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Chemical Doping of Conjugated Polymers for Thermoelectric Applications

ABSTRACT

The ongoing development of interconnected and wearable small devices, which together
make up the so-called Internet of Things, is driving a rising need for autonomous and on-site
energy supplies. Heat, an abundant and often wasted energy source, can be harnessed through
thermoelectric generators that can directly convert heat into electricity. Small devices, such as
health-monitoring sensors, may be powered by the heat dissipated from the human body using

flexible thermoelectric generators made of organic semiconductors, like conjugated polymers.

This thesis discusses polythiophenes with oligoether side chains, which are a promising
class of conjugated polymers for the design of flexible, easily processable and light-weight

thermoelectric generators.

At first, this thesis investigates the solid-state order of these polymers and how is affected
by varying the length of the oligoether side chains and by chemical doping with an oxidizing
agent, F4TCNQ, and an acid, H-TFSI. It is showed that inducing order, either by shortening the
side-chain length or by doping, enhances the transport properties of the materials, and so their

thermoelectric performance.

Secondly, this thesis studies the relationship between the solid-state order of these polymers
and their mechanical properties. It is found that electrical and mechanical properties are usually
correlated. The induced solid-state order not only improves the electrical conductivity but also
enhances the stiffness of the materials. Partial decoupling of the electrical and mechanical

properties is found to be possible if a suitable dopant is selected.

Keywords: organic thermoelectrics, conjugated polymers, chemical doping, solid-state

order, mechanical properties
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Chapter |

INTRODUCTION

1.1 Thermoelectric generators

As the global demand for energy production and management continues to increase, there
is a growing interest in finding more effective and sustainable ways to generate power.
Improvements to the existing energy supply must come from a variety of renewable sources
including solar, wind, biomass, and others. Another potential source of energy is waste heat,
which can be exploited using thermoelectric generators (TEGs).

These devices can harvest waste heat from various processes, such as industrial and
automotive combustion, geothermal processes, or biological ones in the body, and convert it
directly into electrical energy.' For instance, the electrical energy produced by TEGs can find
application for powering sensors to monitor volcanic activity* or supporting the extensive
network of distributed and interconnected microelectronics that make up the Internet of Things
(IoT). Therefore, thermoelectric technologies may contribute to increase the energy efficiency
of many processes and to reduce waste by providing an autonomous and continuous source of
energy.

TEGs are able to generate electrical power because they are constructed with thermoelectric
materials that have the intrinsic capability of generating an electrical potential difference when

exposed to a difference in temperature via the so-called Seebeck effect.

1.2 Organic thermoelectric generators

Thermoelectric generators rely on active materials that are primarily semiconductors,
which can be either inorganic (such as bismuth telluride or lead telluride) or organic (such as
conjugated polymers or small molecule organic compounds).

Inorganic thermoelectric materials find application as TEGs in sectors where a high thermal

stability and durability are requested, for example in automotive industries. Instead, organic



thermoelectric generators can step in when flexibility and low-power requirements are
demanded, e.g. for IoT devices or wearable technologies.

The distinct advantages of organic thermoelectric semiconductors lie in their ease of
processability, largely through solution- and melt-based processing methods enabling their
shaping in thin and bulk structures, and in their mechanical flexibility, which allows them to be
integrated into wearable TEGs and curved surfaces (see Table 1.1). Additionally, their
properties can be tailored through a modification of the chemical structure of the material.
Conversely, inorganic semiconductors require complex and precise manufacturing processes,
making their fabrication more challenging, and typically they are rigid and lack flexibility,
which can limit their use in thermoelectric applications requiring conformability.

TEGs made of organic thermoelectric materials are characterized by lightweight, low cost
and generally not-toxicity. Organic semiconductors for TEGs can unlock the potential to
harness low-grade heat gradients, such as the temperature difference between the human body

and its surroundings, generating electrical energy for power health-monitoring sensors.°

Table 1.1. Properties of organic and inorganic thermoelectric generators.

Property Organic TEGs Inorganic TEGs

based on carbon, hydrogen, and
other elements like nitrogen,
oxygen, and sulfur (abundant
elements)

natural non-renewable
sources (minerals and rare
earth elements)

Raw materials

Processability of raw cost-effective solution- and melt- advanced and precise

materials based methods fabrication processes
HCT L [ s flexibility rigidity
Scalability high medium
Performance low/medium high
Thermal stability low high
Weight low medium/high
Toxicity generally non-toxic may contain toxic elements
Cost low high



1.3 Aim and scope

This thesis aims to establish relevant structure-property relationships with regard to the

thermoelectric and mechanical properties of p-doped polythiophenes.

The work focuses on the impact of chemical doping and side-chain length on the
nanostructure of thin films and how these affect the final electrical conductivity and
thermoelectric performance of the material. Two different p-doping methods, (1) acid doping
with bistriflimic acid (H-TFSI) (paper I) and (2) redox doping using the common oxidizing
agent 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4sTCNQ) (paper 1II) are

investigated, the later for a series of three polymers with different side-chain lengths.

Besides this, the mechanical robustness and flexibility of free-standing films of the p-doped

polythiophenes are studied and how these are affected by the presence of the dopants.






Chapter 2

2.1 Intrinsic properties of thermoelectric materials

When a thermoelectric material is exposed to a temperature difference, charge carriers will
start moving from the hot side to the cold side leading to the formation of an electrical potential
which can be used to drive current (Figure 2.1). This phenomenon, known as the Seebeck effect
and initially observed by Thomas J. Seebeck in 1821, is experienced by all electrical conductors

and semiconductors.'

cold hot

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

The thermoelectric performance of a certain material is evaluated through the

dimensionless figure of merit Z7, given by:

oa’ 2.1
ZTZTT @D

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 be characterized by a high electrical conductivity o, high Seebeck coefficient a, and low
thermal conductivity x in order to maximize Z7. The ideal material would embody the “phonon-

glass electron-crystal” concept.’

The three thermoelectric parameters are unfavourably interdependent and can vary with

temperature, so the optimization of the final performance requires a trade-off.



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

n and charge carrier mobility u, given by

o = nq, (2.2)
where ¢ is the elementary charge, i.e. = 1.6 - 10" C. The electrical conductivity increases with
the number of charge carriers, which can be modulated by doping (see Section 2.3), and with

their mobility which depends on the planirity of the polymer backbone and solid-state order.

The Seebeck coefficient can be seen as a measure of the average entropy per charge carrier,
so it usually decreases upon addition of charge carriers (i.e. doping). It quantifies the electrical
potential AV that arises when a material is exposed to a temperature difference AT, according
to a = — AV /AT. The sign of the Seebeck coefficient a indicates the type of charge carriers,
a < 0 for electrons (n-type semiconductors) and a > 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 = Kjgtt + Ke. (2.3)
The electronic part depends on the electrical conductivity ¢ by the Wiedemann-Franz law k, =
LoT, where L is the Lorenz number and T is the temperature. In cases where a material has a
high electrical conductivity, thermal transport is generally governed by the electronic
contribution (k, > K;4:). Conversely, materials exhibiting low electrical conductivity have a
minor electronic contribution and the thermal conductivity is largely given by the phonon
contribution. A phonon is a quantified lattice vibrational energy that transfers heat through
lattice vibration, unless it is scattered by defects, impurities, and grain boundaries. Since
polymers often possess amorphous regions and defects, their intrinsic thermal conductivity is
low, and this represents one of the appealing points of using organic semiconductors for
thermoelectric generators. However, the effect of introducing charge carries (i.e. doping) on the
thermal conductivity r is still unclear. Both an increase due to a larger electronic contribution®

and a decrease due to solid-solution scattering caused by additives® '° have been reported.

With all these factors combined, enhancing the figure of merit ZT is not a trivial task due
to the (unfavorable) interdependency of the thermoelectric parameters. Improving one

parameter could negatively impact the other. This is why the research in organic thermoelectrics



is often focused on finding an optimal point where the figure of merit ZT or the power factor

oa? are maximized.

2.2 Conjugated polymers

Conjugated polymers are carbon-based materials that exhibit conductive or semiconductive
behavior. The key feature of this class of polymers is the conjugated backbone, composed of
alternating single- and double-carbon bonds (see Figure 2.2). The semiconducting nature of
these polymers arises from the sp>-hybridization of carbon bonds, i.e. a carbon atom forms both

spatially localized bonds (o-bonds) and delocalized bonds (z-bonds) with adjacent atoms.

ot FSAPS
A W A

Figure 2.2. Chemical structure of conjugated polymers with the characteristic

n

alternating single double carbon bonds.

Energy level splitting of n-bonds gives rise to bonding n- and antibonding m*-orbitals,
shaping the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), respectively. The difference in energy between HOMO and LUMO is denoted
as the band gap E,, which defines the optical and electrical properties of conjugated polymers.
As the conjugation length increases, the band gap E, decreases reaching values (<3 eV) typical
for semiconductors materials.

However, the conjugation is not enough to make the polymer electrically conductive, akin
a highway without cars. Thus, the introduction of charge carriers or “cars” becomes necessary,
which can be achieved through doping. Doping not only introduces charge carriers but also

induces modification in the structure of the “highways” (further details in Sections 2.3 and 2.4).

2.3 Chemical doping of conjugated polymers

Chemical doping is a powerful technique for introducing charge carriers into conjugated
polymers, and in turn for tailoring their electrical properties. This process involves a charge

transfer between the conjugated polymer and the dopant species, resulting in the formation of



polarons, i.e. radical cations or anions, on the polymer backbone. The charge neutrality of the
system is maintained by the dopant counterions.

The two most common doping mechanisms are redox doping and acid-base doping. The
former entails the use of molecular dopants, which are oxidizing or reducing species. Through
a redox reaction, the dopants exchange one or more electrons with the conjugated polymer,
resulting in either p- (i.e. dopant accepts electrons from the polymer) or n-doping (i.e. dopant
donates electrons to the polymer) (Figure 2.3).!' Redox doping can also occur through the
presence of atmospheric oxygen or water. They can act as oxidizing agents, or they can react
with the dopant to first produce a radical (active compound) that subsequently undergoes charge
transfer with the polymer.'? In acid-base doping, the charge transfer takes place through the
transfer of a proton (H") or hydride (H) resulting in p-doping or n-doping, respectively (Figure
2.3).13 14

Generally, two methods are used for chemically doping conjugated polymers: (1) co-
processing and (2) sequential processing. Co-processing involves blending conjugated polymer
and dopant in the same solution and processing the resulting solution using techniques such as
spin coating or drop casting. Sequential processing, instead, comprises of two steps: first
processing the conjugated polymer into a solid sample and then exposing it to the dopant
solution or vapor (Figure 2.3). An alternative approach is ion-exchange doping, where a
conjugated polymer film is subjected to a strong oxidizing (or reducing) dopant 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. This removes leftover dopant ions

which are potentially reactive, greatly improving stability. '3
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Figure 2.3. Basic principles of redox doping and acid-base doping (top); schematic of
different doping processes: co-processing, sequential doping with dopant solution or

dopant vapor, and ion-exchange doping.

2.4 Effect of chemical doping on solid-state order and charge transport

Doping conjugated polymers for thermoelectric applications comprises introduction of a
considerable amount of dopant, i.e. tens mol % with respect to the repeat unit, in order to reach
high electrical conductivities. This addition can significantly alter the nanostructure of
conjugated polymers, which has a direct effect on the resulting electrical properties of the
material.

Upon doping, the nano- and microstructure can be altered in terms of degree of order,
crystal structure and size, and connectivity between ordered domains. A number of studies have
focused on investigating how chemical doping influences the structural arrangement of various
conjugated polymers, such as thiophene-, thienothiophene- and diketopyrrolopyrrole-based

polymers.'®!” However, here polythiophenes are considered, like the model poly(3-



hexylthiophene) (P3HT), which shares the identical chemical backbone structure as the

polymers studied in this thesis.

Doping P3HT with the p-dopant 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ) can lead to a change in the crystal structure of the polymer. The intercalation of the
dopant within the crystallites of P3HT can result in a new crystalline phase characterized by
larger lamellar distance.'8?° Additionally, a reduction in the m-stacking distance can occur,
which can be attributed to the side chain geometry or to the delocalization of polarons across
the polymer backbone. The former can encourage closer stacking of polymer chains, while the
delocalization of polarons can slightly pull together the backbones in the n-stacking direction.>!
2

The presence of dopant counterions, in the case of either F4sTCNQ or tris(4-
bromophenyl)ammoniumyl hexachloroantimonate (known as Magic blue), into the amorphous
regions of P3HT can lead to a modification of the conjugation length of the disordered polymer
chains, improving the connectivity between ordered domains and leaving the structure of
nanocrystals unaltered.?® 24

Moreover, molecular doping can induce structural reorganization within less ordered
conjugated polymers, resulting in the formation of a more crystalline structure. For example,
the incorporation of F4TCNQ into regiorandom P3HT leads to an increase in both crystallinity
and molecular ordering of the original structure (Figure 2.4).>>2¢ A similar effect of dopant-
induced order has been observed for a polythiophene with tetra ethylene glycol side chains

(p(g42T-T)) doped with FAsTCNQ.?’

The nanostructure plays a crucial role in determining the charge transport of conjugated
polymers, so it is important to know how these structural changes, i.e. introducing dopants,
affect the material.

To achieve efficient charge transport, charges must be able to move freely between sites
without being trapped or scattered. Consequently, several factors can influence charge-carrier
mobilities, including molecular packing, disorder, presence of impurities, temperature, electric
field, and charge-carrier density.

For instance, within ordered domains, the delocalization of charges is enhanced by -
stacking which is facilitated by the wavefunction overlap. This phenomenon enhances the

mobility of charges.?® Conversely, structural defects, such as conformational changes that lead

10



to backbone twisting, amorphous domains, as well as defects in ordered domains, lead to a loss
of conjugation and therefore hinder the mobility of charge carriers.?’

Further, the connectivity between ordered domains has a pronounced effect on the charge
carrier mobility. Tie chains, amorphous segments of the polymer chain that bridge adjacent
crystallites, can lead to a higher charge-carrier mobility compared to polymers with high degree
of order. The mobility of the latter is limited by the grain boundaries.*

Charge transport in molecularly doped systems is not only influenced by structural
characteristics, but it also depends on several factors including Coulomb interactions between

the charges and the dopant counterions, ionization efficiency and dissociation efficiency.
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Figure 2.4. Impact on the microstructure of regiorandom (left) and regioregular (right)
P3HT upon doping with F4sTCNQ. Reproduced with permission from ref. [26]
published by WILEY 2019.

2.5 Effect of chemical doping on mechanical properties

Mechanical flexibility and robustness are two desired characteristics for organic
thermoelectric generators, in order to implement them in wearable technologies and IoT
applications (Chapter 1.2). Therefore, the investigation of the mechanical properties of

conjugated polymers becomes crucial to assess their suitability for the design of future devices.
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The mechanical properties and the viscoelastic behavior of polymers are significantly
determined by their nano- and microstructures. For instance, conjugated polymers with a low
degree of crystallinity, such as polythiophenes with oligoether side chains, tend to be soft at
room temperature, with a glass transition temperature T, below 0 °C.2% 3! The T, is the
temperature associated to a transition from the glassy to the rubbery state of the material due to
the onset of main-chain relaxation and it usually determines the mechanical properties around
room temperature. On the other side, regio-random poly(3-butylthiophene) (P3BT)
characterized by an high degree of order displays a T; = 45 °C, being in the glassy state at room

temperature with a shear storage modulus of about 700 MPa.*

Doping can strongly alter the nano- and microstructure of conjugated polymers (Section
2.4) and these alterations can be directly translated into a modification of their mechanical
properties through different effects including plasticization, a change in the degree of order and
a change in Tj;. Indeed, chemical doping has been recently reported as ‘a tool to not only control
the electrical but also mechanical properties of conjugated polymers’ by Zokaei et al *’.

The presence of dopant counterions into the lamella structures of semicrystalline conjugated
polymers can induce a plasticization effect by reducing the interchain interactions. For example,
regioregular (95%) P3HT when doped with ethylbenzene sulfonic acid (EBSA) undergoes to a
plasticization effect, showing a decrease in T; from 30 to 15 °C and in elastic modulus from
900 to 345 MPa (Figure 2.5).>* A similar effect occurs in free-standing and tensile-drawn films
of P3HT when doped with the molybdenum dithiolene complex Mo(tfd-COCF3);, yielding a
reduction in elastic modulus from 1.1 GPa to 0.4 GPa.** Likewise, highly stiff poly(2,5-
dimethoxy-p-phenylenevinylene) (PDMPV) fibers experience a reduction in elastic modulus
from 35 GPa to 25 GPa when doped with iodine (Figure 2.5).3

In contrast to the plasticization effect, chemical doping can increase the material stiffness
by enhancing the n-stacking and degree of order. This effect has been observed especially in
softer conjugated polymers. For instance, p(g42T-T) with 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 T, from -43 to 3 °C, when doped with 30 mol% F4TCNQ (Figure 2.5).”’

Both electrical and mechanical properties of conjugated polymers are significantly
influenced by their nano- and microstructure, leading to interdependencies between them. The
presence of ordered domains, which can be crystallites or regions where m-stacking occurs,

concomitantly enhances charge transport and increases the elastic modulus.3¢

12



Another element that establishes a correlation between electrical and mechanical properties are
tie chains, which connect ordered domains in conjugated polymers with sufficiently high
molecular weight. Tie chains lead to an increase in charge-carrier mobility due to an improved
connectivity between ordered domains, and at the same time they contribute to the ductility of

the material, allowing it to deform at larger elongations without undergoing breakage.
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Figure 2.5. Impact of chemical doping on the tensile elastic modulus of PDMPV, PA
and various polythiophenes with alkyl and oligoether side chains. Green symbols
represent the conjugated polymer in its neat state, while purple symbols are doped
polymers; diamond symbols represent data from this thesis, circle symbols are data

from 273340 Adapted from ref. [41].
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Chapter 3

EXPERIMENTAL

This chapter presents the materials and characterization techniques chosen in this thesis for

investigating the effect of chemical doping on thin films and bulk samples.

3.1 Materials
3.1.1 Polythiophenes with oligoether side chains

Unsubstituted conjugated polymers such as polythiophene, polyaniline and PEDOT tend
to be intractable. One common tool to impart processability is the decoration of the backbone
with solubilizing side chains. In particular, the presence of oligoether side chains improves the
solubility of the polymer in polar solvents, thus rendering it compatible with solution-based
processing. It has been shown that using polar side chains instead of alkyl side chains enhances
the compatibility between dopant and host polymer.'* > Moreover, the presence of oligoether
side chains seems to lead to an overall increase in the dielectric constant of the material,

resulting in higher charge-carrier mobility.**

In this thesis, three oligoether-substituted polythiophenes with different side-chain length
are studied. The repeat unit of the polymers is gx2T-T and the side chains comprise 3, 4 or 6
units of ethylene glycol, herein referred to as p(g«2T-T) (see Figure 3.1). p(g42T-T) was
synthetized by Dr. Renee Kroon according to ref. [42] (paper I and paper II), while p(g32T-
T) and p(ge2T-T) were synthetized by Sophie Griggs and Junfu Tian according to ref. [44]

(paper II).

3.1.2 Dopants

This thesis focuses on two different doping mechanism: oxygen-mediated acid doping
(paper I) and redox doping (paper II). Bistriflimidic acid (H-TFSI) is used as acid dopant,
which is an effective dopant for p(gs2T-T) as reported in previous studies.!* The common p-

dopant FsTCNQ with an electron affinity (EA) of around 5.2 eV% is selected as oxidizing
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species for redox doping (Figure 3.1) since the ionization energy (IE) of the polymers is around
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Figure 3.1. Chemical structure of oligoether-substituted polythiophenes and dopants

used in this thesis.

3.2 Sample preparation and doping
In this thesis, the co-processing method of doping is studied (Figure 2.3).

In paper I, p(g:2T-T) was dissolved at 6 g L™! in a mixture of chloroform (CHCIs) and
anhydrous acetonitrile (AcN) (3:2, v:v), while H-TFSI was dissolved at 10 g L™! in anhydrous
acetonitrile. Appropriate amounts of these two solutions were mixed to prepare solutions
containing different amounts of H-TFSI (4, 7, 10, 18, 25 and 40 mol%) and p(g42T-T). The
molar percentage of H-TFSI is calculated with respect to the number of thiophene rings per

repeat unit of the polymer.

In paper II, p(g:2T-T), p(g42T-T) or p(ge2T-T) were dissolved at 4 g L' in CHCl3 and
F4sTCNQ in AcN (2 g L'"). The polymer and dopant solutions were mixed in order to obtain a
dopant concentration of 20 mol%, and a further addition of AcN or CHCI3 to ensure a final
solvent ratio of 2:1 CHCI3:AcN was made. The molar percentage of F4TCNQ was calculated

with respect to the number of thiophene rings per repeat unit of the polymer.
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The polymer:dopant solutions were subsequently bar-coated or spin-coated onto substrates
(glass, PET, silicon) for thin films preparation. Free-standing films were prepared by drop-

casting the solutions onto the substrate or glass mesh strands.

3.3 Characterization of thin samples
3.3.1 Structural order

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS) was employed to examine the
molecular-level structural organization of p(g«2T-T) polymers via X-ray diffraction. This
diffraction technique enables the investigation of sample surfaces or extremely thin films by

utilizing an X-ray beam that approaches the sample surface at a nearly horizontal angle.

3.3.2 Optoelectronic and thermoelectric properties

UV-vis spectroscopy serves as a method for characterizing electronic transitions within thin
polymer films. Polymers featuring m-electrons can absorb light energy in the UV-vis-NIR
(ultraviolet-visible-near infrared) range, thereby exciting these electrons to higher anti-bonding
n-molecular orbitals.

The main optical absorption of the undoped polymers undergoes a substantial red-shift after
doping, owing to the formation of polaronic levels. New absorption peak in the long-

wavelength region (NIR) will appear at the same time, which demonstrates the doping process.

The electrical resistivity was measured using a four-point probe setup with co-linear
tungsten carbide electrodes which has the advantage of eliminating possible contact resistance.

In this configuration, a current is forced on the two outer electrodes and the voltage is measured

on the two inner electrodes. The sheet resistance Rg = 7T/ 2 V/ 7 Was then calculated and the
obtained value was used to determine the electrical conductivity according to o = 1/ (R, - t)

N
where t is the sample thickness.

The Seebeck coefficient of the doped samples was measured by recording the voltage
change when the material is subjected to a temperature gradient. A ~ 5 mm long sample was
mounted onto a sample holder that also holds a Constantan reference, whose Seebeck

coefficient is well known. Both the sample and the reference were exposed to the same thermal
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gradient conditions. The voltage change observed across the sample, in comparison to the
reference, is directly linked to the difference in Seebeck coefficients between the sample and

the reference material.

3.4 Characterization of free-standing samples

341T g measurements

Calorimetry and thermodynamic analysis were used to determine the glass transition
temperature T, of the polymers. In paper I, the T, was measured by differential scanning
calorimetry (DSC), a method that records the thermal energy (heat) as a function of temperature
or time. Instead, a dynamic mechanical analyzer (DMA), which determines the viscoelasticity
of polymers as a function of temperature or time, was used in paper I1. By applying a sinusoidal
strain within the elastic regime while performing a temperature ramp allows to determine the

glass transition temperature of polymers.

3.4.2 Mechanical properties

Tensile testing was performed on free standing films by using a DMA in tensile mode
(Figure 3.2). It was used to determine the stiffness, elasticity, and stretchability of the polymers
in their neat and doped states. During the test, the sample was deformed in one direction at
constant force rate (force-controlled mode), which allowed to record the stress as a function of

strain until fracture.
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Figure 3.2. Schematic of the working principles of DMA in static or dynamic mode.
A picture of a free-standing sample mounted in the DMA clamps.
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Chapter 4

RESULTS

As discussed in Sections 2.4 and 2.5, the thermoelectric and mechanical properties of
conjugated polymers are strongly connected to their nano- and microstructure. This chapter
presents and discusses the results of the investigation about the impact of chemical doping polar
polythiophenes on their degree of order and, consequently, on their thermoelectric performance.
Furthermore, the change in the thermomechanical properties of these polythiophenes upon

chemical doping is presented and discussed.

4.1 Impact of chemical doping on the structural and thermoelectric properties of thin

films

Grazing-incidence wide-angle X-ray scattering was used to determine the degree of order
of the three polymers, p(g32T-T), p(g42T-T) and p(g62T-T), in their neat and oxidized states in
order to investigate how the length of side chains and the presence of dopant can affect the
microstructure.

All three neat polymers show a low degree of order with out-of-plane £00 diffraction peaks,
which indicate the lamella stacking, at g0 = 0.30 A™! for p(g32T-T) and g0 = 0.35 A™! for
p(g42T-T) typical for an edge-on texture of the polymer backbone (Figure 4.1). A weak in-plane
Qo1 diffraction, which represents the m-stacking, is observed for p(g3z2T-T), indicating limited
n-stacking, on top of a broad amorphous halo at ¢ = 1.5 A™!; while no qq;0 can be discerned
for p(g42T-T) and p(ge2T-T).

Doping with either H-TFSI or F4TCNQ results in a change in texture from a predominately
edge-on to face-on orientation, as evidenced by in-plane 400 diffraction peaks and by a clear
out-of-plane diffraction peak qg10 =~ 1.75 A™! that emerges due to n-stacking of the polymer
backbone. This indicates that the presence of dopant counterions induces an increase of
structural order of the polymers, like in the case of doped regiorandom P3HT.?

By comparing the out-of-plane g1 diffraction peak of p(gx2T-T) polymers co-processed
with 20 mol% of F4sTCNQ (paper II), a decrease in intensity with increasing side-chain length
is observed (Figure 4.1c), indicating a higher degree of order for the polymer with the shortest

side chains, i.e. p(g32T-T).
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Further, the degree of order is affected not only by the side-chains length, but also by the
amount of dopant introduced (paper I). Indeed, upon the addition of up to 7 mol% H-TFSI to
p(g42T-T) the intensity of the diffraction peak indicating m-stacking increases, and then
decreases together with a shift to lower g values at higher H-TFSI concentrations (Figure 4.1a).
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(g42T-T) with an out-of-
plane g diffraction and a weak qqqo diffraction. Therefore, the degree of n stacking also
depends on the amount of dopant counterions present in the sample, in particular it is favored
at low dopant concentrations, while it is hindered at high dopant concentrations. A lower degree
of order at high dopant concentrations may indicate that polaron/counterion interactions reduce

the ability of the polymer to order.
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Figure 4.1. GIWAXS diffractograms of p(gs2T-T) co-processed with different
amounts of H-TFSI (a), p(g32T-T) co-processed with 20 mol% of F4TCNQ (b), and
p(gx2T-T) co-processed with 20 mol% of F4sTCNQ (¢).
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The degree of solid-state order strongly impacts the charge transport properties of
conjugated polymers, as discussed in Section 2.4. Therefore, we measured the thermoelectric
properties of all the polymer:dopant systems to investigate how they are affected by the sample
microstructure.

Acid doping p(gs2T-T) with H-TFSI (paper I) results in an increase of the electrical
conductivity o together with a decrease in the Seebeck coefficient a. In particular, the electrical
conductivity increases with the dopant concentration up to 25 mol% H-TFSI, where it reaches
a conductivity of ~20 S cm™!, followed by a decrease to ~ 5 S cm™! for higher H-TFSI mol%
values (Figure 4.2). The electrical conductivity decreases as dopant amount reaches 40 mol%
H-TFSI despite a further increase in the oxidation level, as evidenced by UV-vis spectroscopy

(Figure 4.2), suggesting that the electrical conductivity is limited by a reduction in the charge-
carrier mobility due to a lower degree of order (Figure 4.1).
Interestingly, p(g42T-T) films co-processed with H-TFSI and aged for 2 days at ambient
conditions exhibit a higher electrical conductivity compared to the initial as-cast films, with the
highest value equal to 58 S cm™ at 25 mol% H-TFSI. Similar values of electrical conductivity

were reported by Hofmann et al.,'® indicating that ageing for 2 days was sufficient for the thin

films to reach a steady state. The observation that a high electrical conductivity is only obtained
when the material is exposed to air can be explained by considering the role of Oz in the doping

mechanism. Indeed, acid doping of p(g42T-T) can lead to protonation of the backbone, but it

may also promote an acid-mediated oxidation of the polymer through 0,.*
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Figure 4.2. Thermoelectric properties, i.e. electrical conductivity ¢ and Seebeck

coefficient a, and UV-vis absorption spectra of p(g42T-T) co-processed with different

amounts of H-TFSI.
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In paper II, the impact of the side-chain length on thermoelectric properties of p(gx2T-T)

co-processed with the same dopant concentration, i.e. 20 mol% F4TCNQ, was investigated and

a significant influence of the side-chain length is observed. P(g32T-T) displays the highest

electrical conductivity among the three analyzed polymers, reaching a value of ¢ =830+ 15 S

cm’! (Table 4.1, Figure 4.3). Instead, p(g42T-T) and p(ge2T-T) show comparable values of ¢ =

56+3Scmland 51 £4 S cm™!, respectively.

By analyzing the UV-vis spectra of doped films, the number of charge carriers, i.e.

polarons, N V¥is per unit volume, was estimated. This allowed to determine the charge-carrier

mobility ¢ according to Equation 2.2. P(g32T-T) exhibits the highest charge-carrier mobility u

=18.7 £ 5.6 cm? V! 57!, which is one order of magnitude larger than values obtained for the

other two polymers. This aligns with the higher degree of order and more pronounced =-

stacking of p(g32T-T) compared to p(g42T-T) and p(ge2T-T).

Table 4.1. Electrical properties of thin films co-processed with 20 mol% F4TCNQ per

thiophene ring: polymer, ionization efficiency n

UVvis
ion

and number of polarons per unit

volume N;’V”is from analysis of UV-vis spectra (estimated error of 30% based on

uncertainty in thickness measurement and the analysis of UV-vis spectra), electrical

conductivity ¢ (error represents the standard deviation of five measurements on the

same sample), charge mobility u, Seebeck coefficient a (error represents the standard

deviation of five measurements on the same sample), and power factor a?c.

pOlymer l%l;vis NISJVvis o U a (ZZO'

(%) (10°m?)  (Sem’)  (em?Vsh (VKT (W mTK?)
p(g32T-T) 42+14 2.8+0.8 830+15 18.7+5.6 158+£2.0 20.7+3.8
p(gs2T-T) 3612 2.1+£0.6 56+3 1.7+£0.5 13.8+0.5 1.1£0.1
p(ge2T-T) 28+9  14x04 51+4 23+0.7 141+£0.7  1.0+0.1
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Conversely to the electrical conductivity, the Seebeck coefficient does not show a
dependence from the side-chain length. Values for all three polymers are similar, around a =
14to 16 pV K.

We monitored the thermoelectric properties over time to study the stability of 20 mol%
F4sTCNQ-co-processed p(g32T-T) polymer at ambient conditions (Figures 4.3). The doped
polymer is sensitive to air, as evidenced by a drop in electrical conductivity within the first 24
hours of aging, thus leading to a decrease in the thermoelectric performance. After an initial

drop in o, the thermoelectric properties display a promising level of long-term stability.
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Figure 4.3. Electrical conductivity, Seebeck coefficient and power factor vs ageing

time of p(g32T-T) co-processed with 20 mol% of F4sTCNQ at ambient conditions.
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4.2 Impact of chemical doping on the thermomechanical properties of free-standing

samples

The investigation of mechanical properties of conjugated polymers is fundamental to assess
their suitability for the design of organic thermoelectric generators.

The glass transition temperature of the neat p(g«2T-T) polymers was first measured. In
paper II, the effect of side-chain length on T; was investigated by recording the change in
tensile modulus as a function of temperature of neat p(gx2T-T) supported by a glass fiber mesh
through dynamic mechanical analysis (DMA). The DMA thermographs (Figure 4.4) reveal a
similar Ty, which corresponds to the peak in the loss modulus E", of -36 °C, -41 °C and -43 °C
for side-chain length equal to 3, 4, and 6 ethylene glycol repeat units, respectively. Similar to
poly(3-alkylthiophene)s (P3ATs) featuring long alkyl side chains (e.g. decyl, dodecyl), an
increase in the side-chain length from triethylene glycol to tetra- or hexaethylene glycol only

slight reduces the T,,.*’
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Figure 4.4. Tensile storage £’ (dark brown) and loss (light brown) modulus E*’, and
tand = E"' JE' (green) of neat p(g32T-T) (a), p(g42T-T) (b) and p(ge2T-T) (c) recorded

as a function of temperature on samples supported by a glass fiber mesh.

Co-processing p(g«2T-T) with 20 mol% F4TCNQ considerably increases the Ty from -36
°C to 1 °C in the case of p(g32T-T) (Figure 4.5) and from - 41 °C to 3 °C in the case of p(g42T-
T) as reported by ref. [27]. The increase in T, can be explained with the doping-induced n-
stacking of the polymer (Section 4.1), and with a change in the rigidity of the backbone upon
oxidation. The T; of doped polymers was measured using free-standing samples, and this

limited the measurement of p(ge2T-T) co-processed with 20 mol% F4TCNQ.
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Chemically doping p(g42T-T) with H-TFSI (paper I) leads to a similar effect. The change
in Ty of p(g42T-T) co-processed with different amounts of H-TFSI was studied by differential
scanning calorimetry (DSC) at a scan rate of 10 °C min™'. The T, increases with mol% of H-
TFSI, reaching the highest value of -32 °C (starting from -59 °C of the neat polymer) for aged
material doped with 40 mol% H-TFSI (Figure 4.5). The increase in Ty observed in p(gs42T-T)
when co-processed with H-TFSI is less pronounced compared to the increase achieved through
doping with F4TCNQ (Figure 4.5). This difference is thought to be due to 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, TFSI anions are positioned further away from the polymer backbone than F4sTCNQ
anions. The difference in the Ty of doped polymers suggests that molecular dopants and acid
dopants can yield different outcomes with regard to the mechanical properties, with the latter

potentially inducing a more pronounced plasticization effect.
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Figure 4.5. Glass transition temperature difference ATy vs. dopant concentration of
p(g32T-T) and p(g42T-T) doped with H-TFSI or F4sTCNQ. The AT, is calculated
according t0 Tg gopea — Tgneat> Where Ty peqe is -36 °C for p(g32T-T) (measured by
DMA), -41 °C for p(g42T-T) (measured by DMA), and -59 °C for p(g42T-T) (measured
by DSC).
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In the last set of experiments, we used tensile deformation of free-standing samples at room
temperature to analyze the stiffness and elongation at break of neat and doped polymers (Figure
4.6).

A correlation between side-chain length and resultant stiffness and stretchability of the
materials is found. Indeed, shortening the length of side chains enhances the stiffness of the
polymer, as indicated by the Young’s modulus of 76 MPa for neat p(g3;2T-T) and of 8 MPa for
p(g42T-T), and significantly reduces the stretchability.?” A similar effect of side-chain length
was also observed for P3ATs.*®

Upon co-processing with dopants, both with FATCNQ or H-TFSI, the polymers become
stiffer. In the case of p(g32T-T) doped with 20 mol% F4TCNQ (paper II), the Young’s modulus
increases by a factor of 10, reaching a value of E = 826 + 141 MPa, while maintaining a similar
elongation at break. Similarly, the elastic modulus of p(g42T-T) co-processed with H-TFSI
(paper 1) increases up to (164 + 11) MPa at 18 mol% H-TFSI, i.e. 8-fold higher than the
modulus of the undoped material. This observed change in stiffness upon doping aligns with
the higher degree of order induced by chemical doping. So, the presence of ordered domains is
expected to benefit charge transport and to increase the Young’s modulus of the material,
confirming the correlation between electrical and mechanical properties. However, at high H-
TFSI concentrations (25 and 40 mol%) the elastic modulus decreases.

Moreover, it is interesting that p(g42T-T) samples co-processed with 10 mol% and 25 mol%
of H-TFSI show similar elastic moduli but different electrical properties. This indicates that in
some cases the mechanical and electrical properties are not coupled.

The change in mechanical properties upon doping confirms that chemical doping can be
used as tool not only for adjusting the electrical properties but also for tuning the mechanical

properties of conjugated polymers.
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Figure 4.6. Stress-strain curves recorded by tensile deformation of: (a) p(g42T-T) neat
and co-processed with different amounts of H-TFSI, and (b) p(g32T-T) neat (light
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Chapter 5

CONCLUSIONS AND OUTLOOK

5.1 Conclusions

In this thesis, structure-property relationships with regard to thermoelectric properties of p-
doped oligoether substituted polythiophenes were studied. In particular, the importance of
solid-state order of conjugated polymers for improving their charge transport properties and for
tuning their mechanical properties was demonstrated.

Varying the length of oligoether side chains influenced the resulting degree of order of the
polymer films. Notably, the polymer having the shortest side chains, i.e. p(g32T-T), exhibited
the highest degree of structural order, whether in its pristine or oxidized states, among the three
analyzed polymers. This directly translated to higher thermoelectric properties, primarily
attributed to the enhanced charge-carrier mobility, and thus electrical conductivity, favored by
more pronounced n-stacking.

Furthermore, chemical doping induced an ordering effect in the polymers. Doping the
p(gx2T-T) polymer series with either F4TCNQ or H-TFSI led to an increase of n-stacking, likely
promoting the delocalization of charge-carriers. As a result, samples showing more pronounced
n-stacking displayed higher electrical conductivity values. Instead, a large dopant concentration
hindered the formation of structural order as confirmed by a lower electrical conductivity.

Next, the degree of order achieved through chemical doping and through the reduction of
the side-chain length was correlated with the mechanical properties of the polymers. The side-
chain length showed to have an impact on stiffness and stretchability of the polymers. Indeed,
a short side-chain length corresponded to a stiff and less stretchable material. Similarly, the
high degree of m-stacking achieved through chemical doping resulted in an increase of the glass

transition temperature Ty and in a significantly higher stiffness.
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However, the degree to which these changes in mechanical properties occurred varied with
the type of dopant. The acid dopant H-TFSI was found to induce a higher plasticization effect
than F4sTCNQ (Figure 5.1).

It was shown that the electrical and mechanical properties of conjugated polymers such as
the electrical conductivity and elastic modulus tend to correlate, but they can be partially

decoupled through the selection of suitable dopants.

5.2 Outlook

In future research, the aim is to expand the investigation of the effect of chemical doping
on soft conjugated polymers for thermoelectric applications. Some possibilities will be to study
other conjugated polymers having a different chemical structure of the backbone, as well as to
investigate other processing techniques that help to increase the solid-state order of polymers,
such as rubbing, tensile-drawing or fiber-spinning.

Additionally, alternative acid dopants will be explored to further elucidate the plasticization
effect. By exploring a broader spectrum of polymer:dopant systems, the objective is to obtain
highly conductive materials characterized by mechanical robustness and stretchability (Figure

5.1), in order to aid the selection of promising candidates for thermoelectric applications.
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Figure 5.1. Ashby plot of the electrical conductivity vs. Young’s modulus of
anisotropic samples based on organic and organic-inorganic materials. References are
found in ref. [48], graph is adapted from ref. [48] with permission from Elsevier 2018.

Star symbols represent polymer:dopant systems studied in this thesis.
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