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ABSTRACT 

Semiconductors have become indispensable in modern electronics, playing vital roles across diverse 

devices such as computers, mobile phones, and solar cells. While inorganic semiconductors, such as 

silicon, currently dominates the industry, organic semiconductors offer promising alternatives. One of 

the most widely studied classes of organic semiconductors is conjugated polymers. Chemical doping is 

a critical tool that allows to tune their electrical conductivity through the introduction of positive or 

negative charge carriers, i.e. polarons, by the addition of dopants. The ability to adjust the polaron 

density is essential, as devices that employ conjugated polymers operate within distinct ranges of 

charge-carrier concentration. Therefore, accurately measuring and quantifying the number of polarons 

is paramount for both material development and device engineering.  

This thesis explores methods for measuring the polaron density in the high doping regime. The results 

suggest that optical methods can be used to effectively estimate the polaron density in chemically 

doped conjugated polymers. The methodology is then used to demonstrate that chemical doping 

significantly effects the mechanical and rheological properties of conjugated polymers. Furthermore, 

it is found that the concept of double doping, which involves the transfer of two electrons between 

the polymer and the dopant molecule, is a generic concept that extends beyond quinodimethane-type 

dopants. The concepts elucidated in this thesis aid the development of an in-depth understanding of 

structure-property relationships relevant for doped conjugated polymers. Through addressing 

fundamental questions and establishing a foundation for future inquiry, this thesis contributes to the 

ongoing advancement of the dynamic field of organic electronics. 

 

Keywords: organic semiconductors, conjugated polymers, chemical doping, molecular dopants 

polaron density, spectroscopy, double doping,  
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Nog finns det mål och mening i vår färd, men  

det är vägen som är mödan värd. 

 

― Karin Boye 
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NOMENCLATURE 

A     Absorbance 

B0    Magnetic field 

β    Bohr magneton 

c     Concentration 

CE     Counter electrode 

CN    Cyano 

CTC    Charge transfer complex 

CW    Continuous wave 

d     Thickness 

DFT    Density functional theory 

DOS    Density of states 

EA     Electron affinity  

𝐸     Coulomb binding energy 

Eg     Band gap  

EPR    Electron paramagnetic resonance 

𝜀r    Dielectric constant  

𝜀      Permittivity of vacuum  

ε     Molar extinction coefficient 

ΔE    Energy difference 

F2TCNQ   2,5-difluoro-7,7,8,8-tetracyanoquinodimethane 

F4TCNQ   2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

G’    storage modulus 

ge    Electron g-factor 

h    constant 

HOMO   Highest occupied molecular orbital 

H-TFSI   bis(trifluoromethanesulfonyl)imide 

I     Current 

IE     Ionization energy 

ICT     Integer charge transfer 

IP     Ion pair 

IR    Infrared 
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ITO     Indium tin oxide 

l     Path length 

LUMO   Lowest unoccupied molecular orbital 

µ     Charge carrier mobility 

Magic Blue  Tris(4-bromophenyl)ammoniumyl hexachloroantimonate 

MIS    Metal-insulator-semiconductor 

Mo(tfd-COCF3)3 Molybdenum tris[1-(trifluoromethylcarbonyl)-2-(trifluoromethyl)-ethane-1,2-
dithiolene] 

Nd     Number of dopant molecules  

ηdiss    Dissociation efficiency  

ηdoping   Doping efficiency 

Nfree    Number of free charges 

ηion    Ionization efficiency 

NMR   Nuclear magnetic resonance 

Nv     Number of charge carriers 

ν    Stretching vibrations 

OFET   Organic field effect transistor 

OLED   Organic light emitting diode 

OTE    Organic thermoelectric 

P(Θ)   Carrier density 

P3HT   Poly(3-hexylthiophene)  

PDPP-3T  Poly{2,2′-[(2,5-bis(2-hexyldecyl)-3,6-dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c]pyrrole-
1,4-diyl)dithiophene]-5,5′-diyl-alt-thiophen-2,5-diyl} 

p(g42T-T)  Poly(2,5-bis(4-(tetraethylene glycol monomethyl ether)thiophen-2-yl)thiophene) 

q     Elementary charge  

Q     Number of injected charges 

r    Coulomb binding radius 

RE     Reference electrode 

SN    Site density 

σ    Electrical conductivity  

t     Time 

THz     Terahertz 

TQ1    Poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] 
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Θ    Polaron mole fraction 

UV    Ultraviolet 

VAve    Average site volume 

VS    Polymer site volume 

v    Frequency of radiation 

Vis    Visual  

WE     Working electrode  
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Chapter 1  

INTRODUCTION 

Semiconductors have evolved into integral materials of modern electronics, serving as ubiquitous 

elements in daily life. They form the foundational building blocks of transistors utilized in a wide array 

of applications, including computers, mobile phones, light-emitting diodes (LEDs), and solar cells. 

Presently, the manufacturing of electronic devices predominantly relies on inorganic semiconductors 

like silicon or gallium arsenide. However, organic semiconductors have emerged as a promising 

alternative to conventional inorganic materials. This shift is attributed to their favorable 

characteristics, which encompass solution processability, mechanical flexibility, and cost-effectiveness. 

In the mid-1970s, Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa discovered that doping of 

polyacetylene with iodine vapor led to metal-like conductivities, generating significant interest in 

organic semiconductors. This breakthrough later earned them the Nobel Prize in Chemistry for their 

work on conductive polymers.[1, 2] Today, organic electronics find applications in various fields such as 

energy harvesting, energy storage and lighting to bioelectronics, with organic light emitting diodes 

(OLEDs) being a notable example used for example in smartphone displays.[3, 4]  

Organic semiconductors encompass small molecules or polymers with the ability to conduct electricity. 

This thesis will focus on polymeric semiconductors, i.e. conjugated polymers (Section 1.1), featuring 

extended π-conjugated systems along their backbones. Chemical doping (Chapter 2) serves as a 

valuable tool to tune the electrical conductivity of organic semiconductors through the introduction of 

positive or negative charge carriers, i.e. polarons, by the addition of dopants. The ability to tune charge 

carrier concentration per unit volume is essential, as devices that employ conjugated polymers operate 

within distinct ranges of charge carrier density (Fig. 1.1).  

Thin-film devices, including organic light emitting diodes (OLEDs), organic photovoltaics (OPVs) and 

organic field-effect transistors (OFETs), utilize conjugated polymers. In OLEDs and OPV devices, the 

charge-carrier density typically reaches values of 1021 to 1023 m−3.[5] OFETs on the other hand, reach 

higher values, ranging from 1023 to 1025 m−3.[6] Bulk devices such as organic thermoelectric (OTE) 

generators employ conjugated polymers with much higher charge-carrier densities in the range of 
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1026 to 1027 m−3, often achieved through chemical doping.[7] Other types of thin-film devices such as 

organic electrochemical transistors (OECTs), often exhibit a very high charge-carrier density of up to 

1027 m−3 in their on state.[8] 

Given that different applications operate at different carrier densities, the ability to tune the carrier 

density becomes crucial. Therefore, accurately measuring and quantifying the number of charges 

becomes paramount. While established techniques such as metal-insulator-semiconductor (MIS) and 

space charge-limited currents are suitable for low carrier densities (<1025 m−3), emerging technologies 

require the capability to measure high carrier densities.[9] 

This thesis explores methods for measuring high charge carrier concentrations, addressing the growing 

demand for defined measurement techniques in the field of organic semiconductors. The specific aims 

of this thesis are outlined in Section 4.6. 

 

Figure 1.1. Approximate range of charge-carrier density n of organic photovoltaic (OPV) 

devices, organic field-effect transistors (OFETs), organic electrochemical transistors 

(OECTs) and organic thermoelectric (OTE) devices as well as the range of charge-carrier 

density studied in this thesis. 

 

1.1 Conjugated polymers 

Polymers are macromolecules, characterized by long chains composed of numerous repeating 

subunits linked by covalent bonds. Polymers are primarily known for their insulating properties, 

making them essential for various applications such as electrical insulation, e.g. as the protective 

coating of high voltage cables. However, not all polymers conform to the insulator stereotype. 

Conjugated polymers represent a fascinating class within this diverse group. Unlike their insulating 
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counterparts, conjugated polymers possess semiconducting properties resulting from π-conjugation. 

This unique feature arises from a backbone chain comprising alternating single and double bonds, 

creating overlapping π-orbitals along the chain. In this arrangement, π-electrons are delocalized 

throughout parts of the polymer backbone, rather than being part of one single valence bond. It is this 

overlap of π-orbitals that gives conjugated polymers their unique electrical characteristics. 

 

 

Figure 1.1. Chemical structure of conjugated polymers used in this thesis. 

 

1.2 Energy levels and the density of states 

In a conjugated small molecule like thiophene (the monomer shown in Figure 1.3a), the overlapping 

π-orbitals lead to the splitting of energy levels within the π-bonds, giving rise to the formation of 

bonding π-orbitals and an antibonding π*-orbitals referred to as the Highest Occupied Molecular 

Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO), respectively, as illustrated in 

Figure 1.3a. The energy difference between HOMO and LUMO is defined as the band gap (Eg). In the 

context of a single small molecule, the energy of the HOMO aligns well with the ionization energy (IE). 

The IE is defined as the energy needed in order to remove an electron from the molecule. Conversely, 

the energy of the LUMO corresponds to the electron affinity (EA), which represents the energy gained 

upon the addition of an electron to the molecule. However, as we join conjugated monomers like 

thiophene together through polymerization, the extension of the conjugated chain initiates the 

formation of new energy states with varying degree of bonding and antibonding character within the 

π- and π*-orbitals. This leads to the emergence of energy distributions of energy states often referred 
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to as the valence band and the conduction band. However, the energy landscape in conjugated 

polymers consist of discrete energy levels instead of bands.[10] In the following, these distributions of 

states will instead be referred to as the HOMO- and the LUMO manifold. The formation of new energy 

states also results in a pronounced convergence of the HOMO and LUMO, which effectively reduces 

the band gap. The resulting distribution of energy levels is termed the density of states (DOS), which 

provides insight into the number of energy levels within a defined region in energy space. Typically, a 

Gaussian function is used to show how the energy levels in the HOMO- and LUMO manifold are 

distributed. The central peak of the Gaussian function represents the mean energy level, while its 

standard deviation measures energy level dispersion. This DOS function offers a quantitative  

 

 

Figure 1.2. a) Evolution of the HOMO and LUMO levels as well as the bandgap Eg with 

increasing number of thiophene repeat units, resulting in valence and conduction bands 

for polythiophene. Reproduced from Ref. 11 with permission from the Royal Society of 

Chemistry. b) Gaussian approximation for the density of states (DOS) of a molecular solid. 

Two Gaussian distributions representing the occupied levels and the unoccupied levels. 

Adapted from Ref. 7. 
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representation of the available states within the system, and the standard deviation serves as a 

valuable metric for quantifying the disorder within the DOS, which indicates how broad the energy 

level distribution is. Using the Gaussian approximation of the DOS, the IE and EA can be estimated by 

drawing a line through the inflection point of the DOS curve with a y-axis intercept set at twice the 

standard deviation of the DOS from the DOS center as illustrated in Figure 1.3b. It is important to 

acknowledge that beyond the pronounced influence of increasing conjugation length, the disorder of 

the DOS is considerably influenced by an array of factors. These include the relative orientation of 

molecules (intermolecular effects), conformation, configuration, and the presence of chemical defects, 

each of which contributes to local variations in energy levels. Consequently, it is important to recognize 

that within a polymeric material the IE and EA may have distinct, localized values.[12] This perspective 

emphasizes the complexity of materials science in the context of molecules and polymeric systems. 

 

1.3  Optical absorption of conjugated polymers 

The band gap Eg is a critical parameter, significantly influencing the optical characteristics of conjugated 

polymers. Specifically, it determines the highest wavelength of light, i.e. the lowest energy, these 

materials can absorb. Absorption occurs when the energy of the incoming photons match or  

 

Figure 1.3. UV-vis-NIR absorption spectra showing the thickness normalized absorption 

(A/d) for pristine P3HT. 



 
6 

 

exceed the band gap, exciting an electron from a bonding to an antibonding orbital. As described in 

the previous section, the broadening of the DOS upon extension of the conjugation length of the 

polymer chain leads to a narrowing of the Eg.  

Consequently, as the band gap becomes smaller, the polymer begins to absorb light with lower energy 

and will eventually absorb light in the visible spectrum, resulting in a colorful appearance (Fig. 1.3a). 

Typically, conjugated polymers feature band gaps ranging from 1.5 to 3 electronvolts (eV) which 

translates to wavelengths spanning from 800 to 400 nanometers.[13] In practical terms, it means these 

polymers absorb light in the visible spectrum and the nearby near-infrared region. This is illustrated in 

Figure 1.4 where an absorption spectrum of poly(3-hexylthiophene) (P3HT) is shown. 

 

1.4  Semiconductors 

A semiconductor is a material where the conductivity falls within the range between metals and 

insulators and in where the number of charge carries can be altered by external means.[14] The 

electrical conductivity (σ) is described by the formula below: 

𝜎 = 𝑁 ∙ 𝑞 ∙ µ                 (1.1) 

Here N represents the number of charge carriers, q stands for the charge of the carrier and µ is the 

charge carrier mobility. It is important to point out that the semiconducting characteristics of inorganic 

semiconductors such as silicon, germanium and GaAs differ from those of organic semiconductors, 

such as conjugated polymers. Conjugated polymers commonly feature a band gap between 1.5 and 3 

eV.[15-18] This is considerably larger compared with a band gap <1.4 eV for conventional inorganic 

semiconductors.[13, 19] In the case of inorganic semiconductors, the creation of free charge carriers can 

occur through thermal excitation across the band gap at room temperature. However, the larger band 

of conjugated polymers prevents the creation of a substantial number of charge carriers by thermal 

excitation. Consequently, conjugated polymers lack intrinsic charge carriers. As stated in Equation 1.1, 

a low number of charge carriers results in low electrical conductivity. To enhance the electrical 

conductivity of conjugated polymers, the generation of charge carriers through external stimuli is 

necessary. This can be achieved either by the dissociation of photogenerated electron-hole pairs or by 

a process known as doping. The concept of doping will be explored in more detail in Chapter 2 and 

entails the introduction of either negative (n-type) charge carriers by the addition of electrons or 

positive (p-type) charge carriers by the removal electrons, ultimately resulting in the creation of holes. 

Conjugated polymers typically exhibit a dielectric constant (𝜀r) with a value around 𝜀r ∼ 3-4.[20] This is 

notably lower than the dielectric constant of inorganic semiconductors like silicon, where 𝜀r ∼ 11.[21] 
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The lower dielectric constant of conjugated polymers implies that Coulomb interactions have a 

significant impact, causing charge carriers to be more localized compared to inorganic semiconductors, 

owing to the lack of dielectric screening. The influence of Coulombic interactions will be discussed in 

further detail in Chapter 2. Due to the localized nature of the charge carriers, charge transport in 

conjugated polymers occurs through hopping transport, which compared to band transport, results in 

a lower charge carrier mobility and overall electrical conductivity which will be covered in Chapter 3. 

Conjugated polymers offer distinct advantages compared to inorganic materials, such as mechanical 

flexibility, lightweight properties, and cost-effectiveness. Moreover, they are soluble in common 

solvents, allowing for processing through solution-based methods at low temperature like spin-coating 

and ink-jet printing. Conjugated polymers combine the advantageous electronic properties of 

semiconducting materials with the mechanical benefits of organic compounds. This makes them highly 

promising across a range of applications. These applications encompass thin-film devices such as 

OLEDs[3, 22-25], OFETs[26, 27], OECTs[28-30], and OPVs[31, 32], as well as bulk applications like OTEs[11, 33-36] and 

conducting fibers[37-40]. 
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Chapter 2  

CHEMICAL DOPING 

Conjugated polymers lack intrinsic charge carriers. As a result, doping emerges as a powerful tool that 

allows tuning the charge carrier concentration within these materials. Doped conjugated polymers 

have found widespread applications, such as in organic photovoltaics, organic transistors, and 

sensors.[24-26, 41-50] Additionally, they are increasingly utilized in OTEs and have recently emerged in 

nanophotonics and plasmonics.[51-58] Chemical doping involves the addition of small molecules capable 

of undergoing charge transfer with the host material. This charge transfer results in the formation of 

polarons, which are radical cations (p-doping) or radical anions (n-doping) that delocalize over polymer 

segments representing a charge accompanied by an intramolecular distortion of the polymer 

backbone. Two prevailing mechanisms for achieving chemical doping are redox doping or acid/base 

doping. In redox doping, electron-donating or electron-accepting molecules are added to the 

conjugated polymer introducing either negative (n-type) charge carriers through the addition of 

electrons or positive (p-type) charge carriers, i.e. holes, through the removal of electrons (Fig. 2.2). In  

  

 

Figure 2.1. Chemical structure of p-dopants used in this thesis. 
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acid-base doping, a proton (H+) or hydride (H-) is transferred to the conjugated polymer backbone, 

resulting in p-doping or n-doping, respectively (Fig.2.2). This thesis primarily focuses on redox p-doping. 

 

2.1 Redox doping 

Redox doping entails a redox reaction where electrons are transferred between the dopant molecules 

and the polymer.[7, 10, 43, 55, 59] In case of n-doping, electrons are transferred from the dopant to the 

conjugated polymer, introducing negative (n-type) charge carriers. Conversely, for p-doping there is 

electron transfer from the polymer to the dopant, introducing positive (p-type) charge carriers, i.e. 

electron holes. Redox doping can also occur through the presence of atmospheric oxygen or water. In 

this case, the atmospheric oxygen or water can act as oxidizing agents (p-doping), or react with the 

dopant to first produce a radical that subsequently undergoes charge transfer with the polymer.[60-62] 

Dopants are selected based on their redox properties to facilitate electron transfer with the polymer. 

The charge transfer process between dopant and host can either be integer charge transfer (ICT) or 

partial charge transfer, the latter resulting in the formation of a charge transfer complex (CTC).  

2.1.1 Integer charge transfer 

In the case of ICT, there is electron transfer between the dopant and the conjugated polymer, resulting 

in the formation of a polaron on the polymer backbone which is counterbalanced by the oppositely 

charged dopant molecule. The polaron and the generated dopant counterion forms an ion pair (IP) 

that is Coulombically bound. IP formation occurs only if it is energetically favorable, determined by the 

energetic offset between the two materials. For p-doping, the polymer donates an electron from its 

HOMO to the LUMO of the (typically neutral) dopant, provided that the electron affinity of the dopant 

(EAdopant) is equal to or higher than the ionization energy of the conjugated polymer (IEpolymer), i.e. 

EAdopant ≥ IEpolymer (Fig. 2.2). For n-doping, the opposite scenario is required, where the electron affinity 

of the polymer (EApolymer) should be equal to or greater than the ionization energy of the dopant 

(IEdopant), i.e. EApolymer ≥ IEdopant (Fig. 2.2).  

While many dopants are neutral species, charged species such as radical cation salts,[63, 64] like Magic 

Blue (Figure 2c), or radical anions[65] can be used to facilitate charge transfer provided that the energy 

levels involved in charge transfer is higher in energy or equal to IEpolymer in case of p-doping. For n-

doping the energy levels involved should be lower in energy or equal to IEpolymer to facilitate charge 

transfer. For instance, in p-doping with a radical cation salt, the charge transfer occurs from the HOMO 

level of the polymer to the partially filled HOMO level of the radical cation.[63] 
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Figure 2.2. Basic principles of (a) acid/base-doping involving the transfer of a hydride(H-) 

or a proton (H+) to the conjugated polymer (b) redox doping involving the transfer of an 

electron (e-) from the semiconductor HOMO to the dopant LUMO in case of p-doping; (c) 

the formation of a charge-transfer complex through fractional charge transfer. 

Reproduced from Ref. 11, with permission from Royal Society of Chemistry and from Ref. 

51, Copyright 2022, A.P. 

In some cases, charge transfer can take place between the polymer and the dopant, even if the 

energetic offset between EA and IE is not favorable. This is because these values are determined 

through cyclic voltammetry of both the polymer and the dopants dissolved in solution, and as a result, 

they can exhibit different values in their solid state. Furthermore, different parts within the same film 
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can have different energy levels. For instance, the IE is lower in the crystalline parts of a P3HT film 

compared to its amorphous regions.[66] 

Furthermore, in specific conditions, double charge transfer can occur for certain polymer and dopant 

combinations, such as F4TCNQ (Fig. 2.1) and polythiophenes with a low IE.[65] In this scenario, the 

initially neutral dopant molecule undergoes the initial exchange of an electron with the host, followed 

by subsequent exchange of a second electron between the generated counterion and another site 

within the host. It is important to keep in mind that the values for IE and EA are defined for neutral 

molecules. Nevertheless, for the sake of simplicity, the EA and IE of charged species are at times 

denoted as EA+/- and IE+/-, where “-“ designates the anionic state and “+” designates the cationic state, 

although this representation is not entirely correct.[7] 

2.1.2 CTC formation 

In instances of partial charge transfer, an overlap between donor and acceptor π-orbitals takes place, 

inducing hybridization of the frontier orbitals. This results in the formation of a CTC and the emergence 

of new local HOMO and LUMO states (Fig. 2.2). The newly formed local HOMO incorporates both 

electrons from the donor HOMO level, leading to fractional charge transfer between the polymer and 

the dopant. In this scenario, the charge is distributed between the polymer and dopant.[7, 51] The CTC 

is neutral and can undergo charge transfer with the polymer when thermally excited, although this 

process tends to be relatively inefficient.[67] 

CTC formation can occur even when the electron affinity of the dopant is significantly smaller than the 

ionization energy of the polymer (EAdopant << IEpolymer), for p-type doping or if the ionization energy of 

the dopant is much greater than the electron affinity of the polymer (EApolymer << IEdopant) for n-type 

doping.[10] Additionally, CTCs can form even when the energy offset allows for ICT, and in specific 

circumstances, both ICT and CTC formation can occur simultaneously within the same system.[68] 

Predicting whether CTC formation will occur is hence a challenging task. To avoid CTC formation, 

bulkier dopants are sometimes preferred to reduce the π-overlap with the polymer orbitals.[7] 

 

2.2  Acid/base doping by radical cations 

Acid doping involves the transfer of a proton (H+) from the dopant to the conjugated polymer backbone, 

resulting in p-doping (Fig. 2.2). The resulting net charge is redistributed via conjugation effects, and 

the corresponding anion enters the system to maintain charge neutrality.[69] In base doping, a hydride 

(H-) is transferred to the conjugated polymer backbone, resulting in n-doping (Fig. 2.2).  
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2.3 Ionization  

In the scenario of ICT, the polaron introduced to the polymer backbone is effectively counterbalanced 

by the oppositely charged dopant molecule, forming an ion pair that is coulombically bound (Fig. 2.3). 

The ionization efficiency, ηion, of this process is expressed by the following equation: 

𝜂 =                   (2.1) 

Here, Nd represents the number of dopant molecules per unit volume and Nv signifies the number of 

generated polarons. Determining Nd is typically straightforward when the dopant and host are co-

processed, that is, processed from the same medium.  In contrast, Nv can be estimated using various 

techniques, such as optical spectroscopy and electron paramagnetic resonance (EPR) spectroscopy, 

which will be further discussed in Chapter 4. If each dopant were to give rise to exactly one charge on 

the backbone, ηion would be 100 %. However, not every introduced dopant molecule undergoes 

electron transfer, resulting in an ionization efficiency typically below 100%. Factors limiting ηion include, 

for example, an unfavorable energetic offset between dopant and polymer or limited miscibility of the 

dopant and the host material, leading to dopant aggregation, resulting in reduced contact between 

the dopant and the host. In the case of double charge transfer, the same factors limit ηion. However, 

since in this case each dopant can give rise to two polarons, the maximum ηion that can be achieved is 

200 %. 

 

 

Figure 2.3.  Schematic illustration of the two steps of a doping process. Reprinted with 

permission from Ref. 51, Copyright 2022, A.P.  
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2.4 Dissociation 

For a polaron to contribute to charge transport, it must dissociate from the coulomb radius of the 

counterion to become a free charge (Fig. 2.3). The dissociation efficiency (ηdiss) is described by the 

equation below: 

𝜂 =                    (2.2)  

Nfree represents the number of generated free charges. Nfree can be studied through various techniques 

such as terahertz (THz) spectroscopy[70], ultrafast transient absorption spectroscopy[71, 72], admittance 

spectroscopy(X)[73-76], AC-Hall measurements[7, 77, 78] or with metal-insulator-semiconductor (MIS) 

devices[65, 79]. ηdiss is typically much less than 100 % due to strong Coulomb interactions. To be able to 

dissociate from the ion pair, the polaron needs to escape the Coulomb binding exerted by the 

counterion. The Coulomb binding energy 𝐸  is given by: 

𝐸 (𝑟) =                  (2.3) 

Here, 𝑞 is the elementary charge, 𝜀  is the permittivity of vacuum, 𝜀  is the dielectric constant of the 

host and 𝑟 is the distance between the polaron and the counterion. 

 

2.5  Doping efficiency 

Doping involves a two-step mechanism: ionization and dissociation. The doping efficiency (ηdoping) is 

described by the combination of Equations 2.1 and 2.2: 

𝜂 = 𝜂 × 𝜂 =              (2.4) 

Strategies, such as using large dopant molecules to increase the distance between the counterion and 

polaron, can reduce Coulomb binding. However, large dopants also occupy more space, limiting the 

volume for charge-conducting conjugated material and thus restricting polaron density. How the 

doping efficiency affects charge transport will be discussed in more detail in Chapter 3.  

 

2.6 The density of states of doped conjugated polymers 

Upon doping of conjugated polymers and the formation of a polaron on the polymer backbone, a new 

pair of bonding (π) and antibonding orbitals (π*) emerges in the band gap. According to the model 

proposed by Koch et. al.[80], in the context of p-doping, the removal of one electron induces a 
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downward shift of the HOMO- and LUMO-manifold (Fig. 2.4).[81] This shift is the consequence of the 

increased difficulty of removing a second electron from the same site, leading to an increase of the 

ionization energy (IE+) of the charged site compared to the IE of the neutral site.[82] This increase in 

accessible energetic states directly influences the overall DOS, introducing an increased level of 

energetic disorder in the material. The polaron gives rise to two optical transitions in the material, the 

P1 and P2 transition. Both transitions start from the HOMO-manifold edge and lower lying occupied 

states. The P1 transition ends at the lower sub-bandgap state and higher lying unoccupied levels, 

whereas the P2 transition ends at the upper intra bandgap state and higher lying unoccupied levels. 

 

 

Figure 2.4. Energy diagram of a p-doped conjugated polymer depicting the optical 

transitions of the neutral polymer as well as the P1 and P2 polaron. 

 

2.7  Optical absorption of doped polymers 

As explored in the previous section, the generation of polarons through doping induces new optical 

transitions. These optical characteristics can be utilized for applications in various sensing scenarios, 

such as optical nanoantennas.[50, 56] The resulting optical transitions give rise to absorption features at 

lower energies compared to those of the neutral polymer. Figure 2.5 illustrates this phenomenon, 

depicting two distinct peaks emerging at higher wavelengths upon doping P3HT with the dopant Magic 

Blue (dopant structure presented Fig. 2.1) and at the same time the neutral peak is bleached. The P1 

transition results in a broad peak arising in the far infrared, while the P2 transition produces a peak 
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close to the neutral peak but at slightly lower energy. These two peaks serve as characteristic features 

of the polaron, enabling both identification and quantification. At high charge concentrations, polarons  

 

Figure 2.5. UV-vis-NIR absorption spectra showing the thickness normalized absorption 

(A/d) for neat P3HT and P3HT chemically doped with Magic Blue. 

tend to couple and form bipolarons/polaron pairs. Several studies have focused on modeling and 

quantification of the optical absorption of polarons and bipolarons/polaron pairs.[70, 83-87] These include 

spectro-electrochemical measurements, spectral fitting and multivariate curve resolution as well as 

density functional theory (DFT) calculations.[87, 88] However, the identification of bipolaron/polaron pair 

formation in the system can be achieved by monitoring deviations of the absorption spectra from the 

isosbestic point between the neutral polymer and the P2 polaron absorption. An isosbestic point 

represents a point on a spectral curve where two or more species have the same molar extinction 

coefficient, suggesting no net change in concentration at that particular wavelength. In Figure 2.6a, 

which displays a series of UV-vis absorption spectra for the polymer p(g42T-T) doped with varying 

concentration of H-TFSI, an isosbestic point is evident where several spectra intersect, indicating the 

coexistence of two primary species. These include neutral backbone segments that are increasingly 

replaced by oxidized segments with one positive charge (polarons). If the absorption curve of the 

doped polymer diverges from this intersection point, it indicates the presence of more than two 

absorbing species in the sample, and the formation of bipolarons/polaron pairs in the system is a likely 

explanation. In Figure 2.6b, the wavelength for where the doped spectra cross the neat spectra is 

plotted vs. the molar concentration of the dopant H-TFSI. Up to a molar concentration of 10 % H-TFSI, 

the crossover wavelength is 712 nm. This is the isosbestic point. For higher dopant concentration, the 
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crossover increases to higher wavelengths, indicating bipolaron/polaron pair formation. Nevertheless, 

the visualization of the isosbestic point between the neutral polymer and the polaron, as well as 

between the polaron and the bipolaron/polaron pair, is most effectively achieved with spectro-

electrochemical measurements.[89]  

  

 

Figure 2.6. a) UV-vis absorption spectra of p(g42T-T) doped with varying concentration of 

H-TFSI displaying the emergence of an isosbestic point. b) Crossover wavelength between 

the absorption spectra of the neat and doped samples vs. mol % of the dopant H-TFSI. 
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Chapter 3  

CHARGE TRANSPORT IN CONJUGATED POLYMERS 

Charge transport in semiconductors is a critical aspect that significantly influences their applications in 

various fields. The electrical conductivity of a material is directly proportional to the product of the 

charge carrier concentration and mobility, as indicated by equation 1.1. Conjugated polymers, 

characterized by a low dielectric constant compared to inorganic semiconductors, exhibit strong 

Coulomb interactions between the charge carriers and the dopant counterions, resulting in a 

pronounced localization of charge carriers. Thus, it becomes essential to distinguish between bound 

and free charges, as only mobile charge carriers contribute to charge transport. This can be done 

through techniques such as metal-insulator-semiconductor (MIS) devices, THz spectroscopy and ultra-

fast transient absorption spectroscopy.[65, 70-72, 87, 90]  

The localized nature of the charge carriers in conjugated polymers leads to charge transport occurring 

through thermally activated hopping, a mechanism prevalent in disordered structures like organic 

semiconductors. Unlike band transport, where carrier mobility decreases with increasing temperature, 

hopping transport exhibits a contrary behavior, with carrier mobility increasing as the temperature 

rises.[7] This transport mechanism involves charge carriers moving between localized sites or energy 

levels, making conjugated polymers sensitive to the distribution of available states. Considering the 

density of states and disorder, the energetic disorder and resulting distribution of accessible states 

plays a pivotal role in determining the overall charge transport properties of conjugated polymers. 

Doping introduces changes in the shape of the DOS due to the long range of the Coulomb potential of 

ionized dopants and the low dielectric constants inherent to most organic semiconductors. 

Experimental confirmation of the broadening of the DOS upon doping has been conducted through 

photoelectron spectroscopy.[91-93] The numbers of charge carriers that are dissociated (at a given point 

in time) are able to contribute to charge transport. At low dopant concentrations, a polaron can escape 

the Coulomb capture radius of the counterion with minimal chance of being captured by another 

counterion, resulting in a high dissociation efficiency approaching 100%. However, at intermediate 

dopant concentrations the dissociation efficiency decreases as polarons experience Coulomb 
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interactions with counterions. For P3HT doped with F4TCNQ it has been shown that only 5% of carriers 

contribute to transport at a given point in time. At high dopant concentrations, the Coulomb capture 

radius of counterions start to overlap, preventing the polaron to move sufficiently far enough from the 

dopant counterion without feeling the influence of another counterion. However, overlap of the 

Coulomb capture radius concurrently induces charge screening. Consequently, the charge carriers can 

move through the material without encountering significant traps, as the Coulomb attraction is 

uniform. This interplay leads to charge transport primarily governed by collective interactions among 

all charges and counterions within the conducting material. 

The degree to which a charge feels the presence of counterions in its vicinity partly depends on the 

dielectric constant of the host material. In line with Equation 2.3, an increase in the dielectric constant 

mitigates the Coulomb binding energy felt by the polaron in close proximity and this partial electrical 

screening results in a less strongly bound polaron. The dielectric constant of the conjugated polymer 

can be increased through side chain engineering. For example, the polar tetraethylene glycol side 

chains of p(g42T-T) provide the polymer with 𝜀r = 4.4 as compared to 𝜀r = 2.7 for P3HT which has alkyl 

side chains.[94] Dopant anions such as F4TCNQ (di)anions, reside between the side chains of the polymer 

and hence the higher dielectric constant of p(g42T-T) can improve charge screening.  As a consequence, 

the polarons on the polymer backbone experience a reduced impact from the surrounding counterions, 

potentially leading to a higher charge-carrier mobility and improved electrical conductivity.  

 

 

Figure 3.1.  a) An increase in the size of the counterion or b) suitable polymer side chains 

will increase the effective distance between a counterion and an adjacent polaron from 𝒓 

to 𝒓 , resulting in a less strongly bound polaron due to a lower Coulomb interaction. As a 

result, the polaron will delocalize to a greater extent along the conjugated polymer 

backbone. Reprinted with permission from Ref. 51, Copyright 2022, A.P.  
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The Coulomb binding between the dopant counterion and the polaron can also be reduced by 

increasing the distance between them. For example, as discussed in Section 2.5, using large dopant 

molecules increases the distance between the counterion and polaron. However, large dopants also 

occupy more space, restricting the volume for charge-conducting conjugated material and thus limiting 

the polaron density. The total DOS in polymers is approximately 1027 m-3, implying that the material 

can, at best, accommodate one charge per cubic nanometer. Taking P3HT as an example, with a density 

of 1.1 g cm^-3, there are approximately 4 thiophene rings per nm-3. Each thiophene serves as a 

potential redox site, and assuming a maximum oxidation level of 33%, common for PEDOT, the 

resulting maximum charge-carrier density is around 1027 m-3.[95] However, considering that each charge 

is accompanied by a dopant, such as the relatively large molybdenum dithiolene complex Mo(tfd-

COCF3)3 that has an effective size of about 11 to 14 Å,[96] the highest achievable charge-carrier density 

is on the order of 5x1026 m-3. Another strategy to increase the distance between the dopant counterion 

and the polaron is to modify the polymer side chains (Fig. 3.1). However, extending the side chains 

could potentially limit the amount of charge conducting material as charge transport occurs on the 

polymer backbone.[97] 

 

3.1 Influence of nanostructure on the nanostructure 

Doping can strongly influence the nanostructure and texture of conjugated polymers, such as the 

degree of structural order, the size of ordered domains, and the connectivity between these domains. 

The introduction of a high concentration of dopant molecules can disrupt the nanostructure of the 

polymer, leading to a decrease in the degree of ordering, which negatively impacts the carrier 

mobility.[98-100] Conversely, at low dopant concentrations, doping has the potential to enhance the 

degree of π-stacking in less ordered polymers[100, 101], and alter the conjugation length of polymer 

chains in the amorphous regions.[99] The presence of structural disorder within the material is 

connected with electronic localization, leading to the formation of electronic traps. These traps, in turn, 

act as constraints, limiting the overall charge transport. 

Achieving high carrier mobility requires the capability of charge carriers to be able to move on a 

macroscopic level. As most conjugated polymers consist of both ordered and disordered regions, both 

inter- and intramolecular transport is necessary. Long-range charge transport can be facilitated by 

long-range order of the polymer chains, contributing to low energetic disorder.[12] However, efficient 

long-range charge transport can also be achieved with short-range intermolecular aggregation or 

nanometer-sized ordered domains. 



 
22 

 

Two primary methods are employed to chemically dope conjugated polymers: co-processing, involving 

simultaneous processing of the polymer and dopant from the same solution, and sequential doping, 

where a polymer film is initially cast, and subsequently, a doping step occurs where the solidified film 

is brought into contact with a dopant solution or vapor (Fig. 3.2). Co-processing allows precise control 

over the specific ratio between the polymer and dopant.[65, 101] Nonetheless, the simultaneous 

dissolution of polymer and dopant presents challenges. Premature ionization of polymers in solution 

can decrease their solubility, resulting in the formation of aggregates characterized by fewer tie 

chains.[7] This reduced connectivity between crystalline domains leads to a lower charge-carrier 

mobility. Therefore, the selection of processing solvents significantly impacts the solid-state 

nanostructure of films. Sequential processing involves dopant diffusion into the already solidified 

polymer. Thin polymer films experience rapid doping,[96] while thicker structures require prolonged 

exposure to a dopant solution or vapor.[99] In the two-step process, the nanostructure of the polymer 

is largely preserved during the doping step, allowing for the selection of an optimal nanostructure 

before doping. However, a disadvantage of sequential doping is the challenge of precisely determining  

 

 

Figure 3.2 Illustration of co-processing (right) which involves the deposition of the organic 

semiconductor and molecular dopant from the same solution. The right part of the figure 

illustrates sequential doping process (left), which is a two-step method where the 

conjugated polymer is initially cast from a solution, followed by doping through contact 

with a molecular dopant dissolved in an orthogonal solvent or dopant vapor. Both 

illustrations show deposition through spin coating. 
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the amount of dopant molecules that have entered the material. In addition to the methods described 

above, ion-exchange doping represents an additional approach to achieve doping.[102, 103] In this 

procedure, charge transfer occurs between the dopant and the polymer, and the resultant dopant 

counterion is substituted with another counterion. This replacement counterion is unable to undergo 

charge transfer with the polymer and serves solely to counterbalance the opposite charge of the 

charge carrier in the polymer. This method increases the temperature stability of the doped system.[104] 

 

3.2  Interplay between conductivity and carrier density 

Doping increases the charge carrier concentration, with the goal of simultaneously improving 

conductivity and charge carrier mobility. The charge carriers in conjugated polymers exhibit strong 

Coulomb interactions with the dopant counterions, resulting in a pronounced charge carrier 

localization in the low-doping regime (<1 mol%), and the enhancement of electrical conductivity and 

carrier mobility primarily occurs through the filling of deep-lying trap states.[105] However, at high 

concentrations, the electronic landscape is flattened due to the overlapping Coulomb potentials of the 

counterions, reducing the dependence of conductivity on carrier-dopant interactions and thereby 

improving charge transport.[106, 107] 

The conductivity of organic semiconductors is directly proportional to the product of carrier density 

and mobility. In the high doping regime (N >1026), a power-law trend between conductivity and charge 

carrier density across various doped organic semiconductors, is observed as: 

 𝜎 ∝ 𝑁                   (3.1) 

where γ typically falls within the range of 2-5. This behavior can be explained by a variable range 

hopping model with an energy dependent delocalization length.[108] The aggregate plot in Figure 3.3 

compiles experimental data from literature and this thesis, depicting conductivity versus charge 

density. The consistent adherence to the power-law trend across all presented data emphasizes the 

robustness and applicability of this relation in understanding the conductivity behavior in highly doped 

organic semiconductors. Notably, the exception found in p(g42T-T) doped with H-TFSI adds nuance to 

this observation. 
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Figure 3.3. Conductivity σ as a function of charge density molecularly doped conjugated 

polymers. The closed colored symbols represent data from this thesis work. Faded gray 

symbols were collected from literature (for references see paper VI of this thesis). The 

dashed lines are power laws of varying slopes that were added to guide the eye. Reprinted 

with permission from Paper VI.[108] 
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Chapter 4  

DETERMINATION OF POLARON DENSITY 

To optimize the performance of electronic devices, fine control over the charge carrier density 

becomes essential. Hence it is crucial to be able to accurately quantify the number of polarons 

(bound and free). This chapter explores a variety of techniques that can be used to assess the 

polaron density in chemically doped conjugated polymers. 

 

4.1 Spectro-electrochemistry and chronoamperometry 

Electrochemistry serves as a valuable tool for analyzing reactions involving electron transfer processes, 

notably redox reactions. Despite its utility, traditional electrochemical methods often lack the 

capability of identifying the specific electroactive species present and offer limited insights into 

structural changes resulting from redox events. In response to these limitations, spectro-

electrochemistry has emerged as a powerful approach, combining spectroscopic and electrochemical 

methods to simultaneously explore electronic and structural changes occurring in chemical species 

during electrochemical processes.  Spectroscopy enables the acquisition of molecular information 

including vibrational frequencies, molar absorptivities, luminescence intensities, and electronic or 

magnetic resonance frequencies. The combination of electrochemical and spectroscopic techniques 

can contribute to the elucidation of electron transfer reaction mechanisms and to the understanding 

of fundamental molecular states at interfaces. 

In the context of conjugated polymers, spectro-electrochemical techniques stand out as valuable tools 

for studying the doping process. For example, Banerji and coworkers performed electrochemical 

doping of P3HT in tandem with Vis/NIR-, Raman-, and THz spectroscopy to investigate the correlation 

between the generation dynamics of charged species (polarons/bipolarons) and nanoscale 

conductivity at different doping levels.[87] Moreover, spectro-electrochemistry proves instrumental in 

determining the molar absorptivity of the P2 polaronic transition, p2, by employing UV-vis 

spectroscopy in combination with chronoamperometry. If εp2, representing the strength of absorption 

of the polaronic state, is known, the charge carrier density of the doped polymer can be estimated 
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from the optical spectra (Section 2.7). It is important to note that alterations in the texture and 

orientation of polymer chains impact the extinction coefficient. For instance, polymer chains may 

exhibit a preferential alignment with the substrate, either parallel or perpendicular to it, resulting in 

anisotropic optical constants characterized by greater in-plane values compared to out-of-plane 

values.[109, 110] 

Chronoamperometry, a technique within electrochemistry, involves stepping the potential of the 

working electrode and monitoring the resulting current over time. Prior to conducting 

chronoamperometric measurements, cyclic voltammetry is performed to establish the oxidation or 

reduction potential of the polymer. In the case of p-doping, chronoamperometry measurements are 

conducted by applying static positive potentials above the oxidation potential, leading to oxidation of 

the polymers, and generating a transient current I(t). Integration of the transient current over time 

facilitates the determination of the number of charges (Q) injected to the sample (eq. 4.1). 

𝑄 =  ∫ 𝐼(𝑡)𝑑𝑡                  (4.1) 

Upon normalizing Q with the sample volume, the carrier density Qv is obtained. Following the 

completion of the oxidation reaction at each potential, an absorbance spectrum is recorded and 

normalized by the sample thickness. The difference in absorbance between the doped and undoped 

polymer at the wavelength where the polaron absorbs is then plotted against the charge density. 

Assuming no other absorbing species exist in the system at this wavelength, this results in a linear 

trend, and the slope of this linear trend represents the molar extinction coefficient. Within the scope  

 

 

Figure 4.1. Typical three electrode experimental setup in a spectro-electrochemical 

measurement combining chronoamperometry and optical absorption spectroscopy. 
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of this thesis, this spectro-electrochemistry in combination with chronoamperometry was used to 

estimate p2 for the conjugated polymer PDPP-3T, and a more comprehensive discussion will be 

presented Chapter 5. 

The experimental configuration typically consists of a three-electrode setup comprising a working 

electrode (WE), counter electrode (CE) and a reference electrode (RE), as depicted in Figure 4.1. The 

working electrode is typically composed of a conductive transparent material, like indium tin oxide 

(ITO)-coated glass, with a thin polymer film deposited on top. These electrodes are connected to a 

potentiostat, responsible for regulating electrochemical potential to either oxidize or reduce the 

polymer film, while also recording the electrical response. Simultaneously, the polymer film undergoes 

exposure to electromagnetic radiation, and the spectroscopic response is recorded. 

 

4.2 UV-Vis-NIR spectroscopy  

UV-vis spectroscopy studies light absorption or transmission as a function of wavelength, providing 

information about electrical transitions in the material. This method involves measuring the intensity 

of light in the UV range (200-400 nm) and the visible range (400-800 nm). Some instruments have a 

broader range including the near-infrared (NIR) spectra, ranging from 800 to 2500 nm. The 

fundamental principle underlying UV-vis spectroscopy is the absorption of light, where the amount of 

absorbed light is directly proportional to the quantity of analyte present in a sample. The amount of 

light that is absorbed is described by the Beer-Lambert law, which is expressed as follows: 

𝐴 =  𝜀 ∙ 𝑐 ∙ 𝑙                 (4.2) 

Here, A denotes absorbance, ε represents the molar extinction coefficient of the material, c is the 

concentration of the absorbing species, and l signifies the path length of light through the sample. The 

measurement of light absorption across wavelengths provides valuable insights into the electronic 

transitions within a material. In the context of conjugated polymers, UV-vis spectroscopy serves as a 

powerful tool in assessing the charge density in chemically doped conjugated polymers. The charge-

carrier density (Nv) can be estimated by analyzing the optical spectra of the polymer (Fig. 4.2). The 

method involves using the difference in absorption between the pristine and doped polymer (AP2) at 

the wavelength corresponding to the emergence of the P2 polaron peak upon doping. The estimation 

of carrier density is achieved through the application of the Beer-Lambert law, expressed as follows: 

𝐴 =   𝑁  𝑑                                                                                                                    (4.3) 
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Here, P2 is the molar extinction coefficient of the P2 polaronic transition (see Section 4.1) and d is the 

sample thickness. 

 

Figure 4.2. UV–vis spectrum of a 149 nm thin PDPP-3T film showing only absorbance by 

the neat polymer AN (blue), and a 126 nm thin PDPP-3T film sequentially doped with Magic 

Blue, dominated by the polaronic absorbance AP2 (red). Reprinted with permission from 

Ref. 64. CC BY 4.0 

Moulé and colleagues have proposed an alternative approach for quantifying the carrier density in 

chemically doped polymers, employing UV-vis spectroscopy.[83] Their study focuses on sequentially 

doped samples, where they calculate the polaron mole fraction (Θ) by comparing the peak area of the 

neutral polymer absorption and the polaron absorption. This fraction represents the proportion of 

polymer sites occupied by polarons in a sequentially doped polymer film. Employing a Langmuir 

isotherm model, they fit the dependence of the dopant solution concentration on Θ, enabling the 

characterization of sequential doping through an equilibrium constant.[111] The carrier density, P(Θ) in 

the sample is then estimated by using the following equation: 

𝑃(Θ) =  𝑆  ∙  Θ ∙  
( )

                                                                                                  (4.4) 

Where SN is the site density of the undoped polymer, VS is the polymer site volume and VAve is the 

average site volume considering the volume of the dopants. 
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In both presented methods for assessing the polaron density, it is crucial to ensure that the dopant 

employed does not exhibit any absorption peak in the same range of wavelengths as the polaron P2 

peak. Notably, dopants like Magic Blue and H-TFSI as well as the cyclopropane based dopants used in 

study from the Moulé group[83] are deemed suitable, as they do not absorb in the same spectral region 

as the polymer polaron P2 peak. However, estimating charge density using these methods is unsuitable 

for the widely used dopant F4TCNQ, as its anion absorbs in the same range of wavelengths as the P2 

peak in most conjugated polymers. 

 

4.3 Infrared spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy, a powerful analytical tool, relies on the 

absorption of infrared radiation due to molecular vibrations. With this technique, two primary 

vibration types are observed: stretching vibrations (ν), indicative of alterations in bond length along 

chemical bonds, and bending vibrations (δ-in plane, π-out-of-plane), which involve changes in bond 

angles. What sets FTIR apart from other optical spectroscopy techniques, is its approach to measuring 

absorption of radiation. The common practice in for example UV-vis spectroscopy, is to use a 

monochromatic light beam to measure the absorption for each wavelength individually. FTIR, on the 

other hand, utilizes a beam that incorporates multiple wavelengths simultaneously and measures how 

much of the beam is absorbed. The sample is scanned numerous times within a short time span and 

each iteration modifies the beam to include a different combination of wavelengths. Subsequently, a 

computer processes the output data from these scans, employing the mathematical technique Fourier 

transform to convert it into the infrared absorption spectrum. The resulting absorption spectrum is 

expressed in wavelength-1, typically in units of cm-1. 

In the investigation of chemically doped conjugated polymers, FTIR is a valuable tool for determining 

the polaron density. In the scope of this thesis, FTIR was found to be particularly useful when 

estimating the polaron density of conjugated polymers doped with quinodimethane type dopants, 

such as F4TCNQ. A challenge arises when attempting to estimate polaron density of F4TCNQ doped 

films using the P2 polaron peak analyzed by UV-vis spectroscopy. This difficulty stems from the fact 

that neutral and anionic species of F4TCNQ absorb within the same spectral region where the P2 

polaron peak conventionally arises upon doping (Fig. 4.3). FTIR spectroscopy, however, offers a distinct 

advantage in this scenario. The stretching frequencies of the cyano groups (CN) in F4TCNQ give rise to 

distinct absorption peaks in the infrared (IR) region, detectable through FTIR spectroscopy (Fig. 4.4a). 

Furthermore, the CN-stretch vibrations of F4TCNQ generate characteristic absorption features 

depending on the molecular state — neutral, anionic or dianionic. This distinction allows for the 



 
30 

 

estimation of not only polaron density but also facilitates the determination of the number of anions 

relative to the number of dianions. The molar absorption of the CN-stretch of neutral F4TCNQ is too 

weak to be used for characterization. Upon doping a conjugated polymer with F4TCNQ, these 

absorption features become detectable on top of the P1 polaron peak (Fig. 4.4b) enabling the 

estimation of the polaron density. A more detailed discussion of using FTIR for estimating the polaron 

density in conjugated polymers doped with quinodimethane type dopants will be described  in Chapter 

7.  

 

Figure 4.3. a) Chemical structures of neutral F4TCNQ, F4TCNQ•− and F4TCNQ2-. b) UV-vis 

absorption spectra of neutral F4TCNQ, Li+F4TCNQ•−and 2Li+F4TCNQ2- recorded in solution. 

UV-vis-IR absorption spectra of p(g42T-T) doped with 10 mol % F4TCNQ per thiophene 

unit. The UV-vis absorption spectra of neutral F4TCNQ, Li+F4TCNQ•−and 2Li+F4TCNQ2- were 

taken from Ref. 65. 
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Figure 4.4. a) FTIR absorption spectra of neutral F4TCNQ, Li+F4TCNQ•− and 2Li+F4TCNQ2- 

dissolved in acetonitrile. b) UV-vis-IR absorption spectra of p(g42T-T) co-processed with 

10 mol % F4TCNQ per thiophene. The inset shows the position of the cyano-stretch 

vibrations atop the P1 polaron peak. The FTIR absorption spectra of neutral F4TCNQ, 

Li+F4TCNQ•−and 2Li+F4TCNQ2- was taken from Ref. 65. 

 

4.4 Electron paramagnetic resonance spectroscopy  

Electron paramagnetic resonance (EPR) spectroscopy,[112-117] also known as electron spin resonance 

(ESR) spectroscopy, is a technique which like nuclear magnetic resonance (NMR) spectroscopy is used 

to study the interaction of spins with external magnetic fields. The focus of EPR spectroscopy lies in 

the interaction of electron spins with an external magnetic field. Like other spectroscopic techniques, 
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EPR spectroscopy relies on the absorption of electromagnetic radiation, inducing a transition between 

a lower energy state and a higher energy state. In accordance with Planck's equation (eq. 4.5), 

electromagnetic radiation is absorbed when: 

𝛥𝐸 = ℎ𝜈                    (4.5) 

where ΔE represents the difference between the low energy and the high energy states, h is Planck’s 

constant and ν is the frequency of radiation.  The energy differences probed with EPR spectroscopy 

result from the interaction of unpaired electron spins with an applied magnetic field, B0.  Therefore, 

the species of interest must contain unpaired electron spins, i.e. the material must be paramagnetic, 

such as a dopant monoanion or a polymer containing polarons.  

EPR exploits the Zeeman effect, which entails the alignment of an unpaired electron spin with B0. In a 

classical picture, an electron, being a charged particle, generates a magnetic field due to the angular 

momentum resulting from its spinning around its axis. In essence, the electron, possessing both 

angular momentum and charge, behaves like a small bar magnet or magnetic dipole with a magnetic 

moment, µ. When exposed to an external magnetic field, the unpaired electron spin aligns with the 

external field, producing two energy states for its magnetic moment. There is a lower energy state 

when the electron spin aligns parallel with B0 and a higher energy state when the spin aligns in the 

opposite direction (anti-parallel).  The energy difference, ΔE, signifies the amount of energy required 

to induce a transition between the two spin states. Without the applied magnetic field, both spin states 

have the same energy, and hence ΔE=0. With increasing magnetic field strength, the energy difference 

between the two states increases (see illustration in Figure 4.5), according to 

𝛥𝐸 = 𝑔 𝛽𝐵                  (4.6)    

where β is the Bohr magneton, and ge is the electron g-factor. The electron g-factor contains chemical 

information about the electronic structure of the molecule and is often used as a “molecular 

fingerprint”, similar to the chemical shift in NMR spectroscopy. Combining Equation 4.6 with Planck’s 

equation (eq. 4.5.), the equation can be expressed as: 

𝛥𝐸 = 𝑔 𝛽𝐵 = ℎ𝜈               (4.7)    

In a measurement of the EPR, the sample is irradiated with microwaves at a constant frequency, 

typically in the range of 9-10 GHz, while scanning the magnetic field. An absorption peak occurs when 

the condition in Equation 4.7 is satisfied, i.e., when the magnetic field tunes to the two electronic spin 

states, matching their energy difference with the energy of the radiation (Fig. 4.5). This magnetic field 

is termed the “field of resonance”. The measured energy difference between the two electronic spin  
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Figure 4.4. Illustration of the relationship between magnetic field strength and the energy 

difference ΔE between the two spin states and the corresponding absorption signal. The 

figure is adapted from Ref. 118. 

states depends linearly on the magnetic field (eq. 4.7 and Fig. 4.5). Upon absorption, all parameters in 

Equation 4.7 are known except ge, which can then be calculated. Electron spins with different 

electronic surroundings exhibit different electron g-factors, resulting in absorption at different 

magnetic fields. Hence, determination of the g-factor enables the identification of different species.  

In the experimental configuration, the sample is positioned in a resonant cavity that allows microwaves 

to enter through an iris. The cavity, situated in the middle of an electromagnet, serves to amplify the 

weak signals from the sample. The majority of EPR spectrometers operate at a microwave frequency 

of around 9.5 GHz. The radiation can either be continuous (continuous wave, CW) or pulsed. Here, the 

focus is on EPR spectrometers utilizing CW radiation.  

Most spectroscopic techniques yield an absorption spectrum similar to the one depicted in Figure 4.5. 

In EPR spectrometers employing CW radiation, field modulation combined with a phase-sensitive 

detector is employed to get a sufficiently high signal-to-noise ratio. This results in the detection of the 

slope of the absorption peak, and hence the absorption of microwave radiation is presented in its first 

derivative form (Fig. 4.5). As the EPR signal is recorded in its first derivative form, the point at which 

the first derivative of spectrum intersects zero corresponds to the maximum of the absorption peak. 

This point is used to determine the center of the signal. Additionally, an advantage of recording the 
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absorption in its first derivative form is that it amplifies minor asymmetries, facilitating a more detailed 

analysis of the results. 

 

Figure 4.5. EPR spectra of p(g42T-T) doped by atmospheric oxygen. The EPR measurement 

and data processing were conducted by Dr. Till Biskup, Saarland University. 

In the context of molecular doping of conjugated polymers, EPR is a powerful tool for detecting the 

presence of species containing unpaired electron spins within a sample and offering a quantitative 

evaluation of their abundance. These encompass radical cations, radical anions, and various 

paramagnetic entities arising during the doping process.[119, 120] For example, polarons, which serve as 

potential charge carriers in conjugated polymers, are unpaired electron spins coupled with an 

associated lattice deformation and hence, EPR is a valuable instrument for both detecting and 

quantifying polarons.[64, 120] Figure 4.6 shows an EPR spectrum of the conjugated polymer p(g42T-T), 

which has been oxidized by atmospheric oxygen. The spectrum shows a clear absorption feature 

centered at a magnetic field of 342.2 mT, for a microwave frequency of 9.6 GHz, arising from the 

polarons introduced through oxidation. If the magnetic field at which the polaron absorbs is known, it 

is possible to calculate the electron g-factor. However, sometimes knowing the magnetic field at which 

absorption occurs is sufficient to distinguish between different species. The signal area of the 

absorption obtained by double integration of the EPR spectrum is proportional to the number of 

detected spins. While this allows for an absolute quantification of the number of spins, the process can 
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be challenging due to the difficulty of evaluating the parameters that influence spectrometer signal.[121] 

Instead, a common approach involves comparing the spectrum of the sample with an unknown 

number of spins with the spectrum of a sample with a known number of spins.[64, 120, 121] Beyond polaron 

analysis, EPR can be used to detect the dopant anion formed upon doping with the polymer — a 

paramagnetic species with an unpaired spin. 

 

4.5  Other techniques for studying the polaron density 

There are other methods that can be used to reveal information about the carrier density in conjugated 

polymers. For example, Hall effect measurements can be used to assess the polaron density.[7, 77] The 

technique utilizes the Lorentz Force, which is the force felt by a charge when moving through a 

magnetic field. For a p-doped sample, the magnetic field pushes positive charges (holes) to one side of 

the sample. The resulting Hall voltage and current can then be used to extract the carrier density. 

However, it is only the charges that are mobile that will be quantified, i.e. the charges that are able to 

dissociate. 

Another technique which is used to gain information about the charge carriers is Raman spectroscopy. 

Raman spectroscopy, utilizing light scattering to examine molecular vibrations, becomes a robust tool 

when paired with electrochemical techniques. This combination is particularly effective in studying 

molecular changes in polymers under different electrochemical conditions. It allows for distinguishing 

between neutral and charged species in materials, providing insights into interactions with charge 

carriers. While Raman spectroscopy yields valuable qualitative information about the charge carrier 

population, extracting quantitative details like charge density may require additional methods.[84, 122] 

Ultra-fast transient absorption spectroscopy and THz spectroscopy are valuable tools to analyze the 

carrier population in doped samples.[70-72] Although they are not used for quantitative analysis of the 

polaron density, they can provide valuable information about the relative amount of free and bound 

polarons. 

 

4.6  Aims of the thesis 

The aim of this thesis is to advance the understanding of doped polymers through a comparison of 

various methods that can be employed to assess the polaron density. These methods fall into two 

major categories, electric techniques, and spectroscopic techniques, both capable of estimating 

polaron density. This thesis places a primary focus on the application of spectroscopic techniques. This 

choice is grounded in the straightforward nature of spectroscopy. Through detecting changes in the 
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electronic structure of materials, these techniques enable the identification and quantification of 

electronic states. 

Utilizing different spectroscopic methods to estimate polaron density, the thesis aims to address the 

following questions: 

 Can optical methods effectively estimate polaron density? 

 To what extent does chemical doping affect the mechanical properties of conjugated 

polymers? 

 Is the concept of multiple electron transfer between the dopant and the conjugated polymer 

a universally applicable concept? 
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Chapter 5   

COMPARISON OF AND EPR SPECTROSCOPY AND SPECTRO-

ELECTROCHEMISTRY 

In Section 4.1 of this thesis, I describe how the combination of spectro-electrochemistry and 

chronoamperometry can be used as a tool for estimating p2 in conjugated polymers. In paper I, this 

methodology is used for an in-depth investigation of the oxidation of conjugated polymer PDPP-3T 

(chemical structure in Fig 1.1), and the corresponding experimental results are presented in Figure 5.2.   

The experimental configuration for the spectro-electrochemical measurements was consistent with 

the setup in Figure 4.1. A thin film of PDPP-3T was cast on top of an ITO/glass slide, which served as 

the working electrode. Initially, cyclic voltammetry was employed to identify the onset of polymer 

oxidation (Fig. 5.1a). Subsequently, chronoamperometry measurements were conducted by applying 

static positive potentials above the oxidation threshold, inducing partial polymer oxidation and 

generating a transient current I(t) (Fig. 5.1b). The integration of this transient current over time, as 

expressed in Equation 4.1, facilitated the determination of the total number of charges, Q, introduced 

in the sample. Upon normalizing Q by the sample volume, the resulting charge carrier density Qv was 

obtained. Following the completion of the oxidation reaction at each potential, an absorbance 

spectrum was recorded which was normalized by the sample thickness (Fig. 5.1c). Analysis of the 

absorbance spectrum revealed the P2 polaron peak for PDPP-3T at around 1200 nm. The difference in 

absorbance between the doped and pristine PDPP-3T at this wavelength was plotted against the 

calculated Qv (Fig.  5.1d). The resulting linear trend suggests that there is only one absorbing species 

at this wavelength, attributed to polarons, with the slope representing p2. The P2 for PDPP-3T was 

then used to estimate the polaron density for PDPP-3T chemically doped with the dopant Magic Blue, 

which yielded a polaron density of 𝑁 = (3.4 ± 0.3)⋅1026 m−3 (Fig. 5.2a). As a comparison, EPR 

spectroscopy was also used to assess the number of charges which resulted in a value of  𝑁  = (1.4 

± 0.3)⋅1026 m−3 (Fig. 5.2b). Both methods yield comparable values on the order of 1026 m-3, which are 

typical for highly doped conjugated polymers.  
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Figure 5.1. Cyclic voltammogram of PDPP-3T; b) electrochemical transient currents and 

c) UV-vis absorption spectra recorded at different constant electrochemical potentials; 

and d) the thickness-normalized absorbance AP2/d at 1200 nm versus the charge density 

Qv calculated by integration of the electrochemical transient currents and normalized 

with regard to the sample volume. Reprinted with permission from Ref. 64. CC BY 4.0. 

All spectro-electrochemical measurements and data processing was performed by Dr. 

Anna I. Hofmann.  

Extending this exploration, I conducted a similar comparison for P3HT doped with Magic Blue, leading 

to analogous findings (Fig. 5.3). A thin film of P3HT was fabricated through spin-coating and 

sequentially doped by immersing the film in a Magic Blue solution (experimental details in Appendix 

I). The carrier density was determined from the optical spectra by utilizing p2 for P3HT at 800nm, 

determined by Untilova et. al. through the same spectro-electrochemical method as described 

above.[96] This analysis resulted in a polaron density of 𝑁  = (4.1 ± 0.3)⋅1026 m−3 (Fig. 5.3a). A 

concurrent evaluation using EPR spectroscopy for the same sample yields a value of  𝑁  = (1.9 ± 

0.3)⋅1026 m−3 (Fig. 5.3b). Consistent with the results obtained for doped PDPP-3T, both methods yield  
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Figure 5.2. a) UV–vis spectrum showing the thickness normalized absorbance A/d of a 

149 nm thin PDPP-3T film displaying only absorbance by the neat polymer ANn (blue), 

and a 126 nm thin PDPP-3T film sequentially doped with Magic Blue, dominated by the 

polaronic absorbance AP2 (red) and b) EPR spectrum of the same doped PDPP-3T film. 

Reprinted with permission from Ref. 64. CC BY 4.0. The EPR measurement and data 

processing were conducted by Dr. Till Biskup, Saarland University.   

 

 

Figure 5.3. Unpublished data. a) UV–vis spectrum of a 47 nm thin P3HT film showing 

only absorbance by the neat polymer AN (blue), and the same P3HT film sequentially 

doped with Magic Blue, dominated by the polaronic absorbance AP2 (green) and b) EPR 

spectrum of the same doped P3HT film. The EPR measurement and data processing 

were conducted by Dr. Till Biskup, Saarland University. 
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comparable values of the polaron density for doped P3HT. However, for both PDPP-3T and P3HT doped 

with Magic Blue, EPR analysis consistently indicates lower polaron densities compared to those 

obtained using p2. The lower carrier densities measured by EPR spectroscopy might be attributed to 

the dependence of the method on measurements relative to a sample with a known carrier 

concentration.  
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Chapter 6  

EXTINCTION COEFFICIENT IN THE VISIBLE REGION 

This chapter focuses on the determination of carrier density using the optical absorption of the P2 

polaron peak and its molar extinction coefficient. Specifically, I examine the absorption characteristics 

of p(g42T-T), considering data from Paper IV and Paper VI. 

Neat p(g42T-T) demonstrates an absorption peak at approximately 600 nm, with additional shallow 

absorption features at higher wavelengths attributed to slight doping by atmospheric oxygen (Fig. 6.1a 

and 6.1b). As the degree of oxidation increases upon doping, the peak at 600 nm diminishes, while two 

polaronic absorption bands emerge around 900 nm and in the near infrared region. As introduced in 

Chapter 4, the carrier density in conjugated polymers can be estimated by comparing the difference in 

absorption between the neat and the doped polymer using the εP2. For estimation of the polaron 

density in p(g42T-T), I used εP2 = (4.1 ± 0.2) · 103 m2 mol-1, a value determined for electrochemically 

oxidized P3HT by Untilova et. al., given that both polymers share the same backbone.[96] Notably, 

carrier density determination using the P2 polaron peak is valid only if there are exclusively polarons 

absorbing in the system. Therefore, ensuring the absence of other absorbing species is crucial. To verify 

this, the crossover between the spectra of the neutral polymer and the oxidized polymer is monitored. 

The presence of an isosbestic point suggests the presence of only two absorbing species, the neutral 

polymer and polarons, and thus the presence of bipolarons/polaron pairs can be ruled out.[89, 123] 

Figure 6.1 displays the absorption spectra of p(g42T-T) doped with varying concentrations of H-TFSI or 

Mo(tfd-COCF3)3 (Fig. 6.1a and 6.1b, respectively). For both dopants, the P2 polaron absorption initially 

increases until reaching a certain dopant concentration, after which it begins to decrease.  

Simultaneously, the absorption in the NIR continues to rise. An isosbestic point at 700 nm is observed 

for up to 10 mol% H-TFSI, indicating the presence of two major species: neat backbone segments that 

are increasingly replaced by oxidized segments with one positive charge (polarons). A second isosbestic 

point emerges at 1170 nm for higher concentrations of H-TFSI, suggesting the presence of both 

polarons and bipolarons/polaron pairs upon further oxidation.[85] Similar behavior is observed for 

doping with Mo(tfd-COCF3)3, where the isosbestic point is observed at 700 nm up to a dopant 
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concentration of 8 mol %. However, due to a narrower concentration span, the emergence of a second 

isosbestic point at higher wavelengths is not visible and would require more spectra of the polymer 

doped with higher concentration of Mo(tfd-COCF3)3 to confirm its presence. Spectra that feature an 

isosbestic point at 900 nm, p(g42T-T) doped with H-TFSI up to 10 mol % and Mo(tfd-COCF3)3 up to 8 

mol %, were used to determine the carrier density in these samples. The estimation yielded a carrier 

density of 1.5 – 2.8 · 1026 m3 for p(g42T-T) doped with H-TFSI, while doping with Mo(tfd-COCF3)3 

resulted in carrier densities ranging from 0.5 – 2.7 · 1026 m3. For samples where the charge carriers 

exclusively consist of polarons, the electrical conductivity increases with carrier density (Fig. 6.1c). For  

 

 

 
Figure 6.1. a) and b), thickness normalized UV-Vis-NIR absorbance spectra of p(g42T-T) 

doped with H-TFSI and Mo(tfd-COCF3)3, respectively. c) electrical conductivity versus mol 

% dopant and d) electrical conductivity versus carrier density for p(g42T-T) doped with H-

TFSI and Mo(tfd-COCF3)3. The dopant concentration is calculated per thiophene unit of 

p(g42T-T). 
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p(g42T-T) doped with Mo(tfd-COCF3)3, the data align with the power law trend introduced in Chapter 

3. However, a notable deviation occurs for p(g42T-T) doped with H-TFSI. The slope of this data indicates 

a more pronounced increase in conductivity with charge density, suggesting that the charges in the 

samples doped with H-TFSI have higher mobility. A potential explanation for this difference in mobility 

could be attributed to variations in the doping process. While doping with Mo(tfd-COCF3)3 involves 

direct electron transfer with the polymer, leading to the formation of charge carriers and the dopant 

counterion, H-TFSI, being an acid may at least in part lead to protonation of the backbone of p(g42T-

T). However, the primary doping mechanism is to mediate redox doping of the polymer through 

atmospheric oxygen, in line with the observations made by Hofmann et. al.[98], indicating that high 

electrical conductivity is only achieved when the material is exposed to air. Another plausible 

explanation could be related to the energy levels of Mo(tfd-COCF3)3, which facilitates double charge 

transfer with p(g42T-T) (Chapter 8) which results in the formation of dianions. Since dianions act as 

stronger Coulomb traps than monoanions, this could lead to lower carrier mobilities in p(g42T-T) doped 

with Mo(tfd-COCF3)3. However, it is important to consider that Mo(tfd-COCF3)3 has a larger size than 

H-TFSI, which might reduce the Coulomb binding to some extent. Moreover, differences in sample 

processing should not be overlooked. While both dopants were co-processed with the polymer, the 

films of p(g42T-T):H-TFSI were prepared through wire-bar coating, whereas p(g42T-T):Mo(tfd-COCF3)3 

were cast using spin coating. Examining the neat spectra of p(g42T-T) in Figure 6.1a and 6.1b reveals 

structural differences, suggesting that the microstructure induced in p(g42T-T): H-TFSI through wire-

bar coating may be advantageous for carrier mobility.  

When comparing the electrical conductivity and the dopant concentration, an interesting observation 

emerges. The conductivity increases up to a certain dopant concentration but then starts to decrease. 

For p(g42T-T) doped with H-TFSI, the electrical conductivity rises with dopant concentration up to 25 

mol % H-TFSI, reaching a value of (58 ± 3) S cm-1. Intriguingly, despite a further increase in oxidation 

level, as evidenced by UV-vis spectroscopy (Fig. 6.1d), the conductivity drops to (20 ± 1) S cm-1 at 40 

mol % H-TFSI and further decreases to (6 ± 1) S cm-1 at 57 mol%. The same trend is apparent for p(g42T-

T) doped with Mo(tfd-COCF3)3. Examination of the UV-vis spectra indicates a clear increase in oxidation 

level with increasing in dopant concentration. However, despite the increasing oxidation level, the 

conductivity initially increases, reaching a peak value of (22 ± 2) S cm-1 at 13 mol % dopant. Beyond 

this point, the conductivity begins to decline, reaching (9.0 ± 0.2) S cm-1 at 18 mol%. This observed 

decline in conductivity could be attributed to the formation of bipolarons/polaron pairs in the system, 

as they tend to be less mobile.[84]  Another contributing factor might be a change of the microstructure 

in the samples or dopant aggregates disrupting the film nanostructure. For p(g42T-T):Mo(tfd-COCF3)3, 

electron tomography analysis reveals dopant clustering with increasing dopant concentration. As the 
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dopant concentration increases, the clusters become larger, and form elongated structures. Notably, 

the shape of these clusters allows all dopant molecules to remain in contact with the surrounding 

polymer matrix, ensuring they are not spatially prevented from engaging in electron-transfer reactions 

with the polymer, despite clustering. In line with these results, the oxidation level of the polymer 

increases with dopant concentration as evident from the UV-vis spectra. However, the presence of 

these clusters might have adverse effects on the nanostructure of the polymer film and, consequently, 

its conductivity. In case of p(g42T-T) doped with H-TFSI, GIWAXS analysis underscores that co-

processing with small amounts, 4 and 7 mol % H-TFSI, induces a significant increase in order within the 

polymer through π-stacking. However, the order within the polymer film is progressively diminishing 

as the concentration increases further, with almost no π-stacking observed at 40%. This shift in 

polymer order is considered a potential contributor to the observed decrease in conductivity. 

In summary, this study provides valuable insights into the interplay of doping, carrier density, and 

conductivity in p(g42T-T), shedding light on the nuanced factors influencing the electronic properties 

of doped conjugated polymers. These findings contribute to the broader understanding of organic 

semiconductor behavior and pave the way for optimizing their performance in electronic devices. 
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Chapter 7  

EXTINCTION COEFFICIENT IN THE INFRA-RED REGION 

The central focus of this chapter is on determining the carrier density in p(g42T-T) doped with F4TCNQ 

and F2TCNQ, achieved through the analysis of CN-stretch absorption peaks in the IR spectral region. 

Utilizing the estimated carrier densities, I explore the intricate interplay between molecular doping, 

the generation of mono- or divalent counterions, and their collective impact on the mechanical 

behavior of the polymer. 

The glycolated polymer p(g42T-T) exhibits a low ionization energy (IE0 ≈ 4.6 eV)[124], which enables  

double doping by F4TCNQ. This implies that the polymer can undergo electron transfer with both 

neutral F4TCNQ (EA0 ≈ 5.2 eV) and its anion (EA- ≈ 4.7 eV), giving rise to the formation of F4TCNQ 

dianions.[65] In contrast, when considering the energy levels of F2TCNQ (EA0 ≈ 5.1 eV, EA- ≈ 4.5 eV), it 

becomes evident that only single electron transfer is feasible with p(g42T-T).[65] Consequently, this only 

leads to the formation of anions. As previously introduced in Chapter 4, the anions of the dopants 

F4TCNQ and F2TCNQ exhibit absorption features within the same spectral region where the P2 polaron 

peak of the polymer conventionally emerges upon doping. Consequently, estimating the polaron 

density using εP2 for polymers doped with F4TCNQ, F2TCNQ is challenging. However, the CN-stretch in 

F4TCNQ and F2TCNQ results in distinctive absorption peaks on top of the P1 polaron peak, detectable 

through FTIR spectroscopy. The characteristics of these absorption features depend on the molecular 

state of the dopant — neutral, anionic or dianionic. These peaks, along with their molar extinction 

coefficients, can be employed to estimate the polaron density. 

In order to use the CN-stretch features, it is essential to correct the FTIR spectra by removing the 

underlying polaron signal. This correction process involves interpolating a baseline line to data points 

located just outside the CN-stretch peak area, as illustrated in Figure 7.1. Subsequently, for facilitating 

quantitative analysis, the resulting absorption is normalized by the sample thickness. To estimate the 

polaron density utilizing the CN-stretch peaks, it is essential that the polymer and dopant are co-

processed from the same solution, ensuring that the dopant concentration is a known quantity. Figure 

7.2a depicts the combination of UV-vis and FTIR spectra of thin film samples of p(g42T-T) doped with  
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Figure 6.1. Raw FTIR spectrum of p(g42T-T) film doped with 6 mol% F4TCNQ (red), baseline 

(black, dashed) by interpolating a baseline line to data points just outside the peak area 

and spectra corrected for the underlying polaron signal where the absorption is 

normalized by sample thickness (black). 

increasing concentrations of F4TCNQ. The corresponding corrected FTIR spectra, specifically 

highlighting the CN-stretch vibrations are presented in Figure 7.2b. At low dopant concentrations (3 

mol % and 6 mol %), the FTIR spectra display features from both the dianion (2130 cm-1) and the anion 

(2155 cm-1) (see Section 4.3). I assumed that, at these concentrations, each dopant molecule 

undergoes electron transfer with the polymer (single or double). To assess the relative proportion of 

dianions to anions, a comparison was made between the absorption peak intensities and their 

corresponding molar extinction coefficients obtained from FTIR signals recorded for solutions of 

lithium and dilithium salts of F4TCNQ, which are depicted in Figure 4.4a. As a result, it was determined 

that in the p(g42T-T) samples doped with 3 mol % and 6 mol % F4TCNQ, 87 % and 37% of the dopant 

molecules were present as dianions, respectively. Utilizing this information and the number of added 

dopant molecules, the value of Nv was calculated for these samples. For higher dopant concentrations 

(10-30 mol %), the assumption that all dopants undergo electron transfer could not be made. However, 

these samples displayed CN stretch features solely attributed to F4TCNQ-, indicating the absence of 

dianions. In this scenario, with knowledge of the number of anions in the 3 mol % and 6 mol % samples, 

Nv was estimated by comparing the relative peak heights of the anion peak. Thus, in samples with 10-

30 mol% dopant, Nv was estimated by comparing the intensity of the CN-stretch absorption around 

2190 cm-1 with the intensity recorded for 6 mol% dopant, where the number of anions was known. A  
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Figure 7.2. a) Uv-vis + FTIR absorbance spectra and (b) corrected FTIR absorbance spectra, 

with the absorbance A  normalized by the film thickness 𝑑, of p(g42T-T) before (green) and 

after doping with 3 mol %, 6 mol %, 10 mol %, 20 mol % and 30 mol % F4TCNQ (blue). 

Reproduced from Ref. 101 with permission from the Royal Society of Chemistry. 

similar methodology was employed to estimate Nv in samples doped with F2TCNQ, with the distinction 

that, since F2TCNQ only forms anions, a 100% ionization efficiency was assumed for dopant 

concentrations of 3% and 6%. The combination of UV-vis and FTIR spectra of thin film samples of 

p(g42T-T) doped with increasing concentrations of F2TCNQ and the corresponding corrected FTIR, 

specifically highlighting the CN-stretch vibrations, are presented in Figure S8 of Paper II[101]. 

Subsequently, Nv was utilized to calculate the oxidation level (Oox), i.e., the number of charges per 

thiophene ring in percent, and the ionization efficiency (ηion) in all samples (Table 7.1). Determining 

the oxidation level provides an avenue to investigate how doping influences the material properties. 

The polymer p(g42T-T) has a low elastic modulus of only ~8 MPa. For conjugated polymers 

characterized by low stiffness, the potential of molecular doping extends beyond electrical properties. 
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Doping can also impact their mechanical properties, particularly the elastic modulus.[125, 126] 

Furthermore, a significant aspect to consider in terms mechanical stiffness is the presence of 

counterions within conjugated polymer-based materials. Previous studies have suggested that 

multivalent counterions can induce ionic-type cross-linking of the polymer chains, which subsequently 

influences the elastic modulus.[127, 128] Hence, based on the determined oxidation level, we explored 

the generation of multivalent counterions, and their collective impact on the mechanical behavior of 

the polymer.  

Table 7.1. Electrical and mechanical properties of p(g42T-T) doped with F4TCNQ or F2TCNQ: Oxidation 

level Ο , Young’s modulus 𝐸, strain at break 𝜀 , electrical conductivity 𝜎, total number of charges 𝑁 , 

total number of dopant molecules 𝑁  and ionization efficiency 𝜂 = 𝑁 /𝑁 . Reproduced 

from Ref. 101 with permission from the Royal Society of Chemistry. Young’s modulus 𝐸 and strain at 

break 𝜀  were measured and calculated by Dr. Sepideh Zokaei.  

mol % 
dopant 

𝚶𝒐𝒙 

(%) 

𝑬 

(MPa) 

𝜺𝒃 

(%) 

𝝈 

(S cm-1) 

𝑵  

(1026 m-3) 

𝑵𝒅𝒐𝒑𝒂𝒏𝒕 

(1026 m-3) 

𝜼𝒊𝒐𝒏 

(%) 

 

p(g42T-T) 

0 0 8 ± 2 130 ± 43 - - - - 

 

p(g42T-T) + F4TCNQ 

3 5.7 ± 0.1 24 ± 4 30 ± 5 0.3 ± 0.1 1.6 0.85 183 

6 8.7 ± 0.1 53 ± 6 29 ± 8 5.0 ± 0.3 2.4 1.75 137 

10 11 ± 0.2 148 ± 20 30 ± 2 30.4 ± 2.1 3.1 3.05 100 

20 16.8 ± 0.3 207 ± 6 24 ± 3 42.2 ± 1.1 4.6 6.86 67 

30 18.2 ± 0.3 232 ± 16 54 ± 3 51.8 ± 2.9 5.0 10.3 43 

 

p(g42T-T) + F2TCNQ 

3 3.1± 0.1 8 ± 2 93 ± 20 0.1 ± 0.1 0.85 0.85 100 

6 6.4 ± 0.1 31 ± 2 50 ± 10 1.4 ± 0.1 1.75 1.75 100 

10 8.4 ± 0.1 138 ± 28 17 ± 3 9.4 ± 0.3 2.3 3.05 76 

20 11.9 ± 0.2 377 ± 85 35 ± 10 25.9 ± 6.9 3.3 6.86 48 

30 13.5 ± 0.2 212 ± 44 12 ± 1 12.3 ± 0.1 3.7 10.3 32 
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According to the data presented in Table 7.1, a dopant concentration of 3 mol% F4TCNQ resulted in an 

ionization efficiency of 187%, indicating that the majority of dopant molecules generated two polarons, 

resulting in an Oox of approximately 5.8%. In contrast, a dopant concentration of 6 % F2TCNQ, assuming 

a 100% ionization efficiency, yielded an estimated Oox of 6.4%. As a result of having samples with 

comparable Oox , we were able to directly compare the mechanical properties of doped p(g42T-T) 

compensated with counterions carrying a charge of -1 (F2TCNQ anions) or -2 (F4TCNQ dianions) (Fig. 

7.3). Interestingly, the tensile deformation resulted in a comparable Young’s modulus for both samples, 

suggesting that the charge of the counterion does not affect the stiffness of the polymer. However, 

the results from the tensile deformation tests reveal that p(g42T-T) doped with F2TCNQ exhibits a much 

larger strain at break 𝜀  ≈ (50 ± 10) % compared to doping with F4TCNQ, where 𝜀  ≈ (30 ± 5) %. This 

implies that the higher concentration of monoanions, in contrast to dianions, positively influenced the 

toughness of p(g42T-T). A comparable phenomenon was observed in a study by Murray et. al.[129] 

involving electrochemically doped polypyrrole (PPy) compensated with either monovalent Na+ or 

divalent Mg2+ counterions from the electrolyte. Initially, at high oxidation level, both PPy samples 

displayed brittle behavior. However, upon reduction, the PPy sample compensated with Na+  

 

 

Figure 7.3. a) Transmission FTIR absorbance spectra, with the absorbance  normalized by 

the film thickness A/d, of p(g42T-T) doped with 3 mol% F4TCNQ (blue; Oox = 5.7%) and 6 

mol% F2TCNQ (green; Oox = 6.4%); (b) stress–strain curves recorded at room temperature 

by tensile deformation of freestanding samples of p(g42T-T) doped with 3 mol% F4TCNQ 

(blue) and 6 mol% F2TCNQ (green). Reproduced from Ref. 101 with permission from the 

Royal Society of Chemistry. The mechanical analysis was performed by Dr. Sepideh Zokaei. 
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demonstrated a transition to ductile behavior while the PPy that took up Mg2+ remained brittle. The 

authors attributed the difference in behavior between the samples to the effect of ionic crosslinking 

in the sample compensated with divalent counterions. Doping does not only alter the mechanical 

properties of the polymer in its solid state but also influences the characteristics of the solution during 

co-processing. Notably, I have observed a correlation between increasing dopant concentration and 

the viscosity of a solution of p(g42T-T). At high dopant concentration, the solutions display gel-like 

behavior. This viscosity trend is consistent in both p(g42T-T) doped with F4TCNQ and F2TCNQ, 

prompting an exploration into the underlying mechanisms governing this behavior. The key questions 

revolve around whether the increase in viscosity is a result of the stiffening of polymer chains upon 

oxidation, and whether the presence of multivalent anions contributes to this phenomenon. To 

investigate the effect of dopant concentration on the mechanical characteristics of a co-processed 

solution, oscillatory shear rheometry was conducted for solutions of p(g42T-T) and F4TCNQ or F2TCNQ. 

The initial results are displayed in Figure 7.4. As a comparison, a solution of neat p(g42T-T) with the 

same polymer concentration as in the polymer/dopant solutions was also measured. The experimental 

details can be found in Appendix I. Initially, the progression of the increase in viscosity was examined 

by monitoring the storage modulus (G’) as a function of time, starting 30 seconds post mixing of the 

stock solutions of the polymer and the dopant. The results indicate a significantly higher G’ for 

solutions of p(g42T-T) co-processed with F4TCNQ or F2TCNQ compared to the solution of only p(g42T-

T) (Fig 7.4a). The increase in G’ appears nearly instantaneously and remains constant with only a minor 

increase during the measurement time. Moreover, the increase in storage modulus seams to depend  

 

Figure 7.4. Unpublished data. The storage modulus, G’, versus (a) time and (b) 

temperature for solutions of p(g42T-T) doped with F4TCNQ (4.8 mol %) and F2TCNQ (4.8 

and 9.6 mol %) in AcN:CHCl3 (1:1, v/v). 
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on the dopant concentration. For solutions of p(g42T-T) and F2TCNQ, G’ increases by two orders of 

magnitude going from a dopant concentration of 4.8 mol % to 9.6 mol %. A comparison between 

p(g42T-T) solutions containing the same molar concentration (4.8 mol %) of F4TCNQ and F2TCNQ 

reveals a one order of magnitude higher G’ for the solution co-processed with F4TCNQ. Evident from 

the FTIR spectra in Figure 7.2b, a solid-state sample of p(g42T-T) doped with 4.8 mol % F4TCNQ displays 

some degree of dianion formation. Since the FTIR spectra in Figure 7.3b suggest some degree of 

dianion formation in a solid-state sample of p(g42T-T) doped with 4.8 mol % F4TCNQ, the presence of 

divalent ions in the solution can be anticipated, which could potentially explain the higher G’. However, 

confirmation of the presence of dianions in this solution is needed to arrive at a more conclusive 

determination. It is noted that the increase in G’ is not solely dependent on counterion valency, as G’ 

also increases with dopant concentration for F2TCNQ, which forms only monovalent anions. The 

stiffening of the polymer backbone upon oxidation is proposed as a explanation for the observed 

increase in G’. Additionally, G’ of co-processed solutions was studied as a function of temperature (Fig. 

7.4b). Transitioning from 20 to 40 °C, all solutions exhibited a minor decrease in modulus with almost 

no hysteresis upon cooling the solutions back down to 25 °C. These results suggest that the mechanical 

characteristics of the polymer:dopant solutions are not significantly influenced within the temperature 

window of 20 – 40 °C. 

I have also examined the impact of p(g42T-T) concentration on the formation of F4TCNQ 

anions/dianions in polymer:dopant solutions, utilizing FTIR spectroscopy to analyze the CN-stretch 

peaks. The spectra reveal a certain degree of dianion formation in the solutions. Interestingly, the 

relative amounts of F4TCNQ- and F4TCNQ2- remain consistent across a range of polymer concentrations, 

varying between 10 and 25 g L-1 in the solution (Fig. 7.5a). As the polymer concentration increases, 

there is a corresponding decrease in the molar concentration of F4TCNQ, dropping from 14 mol% per 

thiophene unit at a p(g42T-T) concentration of 10 g L-1 to 6 mol% at a p(g42T-T) concentration of 25 g 

L-1. The observed independence of the relative amounts of F4TCNQ- and F4TCNQ2- on polymer 

concentration argues against the influence of dianions on storage modulus as there is no significant 

amount of dianions present in the samples. 

Analyzing a thin film of p(g42T-T) co-processed with 5 mol % F4TCNQ using temperature-variable FTIR 

spectroscopy reveals a temperature dependence in the relative amounts of F4TCNQ- and F4TCNQ2- in 

the film (Fig. 7.5b). At -100 °C, the FTIR spectrum predominantly displays CN-stretch features arising 

from F4TCNQ dianions, a pattern consistent up to 20 °C. However, upon heating the sample to 100 °C, 

the spectra show characteristics of CN-stretch vibrations from both anions and dianions. A change in 

equilibrium toward anions would result in a decrease in oxidation level, due to a decrease in charge  
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Figure 7.5. Unpublished data. a) Transmission FTIR absorbance spectra of solutions 

containing 0.7 g L-1 F4TCNQ and p(g42T-T) with a concentration ranging between 10 – 25 

g L-1. b) FTIR spectra of a thin film of p(g42T-T) doped with 5 mol % F4TCNQ measured at 

temperatures ranging between -100 and 100 °C. 

carriers in the polymer. Consequently, this would lead to a decrease in conductivity. However, 

analyzing whether this decrease in carrier density affects the electrical conductivity of the sample is 

challenging, given that an increase in temperature typically results in increased carrier mobility. 

Reflecting on the discussions of the results presented in Figure 7.3, the transition from divalent to 

monovalent counterions might contribute to increased ductility in the material. It is worth noting that 

F4TCNQ tends to sublime above 40 °C. Notably, based on the spectra presented in Figure 7.5b, this 

does not seem to be the case, as the spectra for 20 °C look the same before and after heating the 

sample up to 100 °C. This observation indicates the thermal stability in terms of sublimation of F4TCNQ 

when incorporated into p(g42T-T), a finding which has also been confirmed by Kroon et.al.[130] Looking 

ahead, considering dopant stability, it might be advantageous to explore ion exchange doping. In this 

scenario, the F4TCNQ counterion is replaced with another counterion that is unable of undergoing 

electron transfer with the polymer and only serves to counterbalance the positive charge of the 

polarons in the polymer. This approach could potentially result in a system that is more stable with 

temperature. 

In conclusion, this comprehensive but incomplete exploration sheds light on the intricate relationships 

between doping, electronic structure, and mechanical behavior of p(g42T-T). The findings offer 

valuable insights for future material design, emphasizing the multifaceted impact of doping on 

electronic, rheological, and mechanical characteristics. 
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Chapter 8  

EPR SPECTROSCOPY AND DOUBLE DOPING 

As introduced in Chapter 2, certain dopant-polymer combinations can facilitate two electron transfer 

events between the polymer and the same dopant molecule, a phenomenon known as double doping. 

In the case of p-doping, charge transfer occurs from the polymer to the neutral dopant molecule and 

the dopant anion. Double doping offers an opportunity to significantly enhance the ionization 

efficiency, reaching a maximum of ηion = 200% if each dopant contributes two charges. This has been 

observed for low-IE conjugated polymers doped with quinodimethane type dopants such as F4TCNQ.[65] 

The benefit of this type of double doping is that two polarons can be created without increasing the 

size of the dopant. 

 

Figure 7.1. Energy diagram depicting the energy levels that are involved in the charge 

transfer process from the polymers p(g42T-T), P3HT and TQ1 to the p-type dopant Mo(tfd-

COCF3)3. Reprinted with permission from Ref. 131, CC-BY 4.0 
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There are other dopants, such as specific 19-electron organometallic sandwich compounds or 

benzoimidazoline radicals, capable of generating more than one polaron.[59] In addition, there are also 

multivalent radical cation salts, featuring two or four triphenylamine units, that can accept two or even 

four electrons from a conjugated polymer.[59, 63, 90] However, their larger molecular volume, at least 

twice that of related monomeric dopants, reduces the advantages of double doping by increasing the 

overall counterion volume. I believe that the most effective approach to achieve double doping 

involves avoiding an increase in the size of the dopant. This method requires adding fewer dopant 

molecules to achieve a specific polaron density, minimizing the risk of dopant aggregation, and 

reducing the impact of doping on the nanostructure of the polymer. 

This chapter delves into the exploration of double doping and specifically investigates whether double 

doping, without the necessity of increasing the dopant size, is limited to monomeric quinodimethane-

type dopants. The primary aim is to determine if this type of pf double doping extends as a more 

universal concept, demonstrating broader applicability to other chemical species. To address this 

question, I studied doping with the molybdenum-based dithiolene complex Mo(tfd-COCF3)3 (Fig. 

8.1).[132, 133] This complex is capable of existing in both an anionic and a dianionic state, allowing it to 

undergo two charge transfer events. The neutral complex possesses an electron affinity of 

EA ( )  = 5.5 eV, while the anion exhibits an EA ( ) = 4.9 eV. The investigation 

extended to doping of three polymers, namely p(g42T-T), P3HT and TQ1. The polymer p(g42T-T), with 

a low ionization energy of IE ( ) = 4.7 eV[124], was predicted to support two electron transfer 

events with Mo(tfd-COCF3)3, whereas TQ1, with a substantial IE  = 5.5 eV, should only be able to 

accommodate a single electron transfer (Fig. 8.1). The ionization efficiency of P3HT, is reported to be 

IE  = 5.1 eV.[111, 134-138] This value is comparable to the electron affinity of the Mo(tfd-COCF3)3 anion. 

This similarity implies that P3HT has the potential to undergo two electron transfer events with Mo(tfd-

COCF3)3. 

UV-vis-NIR spectroscopy of neutral Mo(tfd-COCF3)3 as well as its anion and dianion salt, [Mo(tfd-

COCF3)3]-Et4N+ and [Mo(tfd-COCF3)3]2-(Et4N+)2 (Fig. 8.2a), revealed absorption features at wavelengths 

coinciding with those typically observed for neat p(g42T-T), P3HT and TQ1 or where polaronic 

absorbance peaks emerge upon doping (see Section 2.7 and Fig. 2.5).  Consequently, the different 

species could not be conclusively distinguished using optical spectroscopy. To determine the presence 

of distinct species, I instead turned to EPR spectroscopy, which is a technique that can be used to 

identify unpaired spins, for example in polarons and anions, as described in Section 4.4. The unpaired 

electron spin in the Mo(tfd-COCF3)3 anion and the polaron experience different electronic 

environments. This could potentially lead to different electron g-factors. If the anion and the polaron 
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exhibit different ge, it implies that they respond differently to an external magnetic field. As a result, 

they would absorb at different magnetic fields in the spectroscopic analysis. This divergence in 

absorption at different magnetic fields can be used as evidence to confirm the occurrence of double 

doping events.  

 

Figure 8.2. (a) UV-vis spectra of Mo(tfd-COCF3)3, [Mo(tfd-COCF3)3]-Et4N+
 and [Mo(tfd-

COCF3)3]2-(Et4N+)2 in dichloromethane (DCM). (b) EPR spectra of [Mo(tfd-COCF3)3]-Et4N+
 

and [Mo(tfd-COCF3)3]2-(Et4N+)2 dispersed in a polyethylene oxide (PEO) matrix. Reprinted 

with permission from ref. 131, CC-BY 4.0. The measurement of the EPR spectra and data 

processing was conducted by Dr. Till Biskup at Saarland University. 
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In an initial experiment, EPR spectra were recorded for the anion and dianion salts [Mo(tfd-COCF3)3]-

Et4N+ and [Mo(tfd-COCF3)3]2-(Et4N+)2 (Fig. 8.2b). The anion salt revealed a signal at 341.4 mT, confirming 

that the anion could be detected with EPR, while the dianion salt was spin silent. Doping of TQ1 was 

subsequently explored. Given its high IE, I anticipated only a single charge transfer with Mo(tfd-COCF3)3, 

resulting in the formation of [Mo(tfd-COCF3)3]-, which is detectable through EPR. In addition, the 

dopant Magic Blue (chemical structure in Fig. 2.1) was introduced to the study, featuring the cation 

tris(4-bromophenyl)ammoniumyl with a notably high singly occupied HOMO of 5.7 eV, thereby 

allowing for doping of TQ1. Upon accepting an electron, this cation transitions into a neutral state and 

becomes spin silent, and due to the octet rule it cannot accept a second electron, consequently not 

generating an EPR signal. Therefore, the EPR spectrum of TQ1 doped with Magic Blue should 

exclusively feature the polaron signal. UV-vis-NIR spectroscopy confirmed that both Mo(tdf-COCF3)3 

and Magic Blue could undergo charge transfer with TQ1, as evidenced by the polaron absorption band 

at 900 nm (Fig. 8.3a). EPR spectra of TQ1 doped with Mo(tdf-COCF3)3 exhibited two signals: one at 

342.2 mT and another one at a lower magnetic field (Fig. 8.3b). The signal at 342.2 mT, appeared in 

the same position as the signal observed for TQ1 doped with Magic Blue (Fig. 8.3c). Consequently, the 

signal at 342.2 mT was assigned to the polaron. On the other hand, the signal at the lower magnetic 

field was assigned to the Mo(tfd-COCF3)3 anion, as it was coinciding with the position of the signal 

observed for [Mo(tfd-COCF3)3]-Et4N+ (Fig. 8.3b).  

Having identified the absorption positions of the Mo(tfd-COCF3)3 anion, [Mo(tfd-COCF3)3]-, and the 

polaron, I proceeded to investigate p(g42T-T) doped with neutral Mo(tfd-COCF3)3 and its anion salt 

[Mo(tfd-COCF3)3]-Et4N+. UV-vis-NIR spectroscopy demonstrated the capability of both species to dope 

p(g42T-T), as evidenced by the emergence of polaron absorption bands at 900 nm (Fig. 8.4a). The 

capability of p(g42T-T) to undergo charge transfer with the anion salt suggests the potential for double 

doping in this system. This implies that the anion formed during the initial doping with the neutral 

complex may undergo a second charge transfer, further enhancing the doping effects. Nonetheless, 

doping with the neutral complex resulted in more prominent polaron absorption bands at 900 nm and 

enhanced electrical conductivity (σ = 19.6 ± 0.6 S cm-1) in contrast to doping with the anion salt (σ = 

11.9 ± 0.3 S cm-1). As shown in Chapter 2, an increase in the P2 polaron absorption is indicative of a 

higher charge carrier concentration (Fig. 2.5), which would explain the difference in conductivity. The 

higher carrier density observed in the sample doped with Mo(tfd-COCF3)3 further implies the neutral 

complex can undergo double doping with p(g42T-T). The EPR spectra of neat p(g42T-T) as well as p(g42T-

T) sequentially doped with neutral Mo(tfd-COCF3)3 and [Mo(tfd-COCF3)3]-Et4N+all revealed a polaron 

signal at 342.2 mT (Fig. 8.4b). In the case of neat p(g42T-T), the signal can be attributed to oxidation by 

atmospheric oxygen. For p(g42T-T) doped with the neutral complex, the recorded spectra exhibited a  
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Figure 8.3. a) UV−vis−NIR 

absorbance spectra 

displaying the difference in 

thickness normalized 

absorbance Δ(A/d) 

between the spectra of 

pristine TQ1 and TQ1 

doped with Magic Blue or 

Mo(tfd-COCF3)3. b) EPR 

spectra of [Mo(tfd-

COCF3)3]-Et4N+ dispersed in 

a PEO matrix and TQ1 

doped with Mo(tfd-

COCF3)3, normalized to the 

maximum in the field range 

[338, 341.5] mT. c) EPR 

spectra of TQ1 doped with 

Magic Blue or Mo(tfd-

COCF3)3, normalized to the 

same amplitude. Reprinted 

with permission from Ref. 

131, CC-BY 4.0. The 

measurement of the EPR 

spectra and data processing 

were conducted by Dr. Till 

Biskup at Saarland 

University. 
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broad shoulder around 341 mT. Since EPR spectra of [Mo(tfd-COCF3)3]-Et4N+ revealed a signal in this 

field range, it is likely that EPR signal for p(g42T-T) doped with the neutral complex is the superposition 

of the polaron and the dopant anion signals. The broadening towards lower magnetic fields is thus an 

indication of the presence of [Mo(tfd-COCF3)3]-, suggesting that not every dopant underwent two 

electron transfers. The EPR spectra of p(g42T-T), sequentially doped with the anion salt [Mo(tfd-

COCF3)3]-Et4N+, displayed a signal at a comparable position to that of the neat sample. This implies that 

there is no significant presence of [Mo(tfd-COCF3)3]-. This is attributed to that a majority of monoanions 

accepted an electron and became spin-silent dianions. Additionally, I investigated p(g42T-T) that was 

co-processed with varying amounts of neutral Mo(tfd-COCF3)3. The EPR spectra of these co-processed 

samples displayed a signal centered at 342.2 mT, the position associated with polarons (Fig. 8.4c). 

Notably, no broad shoulder at a lower magnetic field was observed, indicating the absence of a 

significant number of monoanions. Given that it is primarily the monoanion absorbing at the same 

wavelengths as the P2 polaron peak of p(g42T-T) and considering the relatively low molar 

concentration of the dopant in the co-processed samples, I assumed that the charge density could be 

estimated from the P2 polaron peak in the UV-vis-NIR spectra by using εP2, as described in Chapter 4. 

The estimation of charge density yielded an ionization efficiency of more than 100% for all studied 

samples. Specifically, for samples with 5 mol % and 10 mol % dopant, ηion approached 200 %. This 

substantial degree of double doping provides an explanation for the absence of any clear features of 

the monoanion in the EPR spectra of p(g42T-T) co-processed with Mo(tfd-COCF3)3. 

Additionally, I studied sequential doping of P3HT with Magic Blue, the neutral complex Mo(tfd-COCF3)3 

and its anion salt [Mo(tfd-COCF3)3]-Et4N+. UV-vis-NIR spectroscopy revealed that P3HT is susceptible to 

doping with Magic Blue and the neutral complex, as indicated by the emergence of absorption bands 

at 800 nm (Fig. 8.5a). In contrast, doping with [Mo(tfd-COCF3)3]-Et4N+ only resulted in only minor 

electron transfer, with hardly any polaronic absorption features in this sample. EPR spectra of P3HT 

doped with Magic Blue exhibited a signal at 342.2 mT, coinciding with the positions of neat p(g42T-T) 

and for TQ1 doped with Magic blue (Fig 8.5b). The spectra for P3HT doped with the monoanion salt 

displayed a broadening towards lower magnetic fields, indicating the presence of monoanions. Since 

UV-vis spectroscopy revealed minimal doping between P3HT and [Mo(tfd-COCF3)3]-Et4N+, this 

broadening was attributed to monoanions that did not undergo charge transfer. In the EPR spectra for 

P3HT doped with the neutral complex the broadening of the signal towards lower magnetic fields is 

less pronounced as for doping with the monoanionic salt, suggesting a limited presence of anions. 

Despite this, the UV-vis spectra indicate a more substantial charge transfer between P3HT, and the 

neutral complex compared to doping with the monoanionic salt. Given that [Mo(tfd-COCF3)3]-Et4N+ 

results in minor doping of P3HT, single electron transfer between P3HT and the neutral complex was  
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Figure 8.4. a) UV−vis−NIR 

absorbance spectra 

displaying the difference in 

thickness normalized 

absorbance Δ(A/d) between 

the spectra of pristine 

p(g42T-T) and p(g42T-T) 

sequentially doped with 

Mo(tfd-COCF3)3 or [Mo(tfd-

COCF3)3]-Et4N+. b) EPR 

spectra of pristine p(g42T-T) 

and p(g42T-T) sequentially 

doped with Mo(tfd-COCF3)3 

or [Mo(tfd-COCF3)3]-Et4N+. c) 

EPR spectra of co-processed 

p(g42T-T):Mo(tfd-COCF3)3 

films. Reprinted with 

permission from Ref. 131, 

CC-BY 4.0. The 

measurement of the EPR 

spectra and data processing 

were conducted by Dr. Till 

Biskup at Saarland 

University. 
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expected. However, the absence of a significant number of monoanions in the EPR spectra suggests 

an alternative explanation: the neutral complex underwent a second charge transfer, transforming 

into spin-silent dianions. When comparing the EPR spectra of P3HT, p(g42T-T) doped with Mo(tfd-

COCF3)3, the lack of broadening in P3HT became more evident (Fig. 8.5c). The spectra for P3HT exhibits 

a slightly broader shoulder than for TQ1. However, the oxidation level in P3HT indicated by UV-vis 

spectroscopy suggests a more pronounced presence of monoanions in case of single electron transfer 

with Mo(tfd-COCF3)3. These findings imply that double charge transfer occurs upon doping with the 

neutral complex but not with the monoanion salt. It raises questions about the potential influence of 

the first electron transfer on the dielectric environment, possibly facilitating a second charge transfer 

from the monoanion. Alternatively, the first charge transfer might induce an increase in ordered 

domains in P3HT, lowering the IE, and thus facilitating the second charge transfer. 

In conclusion, the findings in this chapter highlight the capability of the investigated dopant, Mo(tfd-

COCF3)3, to undergo two charge transfer events with the conjugated polymer p(g42T-T). This showcases 

the feasibility of double doping without necessitating an increase in dopant size, suggesting that 

double doping is a universal concept with broader applicability to other chemical species. The data also 

suggest the potential for double doping in P3HT with Mo(tfd-COCF3)3. However, further investigation 

is required to ascertain whether double charge transfer indeed occurs between P3HT and Mo(tfd-

COCF3)3. 
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Figure 8.5. Unpublished data. 

a) UV−vis−NIR absorbance 

spectra displaying the 

difference in thickness 

normalized absorbance Δ(A/d) 

between the spectra of neat 

P3HT and P3HT doped with 

Magic Blue, Mo(tfd-COCF3)3 

and [Mo(tfd-COCF3)3]-Et4N+. b) 

EPR spectra P3HT doped with 

Magic Blue, Mo(tfd-COCF3)3 

and [Mo(tfd-COCF3)3]-Et4N+, 

normalized to the same 

amplitude. c) EPR spectra of 

p(g42T-T), P3HT and TQ1 

doped with Mo(tfd-COCF3)3. 

The measurement of the EPR 

spectra and data processing 

were conducted by Dr. Till 

Biskup at Saarland University. 
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Chapter 9  

COMPARISON OF THE EXTINCTION COEFFICIENT AND THE 

LANGMUIR ISOTHERM 

This chapter delves into the comprehensive analysis of charge carrier density in conjugated polymers, 

comparing the data accumulated in this thesis with existing literature. In this thesis, the determination 

of charge carrier density was based on the intensity of absorption using the molar extinction 

coefficient. Primarily, a comparison of the intensity of polaron absorption and the intensity of the 

absorption of the neutral polymer at the identical wavelength, utilizing the molar extinction coefficient 

εP2 (Chapter 6). In cases where carrier density was evaluated in polymers doped with quinodimethane-

based dopants like F4TCNQ and F2TCNQ, the molar extinction coefficient of the CN-stretch was applied 

(Chapter 7). The findings from this thesis align closely with the carrier densities measured by Moulé et 

al [83] (Fig. 9.1). Their method is also based on the optical spectra but instead of studying the difference 

in absorption intensity they study the difference in absorption peak area. Their method revolves 

around determining the polaron mole fraction, Θ, by comparing peak areas for absorption of neutral 

polymer segments and oxidized polymer segments. The subsequent determination of carrier density 

is based on Θ, utilizing a Langmuir isotherm as introduced in Chapter 4. Both methods assume the 

absence of bipolarons/polaron pairs and rely on optical absorption spectra for determining carrier 

density. 

Accurate estimation of carrier density is through analysis of the intensity of absorption requires precise 

measurement of sample thickness, and errors associated with the determined carrier densities in this 

thesis are primarily attributed to variations in thickness. Notably, Moulé et. al. employs an alternative 

approach that places less emphasis on thickness, as their measurements are relative for peaks within 

the same sample. To determine the absorption contribution arising from the neutral polymer and the 

polarons, they fitted the spectra with gaussians assuming that the sum of the total spectral area for 

the neutral and polaron component remain constant. However, the integral of polaron absorbance is 

found to be 0–50 % greater than that of the neutral sites. Consequently, the data is adjusted through 

normalization using a correction factor to address the enhanced absorption observed in the polaronic 
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state. Interestingly, despite these nuances, both methods yield similar results, underscoring the 

reliability of measuring carrier density through optical absorption spectra. 

It is important to note that polymer:dopant systems studied by Moulé et. al. are different from the 

systems that I have studied in this thesis. This is particularly interesting given the diverse array of 

dopant molecules in terms of energy levels, size, and structure, coupled with variations in polymer 

energy levels, side chains, dielectric constant, and degree of order. Notably, the data aligns well despite 

these diverse factors. As depicted in Figure 9.1, a compelling trend emerges as carrier density 

increases, conductivity data converges for all studied conjugated polymers and dopants. This 

convergence strongly suggests that carrier density stands out as the dominant variable in influencing 

electrical transport. Consequently, it implies that carrier density plays a significant and pivotal role in 

controlling the electrical properties of the studied systems. 

 

Figure 8.1. Conductivity σ as a function of charge density molecularly doped conjugated 

polymers. The closed colored symbols represent data from this thesis work. Open 

colored symbols represent data determined by Moulé et al.[83] Faded gray symbols were 

collected from literature (for references, see paper VI of this thesis). The dashed lines 

are power laws of varying slopes that were added to guide the eye. Reprinted with 

permission from Ref. 108, CC-BY 4.0.  
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Chapter 10  

CONCLUSION AND OUTLOOK 

This thesis has advanced the understanding of doped polymers by exploring various methods for 

assessing polaron density. By conducting a comprehensive examination of electric and spectroscopic 

techniques, valuable insights have been gained with respect to the estimation of the number of 

charges in these materials. A central focus has been on spectroscopic techniques, in particular UV-vis 

spectroscopy, FTIR spectroscopy and EPR spectroscopy. By employing these spectroscopic methods, 

this thesis aimed to address the following questions: 

 Can optical methods effectively estimate polaron density?  

 To what extent does chemical doping affect the mechanical properties of conjugated 

polymers? 

 Is the concept of multiple electron transfer between the dopant and the conjugated polymer 

a universally applicable concept? 

The study of spectroscopic methods revealed promising avenues for estimating polaron density. 

Through analysis of optical spectra, it was shown that the polaron density in chemically doped 

conjugated polymers can efficiently be determined using the molar extinction coefficient of the P2 

polaron peak. However, this method is not without limitations. At low levels of polymer oxidation, the 

low intensity of polaron absorption leads to decreased sensitivity. Furthermore, the presence of 

bipolarons/polaron pairs in the system poses a challenge, limiting the determination of carrier density 

at high polymer oxidation. In polymers doped with the quinodimethane-type dopants F4TCNQ and 

F2TCNQ, the carrier concentration could be determined utilizing the molar extinction coefficient of CN-

stretch. It is noteworthy that the findings of this thesis closely align with the carrier densities measured 

through optical methods by Moulé et al, underscoring the reliability of measuring carrier density 

through optical absorption spectra. 

Looking ahead, it is essential to address the challenges posed by the presence of bipolarons/polaron 

pairs when estimating the carrier density using optical spectra. Developing a method capable of 

accounting for bipolaron/polaron pair formation would greatly enhance our understanding of the 
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carrier density in doped polymers. One potential approach could involve utilizing spectro-

electrochemistry in combination with chronoamperometry across a wider potential span, 

encompassing potentials where bipolaron/polaron pair formation occurs. In this approach, spectra 

displaying absorption features solely from polaron absorption, along with the number of injected 

charges, would be used to calculate the molar extinction coefficient of the polaron. By knowing the 

molar extinction coefficient for the polaron and the number of injected charges from 

chronoamperometry, it may be possible to extract information about the number of 

bipolarons/polaron pairs. Building upon methodologies such as approaches for spectral fitting 

proposed by the research groups of Natalie Banerji, Frank Spano, Adam Moulé, and Benjamin Schwartz 

holds promise in this endeavor, providing a pathway to enhance the precision and reliability of carrier 

density measurements in doped polymer systems.[70, 83-85] 

Regarding mechanical properties, particularly in polymers with low modulus, chemical doping has 

been shown to significantly increase the stiffness of the polymer p(g42T-T). Additionally, the valency 

of the dopant counterions has been identified as a significant factor affecting the ductility of the 

polymer, with monovalent anions enhancing ductility compared to divalent anions. Furthermore, 

preliminary results suggest that chemical doping notably influences the rheological properties of 

polymer/dopant systems in solution, with an increase in storage modulus observed with increasing 

dopant concentration. However, further investigation is needed to understand to which extent the 

valency of the dopant influences the rheological response. In a continued examination of 

polymer:dopant systems in solution, it is relevant to compare solutions of p(g42T-T) and 

F4TCNQ/F2TCNQ with similar oxidation levels at dopant concentrations where F4TCNQ display some 

degree of dianion formation. If the valency of the dopant counterion influences the rheological 

properties, it would be intriguing to broaden this investigation to include other polymer:dopant 

systems in solution.  

A notable aspect of this study has been the concept of double doping without an increase in dopant 

size. It has been confirmed as a universal concept with broader applicability beyond quinodimethane-

type dopants. The investigated dopant, Mo(tfd-COCF3)3, was shown to be able to undergo two electron 

transfer events with the conjugated polymer p(g42T-T). Additionally, the results also indicate double 

doping in P3HT with Mo(tfd-COCF3)3, although further investigation is required to confirm this. Double 

doping presents a significant advantage by enabling an increase in carrier density without a 

corresponding rise in the number of dopant molecules. Looking ahead, it would be interesting to 

explore other polymer-dopant combinations that utilize this strategy. Such investigations would offer 

further insights into tuning the carrier density of conjugated polymers while minimizing the need for 
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additional dopant molecules. This approach does not only lead to greater control over the electronic 

properties of materials, but it does also reduce the influence on the nanostructure of the material. 

However, this study has also unveiled the influence of double doping on the mechanical properties of 

the polymer, attributed to the formation of dianions. Specifically, the presence of dianions tends to 

make the material more brittle compared to monoanions. In a recent publication by our group, in-

plane drift of counterions in moderate electric fields was employed to create lateral doping gradients 

in p(g42T-T):F4TCNQ films.[53] It was demonstrated that the counterion drift was slower at low dopant 

concentrations where F4TCNQ display dianion formation compared to high dopant concentration 

where mainly anions are formed. This suggests that the higher charge of the dianion results in stronger 

Coulomb binding, leading to slower drift in an applied electric field. While this stronger Coulomb 

binding may not be beneficial in terms of counterion drift, it may hold potential advantages in terms 

of dopant stability, a factor worthy of further investigation. 

In future research, exploring the stability of polymer:dopant systems where multivalent counterions 

are formed presents an intriguing avenue. In a study by Koch et al., it was demonstrated that an n-type 

polymer doped with a tetrafunctional dopant, resulted in the formation of tetravalent counterions, 

leading to a highly stable system.[139] The stability was attributed to the strong Coulomb interaction 

between the dopant and the polymer, enhancing the diffusion resistance. Extending the investigation 

of double electron transfer, or even multiple electron transfer, to other polymer:dopant systems 

would provide an opportunity to explore methods for enhancing doping efficiency without increasing 

the number of dopant molecules. Simultaneously, it would allow for the examination of how the 

presence of multivalent counterions influences doping stability. This comprehensive approach could 

lead to valuable insights into optimizing doping processes in polymer systems while ensuring their 

stability under various conditions. In summary, this thesis represents a step forward in unraveling the 

complexities of doped polymer systems. By addressing key questions and laying the groundwork for 

future exploration, it contributes to the ongoing advancement of this exciting field of research. 
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