead of 2.7),1: 11 which can be expected to reduce the Coulomb interactions between
F4TCNQ (di)anions and the charged polymer backbone,!! facilitating the drift of anions in an
electric field.

A bias voltage V};,s = 5 V across a 50 um long channel (electric field of 0.1 V pm™') was
sufficient to laterally dedope p(g4+2T-T) films close to the negatively charged electrode as a
result of F4TCNQ counterions drifting toward the positive electrode (Figure 7.4a).
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Figure 7.4. Thermoelectric properties of sequentially doped p(g42T-T) films with electrically
programmed doping gradients: a) schematic of the setup, b) current between the inner
electrodes vs. time upon application of different bias voltages V;,s with alternating sign
between the inner electrodes; and c¢) effective electrical conductivity g,; (pink squares),
effective Seebeck coefficient a (yellow triangles), and power factor a?a,; (blue circles)

obtained after each applied Vj;,s. Adapted with permission from ref [128] published by Wiley.
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By gradually changing the magnitude and polarity of V};,s a decrease in o,; and increase
in a were observed for both cases, i.e. when the doping gradient is (1) parallel with the direction
of AT (V45 <0) and (2) antiparallel (V;,s > 0). Interestingly, suitable doping gradients created
at a specific V45 (e.g. £ 10 V in Figure 7.4) resulted in an overall enhancement in power factor
compared to homogeneously doped films.

The electrically programmed in-plane gradients remained stable for at least several minutes.
However, over longer periods gradual changes occurred as evidenced by a return of the
electrical resistance to close to its original value. This can be attributed to the gradual
equilibration of the oxidation level along the channel.

These results indicate that lateral doping gradients can be created in doped conjugated
polymer films, offering a new avenue for enhancing the thermoelectric performance of organic
materials not yet optimized and for screening new materials for thermoelectric applications.
However, for these gradients to become relevant for the construction of thermoelectric devices,

it will be necessary to achieve stable profiles that do not change with time and temperature.
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8 Thermoelectric generator for e-textiles

The text in this Section is adapted with permission from ref [73] published by Wiley.

Electronic textiles (e-textiles) are a versatile platform that uses textile manufacturing to

integrate new functionalities into fabrics, such as health monitoring via sensors,!2- 130]

communication via antennael!3!! and thermal regulation via heating and cooling elements.[!3?]
To power the integrated electronics, e-textiles should also incorporate energy harvesting
devices capable of converting on-site energy into electricity.

Thermoelectric devices are attractive for this task, as they can generate electricity from
body heat without relying on, e.g., external light, as required by solar cells,!'3*) or motion, as

134, 1351 and triboelectric!!* generators. Any difference in temperature, i.e.

needed by piezo- |
between skin and a colder (or warmer) environment, can be directly converted into an electrical
potential through the Seebeck effect (Section 2.1).

A typical thermoelectric generator consists of multiple thermocouples, each composed of
two legs that are connected thermally in parallel and electrically in series. These legs should be
made of semiconductor materials that feature excellent thermoelectric properties, resulting in a

high dimensionless figure of merit Z7 (Equation 2.1, Section 2.1). Specifically, one type of leg
is composed of a p-type material characterized by a positive Seebeck coefficient a,, and the
other leg is composed of an n-type material characterized by a negative Seebeck coefficient a,.
Each pair contributes to the total open-circuit voltage V,. of a thermoelectric generator
according to:

Voe = N(ap — @) AT, (8.1)
where N is the number of thermocouples and AT, is the temperature difference experienced by
the device.'!]

Thermoelectric devices can be classified as in-plane or out-of-plane, based on the
orientation of the temperature gradient, i.e. planar and vertical, respectively. For wearable

applications, out-of-plane TEGs are more suitable since the temperature gradient between the
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human skin and the surroundings is along the orientation of the legs of the device, i.e.
perpendicular to its outer surface.l'! 137]

Extensive research has been dedicated to p-type conjugated polymers. One promising
material is PEDOT:PSS with g,; > 1000 S cm™! and a promising ZT > 0.3.[13% 131 PEDOT:PSS

14.74] and used as a coating material for, e.g., silk or

can be wet-spun into monofilaments!
cellulose yarns.!4%- 1411 However, the lack of air-stable n-type conjugated polymers has limited
the advancement and the utility of this type of thermoelectric devices.

To address hypothesis 6, I herein summarize the most important findings of paper IV.[7?]
Specifically, I describe the fabrication of n-type conducting yarns based on the air-stable n-type
polymer PBFDO (Section 8.1). Given their excellent performance in terms of mechanical and
electrical properties, the n-type yarns were used to sew a button and construct a textile

thermoelectric device through embroidery (Section 8.2).

8.1 n-type conducting yarns

There are various methods to produce electrically conducting fibers and yarns, which can
be classified into two major types: (1) fiber spinning and drawing with an intrinsically
conducting material, and (2) the functionalization of an already existing fiber through coating
or dyeing.!'*? Sarabia-Riquelme et al. recently reported the fabrication of highly conductive n-
type monofilaments via wet-spinning of PBFDO, which feature a a,,; = 1000-1600 S cm™!, and
a high E = 19.5 GPa while maintaining an &p,..4x of about 8%.1%]

Despite displaying outstanding thermoelectric properties as well as a high Young’s
modulus, single monofilaments have some limitations due to their small cross-sectional area,
which results in a breaking force that is too low for many textile manufacturing methods.

To address this, PBFDO:DMSO ink, synthesized by Qifan Li,!'!'”) was used to coat a
multifilament yarn, which can be used as building blocks for the design of thermoelectric
textiles through embroidery or machine sewing, as already reported for PEDOT:PSS
multifilament yarns.[!3- 143]

A batch coating process was used to prepare conducting n-type yarn, which involved two
cycles of immersion of silk yarn in the PBFDO:DMSO ink followed by drying at 40 °C (see
Methods section in paper IV for details). This method enabled the fabrication of continuous

conductive yarn with a length of up to 1.5 m that comprised approximately 10 wt% of PBFDO
(determined by weighing yarn before and after coating) (Figure 8.1a).
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Scanning electron microscopy (SEM) was used to evaluate the quality of the PBFDO
coating (Figure 8.1). SEM images of the yarn surface and cross section of freeze-fractured yarn
sections show no distinct outer shell layer (Figure 8.1c-e). Intriguingly, charging artifacts are
observed within the inner part of each filament, suggesting an insulating silk core surrounded

by a conductive outer layer.

Figure 8.1. a) Photograph of a PBFDO coated silk yarn (photographer Hanna Magnusson).
SEM micrographs of b) the cross section of neat silk yarn, c) a side view of silk yarn coated
with PBFDO sputtered with gold, and d, e) the cross section of silk yarn coated with PBFDO
(without gold sputtering). Adapted with permission from ref [73] published by Wiley.

Given the important role of mechanical properties in assessing the suitability of materials
for the intended applications, tensile tests and fatigue cycles were performed on the conducting
yarn using a DMA instrument.

The recorded stress-strain curves (Figure 8.2a) indicate that immersing silk yarn in
PBFDO:DMSO ink reduces the Young’s modulus from E = 1.7 £ 0.5 GPa for neat silk to 0.6
+ 0.1 GPa after coating, along with an increase in the strain at break reaching a value of up to
Epreax = 14 £ 0.3 %. Similar mechanical changes are seen when immersing uncoated silk yarn
in DMSO, indicating that the solvent and not the PBFDO causes the observed changes (Figure
S8 in paper IV). To evaluate the impact of plastic deformation beyond the yield point, the
electrical resistance of the n-type yarn was monitored during tensile deformation. The
normalized resistance R/R,, where R, is the resistance prior to tensile deformation, remains
largely unaffected until the yarn fractures (Figure 8.2b). Moreover, PBFDO coated yarn can
withstand cyclic stretching to 3 % for at least 200 cycles without fracture, while the in-situ

resistance increased by less than 20 % (Figure 8.2¢).l7?!
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The long-term stability of PBFDO coated yarn was monitored, and the electrical
conductivity remained almost constant over a span of 24 months when storing the yarn at
ambient conditions (Figure 7.3), as described in Section 7.1. Additionally, the conducting yarn
was exposed to machine washing (see Methods section in paper IV for details). Interestingly,
the PBFDO coated yarn also featured a promising degree of washability, with an increase in

electrical resistance by a factor of only 3 after seven washing cycles at 20 °C (Figure 8.2d).

Figure 8.2. a) Stress-strain curves recorded during tensile deformation of neat (orange) and
PBFDO coated (purple) silk yarn. b) Stress-strain curve of the PBFDO coated silk yarn (purple)
and in-situ recorded change in electrical resistance R/R, (red) where Ry is the resistance of the
yarn prior to the tensile deformation. ¢) Strain during cyclic tensile deformation of the PBFDO
coated silk yarn repeatedly stretched to 3 % then released for 60 s (purple) together with the
in-situ recorded change in electrical resistance (red). d) Change in electrical resistance R/R,
as a function of washing cycle of PBFDO coated silk yarn at 20 °C in a washing machine;
measurement performed by the group of Prof. Byungil Hwang. Adapted with permission from

ref [73] published by Wiley.
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8.2 Textile thermoelectric generator

Ease of handling and mechanical robustness are essential for the fabrication of prototypes
and devices. To demonstrate and highlight these qualities of PBFDO coated yarns, an out-of-
plane textile thermocouple was fabricated by hand-stitching a commercial button with the
conducting yarns onto three layers of felted wool fabric (Figure 8.3). The n- and p-type legs
were constructed with PBFDO and PEDOT:PSS coated silk yarn, respectively, with the latter
produced with a previously reported roll-to-roll coating method that yielded machine-washable
p-type conducting yarn.l'**! The thermoelectric properties of the n- and p-type yarns closely
match, except for the opposite sign of the Seebeck coefficient (Table 8.1). The performance of
the thermoelectric button was characterized (see Methods section in paper IV for details), and
notably it did not considerably change after at least 41 weeks of storage at ambient conditions,

indicating an excellent air-stability of the prototype.l’?]

Figure 8.3. Photographs of a) hand-stitching process using PBFDO coated silk yarn, b) the top
and c) side view of the thermoelectric button. Photographer: Dr. Youngseok Kim. Adapted
with permission from ref [73] published by Wiley.

Table 8.1. Mechanical and thermoelectric properties of coated silk yarns. Young’s modulus E,
strain at break &py¢qk, effective electrical conductivity o, s based on the total cross-sectional
area of the yarn including the silk, conducting ink and voids, Seebeck coefficient a, and power
factor a?ae; . rfs values represent the mean and standard deviation of measurements of 5

samples; *values from ref [144].

2
E Epreak Ocleff a A" Oeleff

yarn
(GPa) (%) (Sem™)  WVKY)  (uWm'K?)

PBFDO coated silk 0.6+0.1 14+03 131 -18.8 £ 0.8 0.46 £ 0.04

PEDOT:PSS coated silk 2.9 +0.6* 10+ 0.3* 13£2 179 = 0.1 0.42 £ 0.06
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Given the robustness of the conducting yarns, a larger out-of-plane textile thermoelectric
generator was also fabricated. PBFDO and PEDOT:PSS coated silk yarns were hand-sewn
through 6 layers of felt wool forming 8 n-legs and 8 p-legs, respectively (Figure 8.4a). The n-
and p-type legs were constructed with the same number of yarn sections and cross-sectional
area because of the similar g, . of the two types of coated silk yarn (see Table 8.1), meaning
that the performance of the TEG is optimized if the legs have comparable dimensions.[!3 4]

The thermoelectric performance of the generator was characterized by placing the device
between a hot plate and a heat sink with a temperature Ty, and T,,;4, respectively. The
temperature of the hot plate was increased to generate stepwise increasing temperature gradients
AT = Tyor — Teo1a» thus exposing the thermoelectric legs to a temperature gradient AT;. (note
that AT,. < AT because of thermal contact resistance between the device and the heat source
and sink). At each AT, the generated voltage IV was recorded while a variable load was applied
by drawing different currents I with a source-measure unit (see Methods section in paper IV
for details).

The measured open circuit voltage V., i.e. the extrapolated voltage at I = 0, increased
linearly with AT (Figure 8.4b) and a value of V,./AT = 243 uV K'! was estimated assuming
that AT,. = AT. Instead, Equation 8.1 predicts a higher value of V,./AT;, = 294 uV K!, which
was explained with thermal contact resistance and hence AT, = 0.83 -AT (cf. solid and dashed
lines in Figure 8.4b). The output power was calculated according to:

Py =VI (8.2)
and reached a maximum for the current at which the internal resistance of the device R;,, =119

Q) and the load R;,,4 are equal. The measured P, achieved by the device increased with AT,

reaching a highest value of P,,,, = 0.67 uW at AT = 70 K (Figure 8.4c).["3]
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Figure 8.4. Performance of the thermoelectric generator composed of 8 thermocouples. a)
Schematic and photograph of the thermoelectric generator. The photograph was taken by Dr.
Youngseok Kim, while Chunghyeon Choi and Hyungsub Yoon hand-sewed the thermoelectric
generator. b) Open-circuit voltage V. as a function of AT (circles represent experimental
values; black and grey lines calculated assuming that AT, = AT and AT, =0.83 AT,
respectively). ¢) Output power P,,; of the thermopile as a function of current / for different

temperature differences AT. Adapted with permission from ref [73] published by Wiley.
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9 Conclusions and outlooks

In this thesis, I investigate various structure-property relationships that influence the
thermoelectric and mechanical properties of p- and n-type conjugated polymers. Specifically, |
highlight the importance of solid-state order for enhancing charge transport, air stability for
ensuring long-term performance, and mechanical robustness for enabling the fabrication of

thermoelectric generators.

To begin with, I studied how side-chain engineering can influence the thermoelectric
properties of thiophene-based conjugated polymers. Varying the length of oligoether side
chains influenced the resulting degree of order of polymer films. Notably, p(g32T-T), having
the shortest side chains, exhibited a higher degree of structural order in both its pristine and
oxidized state compared to p(gs2T-T) and p(ge2T-T). This directly translated to superior
thermoelectric properties (Figure 9.1a), primarily attributed to the enhanced charge-carrier
mobility, and thus electrical conductivity, favored by more pronounced n-stacking. Films of
p(g32T-T) co-processed with 20 mol% of F4TCNQ reached an electrical conductivity of up to
0, = 830 = 15 S cm™!. This value initially dropped to about 200 S cm™!, and subsequently it
remained stable for at least 3 months of aging at ambient conditions. I attributed the promising
level of stability of aged samples to the presence of FsTCNQ dianions, which likely exhibit
reduced diffusion within the polymer film due to their higher valency compared to FsTCNQ
anions, leading to an improved long-term performance. Exchanging oligoether side chains for
alkyl side chains in a random oligoether:alkyl copolymer, pTTEG-co-pTTA, influenced its
thermoelectric performance (Figure 9.1a). Despite exhibiting a lower degree of order, the
copolymer with mixed side chains displayed a higher power factor a?a,; compared to the fully
oligoether-side-chain counterpart, pTTEG. This finding suggests that other factors than
structural order contribute to thermoelectric performance, which still need to be elucidated for

pTTEG-co-pTTA.

Next, the drift of dopant counterions in an electric field was exploited to create lateral
doping gradients. It was demonstrated that applying an electric field of 0.1 V um! is sufficient
to induce drift of F4TCNQ counterions within p(g42T-T) films. The obtained doping gradients
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displayed an overall increase in a?0,; compared to initially homogeneous films, when an
intermediate V,;,¢ is applied (Figure 9.1a). Regardless of the limited stability, i.e. several
minutes, the creation of lateral doping gradients is a promising strategy to improve the
thermoelectric performance of not yet optimally doped conjugated polymers, which may

facilitate the screening of new materials as well as new dopant:polymer systems.

Given the change in microstructure of polymer films upon doping, I argued that their
mechanical properties would also be affected. Hence, I studied the impact of chemical doping
on the mechanical properties of conjugated polymers with oligoether side chains, i.e. p(g32T-
T) and p(g3TT-T2). The results showed that doping leads to an increase in the temperature
associated with relaxation processes of the polymer chain. For instance, in the case of p(g:2T-
T), Tqp shifted from =30 °C to 5 °C upon doping, while in p(gsTT-T2), Tp increased from
=50 °C to —3 °C when doped with F4sTCNQ. I attributed this increase to several factors, such
as an improved m-stacking induced by doping, a change in the rigidity of the backbone upon
oxidation as well as a change in free volume due to the presence of dopant counterions, which
likely interact with the polymer chain. Moreover, the type of dopant counterions influenced the
extent to which the relaxation temperature increased, which can be explained by differences in
oxidation level, location of the anion relative to the polymer backbone, and variations in free
volume available for side-chain motion.

These changes in relaxation temperatures upon doping also resulted in a change in the stiffness
of the polymers at room temperature. Specifically, the Young’s moduli of doped polymers were
found to be higher than the neat counterpart, with the most pronounced enhancement observed
in case of p(g3TT-T2), where sequential doping with F4sTCNQ resulted in a 20-fold increase,
reaching £ = 0.7 + 0.2 GPa. Interestingly, the choice of counterion had a significant impact on
the Young’s modulus of doped polymers. For example, p(g3TT-T2) doped samples exhibited a
similar g,; = 100 S cm™! but a significantly different Young’s modulus with values varying from
E =0.05 to 0.7 GPa at room temperature. This observation suggests that selecting a specific
doping mechanism and dopant counterion allows to partially decouple the often-observed

correlation between a,; and E.

Lastly, I studied the thermomechanical properties of PBFDO, which was assumed to be
stiff and brittle due to the absence of soft and flexible side chains. However, the polymer could
be processed into bendable free-standing samples, which exhibited a high stiffness and a certain
degree of ductility. This behavior is likely attributed to limited local relaxation processes at low

temperatures that facilitate a certain degree of deformation even below T,. The polymer
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Figure 9.1. Thermoelectric power factor a?ay,; vs. electrical conductivity o,; of a) p-type and
b) n-type conducting polymers. Highlighted symbols are experimental data from this thesis.
Grey symbols are data extracted from ref [38] (and references therein), open blue and green
symbols are data from literature extracted from an open-access database built within the Marie
Curie ITN project HORATES.!"**! The dashed black lines represent the empirical power laws
proposed by Chabinyc et al! and by Kemerink et al.'*"! The grey isolines indicating
constant Z7 for T'= 300 K were drawn using Equation 2.1, assuming Kpponon = 0.2 W m'K!
and that the Wiedemann-Franz law is obeyed. Adapted with permission from ref [38] published
by Elsevier.
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demonstrates a Young's modulus £ = 6.6 + 0.9 GPa and a strain at break epreax = 5.2 £ 1.1% at
room temperature. Its excellent processability and mechanical robustness enabled the
fabrication of n-type multifilaments by coating silk yarn. The obtained conductive yarn
exhibited a remarkable air-stability for conducting polymers, maintaining an effective bulk
conductivity of 13 S cm™! for nearly 2 years (Figure 9.1b; overall conductivity of silk and
conducting coating), with a projected half-life of 3.7 + 0.8 years at ambient conditions. Given
the outstanding mechanical and electrical performance, PBFDO coated yarn was used to
fabricate an out-of-plane thermoelectric generator by embroidery, characterized by an open-
circuit voltage of 17 mV and a maximum output power of 0.67 uW for a temperature difference
of 70 K.

These results emphasize the importance of investigating the mechanical properties,
alongside the thermoelectric performance, of conjugated polymers in their neat and oxidized or
reduced state. They also highlight the crucial role of mechanical robustness and ease of handling

in the context of device fabrication for wearable thermoelectric applications.

The limited stability of doped conjugated polymers is one of the challenges that hinder the
transition of organic thermoelectric materials from lab to real-world applications. Fundamental
studies on the degradation processes of the doped state, such as dopant diffusion and
sublimation, are needed, which may allow to identify approaches that improve the stability.
Hence, in future research, I would aim to explore the stability of new polymer:dopant systems,
with a particular focus on how the size and valency of dopant counterions influence the long-
term performance. For example, the use of tetravalent counterions was reported to enhance the
system stability due to the strong Coulomb interaction between the counterion and the doped
polymer, increasing the diffusion resistance.!'?!) Expanding the investigation of proton-coupled
electron-transfer doping in the presence of electrolytes containing multivalent anions would
allow to evaluate their impact on doping stability. This strategy may also be extended to the
development of lateral doping gradients with enhanced stability, improving their potential in
enhancing the thermoelectric properties of not yet optimized materials. Altogether, this
comprehensive approach could yield valuable insights into both improving thermoelectric

performance and ensuring ambient stability of organic thermolectrics.

This thesis demonstrates that the mechanical properties of conjugated polymers correlate
with the relaxation processes of the polymer chains, which are influenced by chemical doping.

However, further research is required. Additional experiments are needed to elucidate the
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polymer chain relaxation mechanisms of conjugated polymers, as well as the role of doping
process and dopant counterions. Complementary experimental techniques, such as fast
scanning calorimetry and optical spectroscopy including FTIR and Raman spectroscopy at
different temperatures, may be considered to provide valuable insights. Moreover, expanding
the investigation to other conjugated polymers will help to determine if the doping-induced
effects observed in this thesis are relevant also for other systems. It can be anticipated that this
study will provide an in-depth understanding of the complex mechanical (and rheological)
behavior of conjugated polymers in their neat and doped state. Ultimately, this knowledge will
aid the design of robust and/or elastic materials, with significant outcomes for the advancement

of wearable electronics and bioelectronics.
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