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(~0.3 holes/monomer) and bipolaron formation (~0.4 holes/monomer) respectively. (C) In situ 

differential absorption of P3HT electrode as a function of potential.  Inset is the raw data at neutral 

(black), 0.6V (green), and 1.0 V (blue).  (D) Changes in the nature of the charge carrier  as a 

function of applied potential, where 0-1 transition corresponds to 560 nm (2.2 eV), the polaronic 

signature is 820 nm (1.5 eV) and the bipolaronic signature is 1030 nm (1.2 eV). (Courtesy of 
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Figure 5.3-4 (A) ) Integrated peak area ratio for CPX to ICT b1u ν(C≡N) bands from spectral fitting 

as a function of χF4TCNQ for rr-P3HT (red, left axis) and rra-P3HT (black, right axis). (Courtesy of 

Kristen E. Watts) (B) Comparing the integrated peak area ratio of the CPX to ICT bands (red) and 

the first derivative of the conductivity with respect to change in mole ratio (to approximate doping 

efficiency)5 of F4TCNQ in rr-P3HT. .......................................................................................... 140 
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of rr-P3HT. Grey shaded area defines crystalline tail states in rra-P3HT. Inset: Magnification of 
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Figure 6.3-1 XPS N 1s core level spectra 58 kDa rr-P3HT films for χF4TCNQ of a) 0.05 and b) 0.13 

with time during storage in a dark inert atmosphere. c) Integrated area ratio for CPX to ICT with 

time for four χF4TCNQ. (Courtesy of Kristen E. Watts) ................................................................ 155 
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Figure 6.3-3: UV-Vis absorption spectra of F4TCN-doped rr-P3HT films of χF4TCNQ 0.01, 0.05, 

0.09 and 0.13 (normalized to neutral P3HT peak at 560 nm). a) Spectra acquired immediately after 
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with time. (Courtesy of 
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light ambient environment. c) Peak absorbance ratio of CPX to ICT b1u ν(C≡N) bands for four 

representative χF4TCNQ
 
with time in dark ambient environment. d) Peak absorbance ratio of CPX to 

ICT b1u ν(C≡N) bands for four representative χF4TCNQ
 
with time in light ambient environment. 

(Courtesy of Kristen E. Watts).................................................................................................... 165 

Figure 6.5-2 (A) In-plane conductivity as a function of time for χF4TCNQ 0.01, 0.05, 0.09 and 0.13 

for films stored in ambient light conditions. (B) UV-Vis absorption spectra of F4TCN-doped rr-

P3HT films of χF4TCNQ 0.01, 0.05, 0.09 and 0.13 acquired after 10 weeks of ambient and light 

storage on films used for conductivity measurements showing complete loss of P3HT spectral 

signatures. ................................................................................................................................... 166 

Figure 6.5-3 Conductivity of pure 58 kDa rr-P3HT during storage under dark inert conditions 

(black) and light ambient conditions (red). ................................................................................. 167 

Figure 7.2-1 : In-plane conductivity loss in 0.09χF4TCNQ in P3HT when the sample was 

progressively heated for 5mins each at 60°C, 80°C, 100°C and 120°C   in varying environments 

of oxygen. ................................................................................................................................... 177 

Figure 7.2-2 In-plane conductivity loss in  undoped P3HT when the sample was progressively 

heated for 5mins each at 60°C, 80°C, 100°C and 120°C   in varying environments of oxygen. 178 

Figure 7.2-1 Different microstructural possibilities for P3HT. Adapted from the work by Noreiga 

et. al ............................................................................................................................................. 179 

Figure 7.3-2 Schematic of  the type of charge transport possible within the ordered region of the 

edge on P3HT microstructure ..................................................................................................... 180 

https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734604
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734604
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734604
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734604
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734605
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734605
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734605
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734605
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734605
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734606
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734606
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734607
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734607
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734607
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734608
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734608
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734609
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734609
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734610
https://emailarizona-my.sharepoint.com/personal/bharati_email_arizona_edu/Documents/DISSERTATION/FULL%20DRAFT/CHapters/Chapter%201%20-%20Copy.docx#_Toc26734610


20 
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Abstract 

Organic semiconductors (OSCs) have incredible prospects for next-generation, flexible 

electronic devices including bioelectronics, opto-electronics, energy harvesting and storage. They 

are flexible, biocompatible, printable and low-cost semiconductor materials with control over 

chemical tailorability which gives us control over device properties. These properties expand the 

functionality of electronics beyond the current era of silicon making devices such as solar 

windows, skin patch sensors, wearable electronics and foldable displays a possibility. However, 

they have lower conductivities compared to their inorganic counterparts, have a complex 

microstructure and are prone to degradation. Hence, to make better performing systems we need 

to better understand the underlying mechanisms of doping and degradation in these systems and 

their intimate connection to microstructure and charge transport. In this work we use the P3HT as 

our model OSC system to study the chemical and electrochemical doping mechanism.  

Central to the functionality of many electrochemical devices is the ability of conductive 

polymers to conduct both electrons and ions, a unique hybrid transport property. Understanding 

the molecule-level composition and structure controlling this collective charge transport in 

conductive polymer/electrolyte systems is required to take this field forward. We look at the 

collective, molecular structure factors that produce a heterogeneous electrochemical potential 

landscape of sub-populations with distinctive contributions to charge transfer, charge transport, 

and ultimately, device efficiency through a balance of both kinetic and thermodynamic principles 

to better understand the electrochemical doping mechanism. 

Further, we use a dopant F4TCNQ to p-type dope P3HT in the chemical doping 

mechanism. It has been shown in literature that this system either forms an integral charge transfer 

state (ICT) giving free charge carriers or a partial charge transfer state (CPX) forming traps based 

on processing techniques, with ICT being desirable. However, using a combination of 

spectroscopy, x-ray scattering and conductivity measurements we show that these states exist 

simultaneously and that their existence is co-related to the local density of states of the 

semiconductor matrix. Using these new insights in their doping mechanisms, we turn to then 

evaluate the stability of the doped P3HT-F4TCNQ system in terms of its thermal degradation 

mechanism in the presence of varying environmental conditions. 
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1. Introduction 

Semiconductors are used everywhere, from household items like the television screen and 

personal computers to sophisticated devices like photodiodes and solar panels. While the bulk of 

semiconductor devices currently are made of inorganic materials like Silicon (Si), Germanium 

(Ge), and Galium Arsenide (GaAs), alternative materials are gaining visibility and considerable 

industrial relevance. Organic semiconductors are particularly promising for the following reasons: 

(1) low temperature manufacturing and solution processing (2) lower cost of production, (3) roll 

to roll printing which makes flexible devices possible and most importantly (4) chemical 

tailorability i.e they can be synthetically designed to have a desired energy band gap (color), carrier 

mobility, solubility, miscibility, microstructure etc.1–3 

The most commercialized use of organic semiconductor products to date is in the panel 

displays industry i.e OLED screens in mobile phones and television sets but the field has existed 

for almost 50 years. The field of organic semiconductors first began in the 1970s with the discovery 

that a π conjugated conductive polymer poly-acetylene when doped by halogen vapors attains high 

conductivity4. These materials gained further momentum in 2000 after the Nobel Prize was given 

to Alan Heeger, Alan MacDiarmid and Hideki Shirakawa5 “for the discovery and development of 

conductive polymers.” In addition to the already commercialized OLED technology, these 

materials make several novel electronics possible. Semi-transparent organic photovoltaics make 

power generating buildings with solar windows a possibility,6 their low dielectric values make 

them useful in thermo-electric devices for energy harvesting and in wearables that can generate 

power from the temperature differences on the skin,7,8  their biocompatibility makes them an ideal 
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candidate for electronic skin9 and their ability to conduct both ion and electrons is used in 

electrochemical application like electrochromic windows,10,11 batteries12 and biosensors13. 

Yet the field of organic semiconductors has a number of challenges.  Compared to the 

conventional inorganic semiconductor materials like Silicon, organic semiconductors (OSC) have 

two major disadvantages i.e they have intrinsically low charge carrier mobility and degradation 

chemistries are difficult to control. Moreover, their complex microstructure makes it even more 

complicated to understand the underlying mechanisms of charge transport and degradation in this 

molecular system due to anisotropy in properties. Hence there has been a multitude of research in 

these two broad areas to improve and understand charge carrier transport and degradation of the 

OSC. Specifically research on ways to improve the charge transport properties includes (1) 

synthesis of better OSC with higher intrinsic carrier mobilities14–18, (2) understanding doping 

mechanisms to improve carrier density17,19–24 (3) studying various processing methods like vapor 

deposition25–27, sequential processing28,29 and co-processing30–32 etc to control microstructure and 

(4) Controlling processing parameters like solvent used 26,33,34, annealing temperature and 

time26,35–37 etc.  

This research work presented herein is divided into two broad sections to further the field 

of organic electronics. The first part (Chapters 3 to 5) focuses on understanding the chemical and 

electrochemical doping in the model system of P3HT and its intimate connection to microstructure. 

The second part (Chapters 6 and 7) focuses on establishing degradation mechanisms in the same 

system from the perspective of lifetime and thermal annealing with changing environmental 

conditions. Chapter 2 provides an experimental approach and overview for context.  
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1.1 Organic Semiconductor Molecules  

Organic semiconductors are conjugated molecules with alternating single and double bond 

structure over which the π electrons are delocalized. Single bonds are σ bonds between the atoms 

while a double bond consists of a σ and a π-bond (example of ethylene molecule in Figure 1.1-1A). 

Electrons in the σ are closer to the nuclei i.e have lower energies while the π electrons are 

perpendicular to the nuclei plain and further away with higher energies as seen in Figure 1.1-1 B 

and C for the simplest case of ethylene. In this case, the π molecular orbital (MO) is called the 

bonding MO where 0 nodes are formed while the π* is the antibonding with one node formed. 

Hence the higher energy π electrons in the Highest Occupied Molecular Orbital (HOMO) and 

Lowest Unoccupied Molecular orbital (LUMO) of a conjugated system determine the optical and 

electrical properties. Electrons in these π and π* MO are delocalized along the entire backbone 

Figure 1.1-1(A) Schematic diagram of ethylene (B)  showing the π bonds perpendicular to the plane of the C nuclei formed 

by the overlap of p-orbitals. (C) Molecular orbitals of ethylene formed using the atomic orbitals of carbon and (D) MO of 

butadiene showing the increase in the number of nodes increase the energy of the MOs and decreases the band gap Eg 
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due to their wave function overlap. A higher overlap leads to higher delocalization of the electrons, 

thus improving the electrical conductivity of the conjugated system.  

As the conjugation is increased, the number of molecular orbitals increase. For example in 

butadiene with two double bonds, there are 4 molecular orbitals formed i.e 2 bonding and 2 anti-

bonding giving rise to a lower energy gap as seen in Figure 1.1-1D. Further , as seen in Figure 

1.1-2 single thiophene monomer has a larger bandgap compared to the P3HT polymers with an 

higher extent of conjugation where Eg is the optical energy gap of the material31.  

1.2 Organic Semiconductor Microstructure 

The weak van der Waals bonds that makes flexible organic semiconductors possible also creates 

a larger concentration of defects in the microstructure of the material compared to the covalently 

bonded inorganic semiconductors. This situation is further complicated by the strong electron–

Figure 1.1-2 Evolution of the energy bandgap Eg with increasing number of thiophene repeat units i.e increasing extent 

of conjugation, resulting in valence and conduction bands for polythiophene 
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phonon interaction in organic solids which is discussed further in the doping of organic 

semiconductors. There is also no direct understanding of how these structural defects and electron 

phonon interaction affect the energy states of the organic polymer because of the complex 

relationship between the heterogeneous microstructure and its electronic structure.  

 Generally, the extent of conjugation that makes these organic materials electronically 

conductive can be either in the form of a small molecules like phthalocyanines or a conjugated 

polymer like poly-3-hexyl-thiophene (P3HT). Small molecules form a highly ordered crystalline 

structure with comparatively higher mobilities while polymers are amorphous or semi crystalline 

i.e contain both crystalline and amorphous regions. This work focuses predominantly on 

semicrystalline polymers. 

Figure 1.2-1 (A) rr-P3HT semi-crystalline microstructure leading to a smaller energy gap compared to (B) The 

amorphous rra-P3HT  
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The multiple population description found in semi-crystalline polymers complicates 

understanding of charge transport processes. In this work, we focus on the well-studied polymer, 

P3HT which has both a semi crystalline and amorphous type microstructure depending on the way 

the material is synthesized. Regioregular P3HT (rr-P3HT) is the semi crystalline polymer while 

regiorandom P3HT (rra-P3HT) is the completely amorphous. These two materials are chemically 

the same but are structurally different as seen in Figure 1.2-1 where rr-P3HT has significant head 

to tail symmetry while rra-P3HT is randomly oriented. This significant difference in the disorder 

of the same material leads to a change in the energy gap of the material. Amorphous 

microstructures are known to be more difficult to oxidize due to the higher energy gap while 

semicrystalline polymers are relatively easier to oxidize. This energetic difference results in charge 

carriers preferrentially and energetically being located in the crystallites. Tie chain molecules run 

between crystalline domains, facilitating transport. Hence controlling the microstructure gives us 

control over their charge transport properties and significant research is being done to be able to 

understand their intimate connection.28,38–42 Further, within the semi-crystalline microstructure, 

molecular weight (MW) of the polymer has significant effect on the charge transport. At room 

temperature, the higher molecular weight polymer chains are known to have a well-connected π-

stacked conformation allowing efficient inter-chain charge transport compared to the lower MW 

polymers.40,43,44  

The microstructure of organic semiconductors typically is probed by x-ray scattering 

techniques which quantify intermolecular spacings. Features arising from aggregates that form 

larger domains, grain boundaries and tie molecules are a topic of debate in the field of organic 

electronics. At a nanometer length scale, paracrystalline disorder is often used to quantify the effect 

of defects. Crystalline nature of an organic semiconductor is not absolute but is on a spectrum of 
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crystallinity which has been quantified using the paracrystallinity factor. It is a variation in the 

lattice parameter 𝑑ℎ𝑘𝑙 and is defined by  𝑔 =
∆2𝑑ℎ𝑘𝑙

1/2

𝑑ℎ𝑘𝑙
∗ 100 where h,k and l are the milled indices 

in a lattice plan. This equation shows that higher the peak broadening in the X-ray scattering data, 

higher the disorder.38 However, it is important to deconvolute other sources of peak-broadening 

which requires rigorous calculations and a high signal to noise ratio from the scattering of the 

synchrotron light source making these calculations complicated.38,45 None the less, this variation 

in the value of g is a cumulative disorder i.e it defines whether a material has long range order. 

The more crystalline the material, higher the long-range order and lower the value of g. As an 

approximation, small molecules show g < 1 while polymers have a g in the range of 2 to 12.39 In 

polymers, this value is anisotropic, the disorder is different in different directions. For example, in 

P3HT the π stacking direction has a higher π orbital overlap and delocalization of electrons and a 

smaller disorder while the alkyl chain direction has a higher disorder and a larger value of g. 

However, it is the disorder in the π-stacking direction that directly affects mobility and not the 

alkyl chain direction. Most high-mobility polymer display a paracrystallinity of ∼8% or higher in 

the π-stacking direction and none have gone below this value yet45. Hence disorder or order in the 

crystalline regions of the polymer is intimately connected to the direction of charge transport (alkyl 

or π-stacking) being talked about which is connected to the device geometry in hand. 

As in Figure 1.2-1A, rr-P3HT is a semicrystalline polymer, it has both crystalline and amorphous 

domains, but how these two domains interact or are connected has not been completely understood. 

Assuming the charge transport occurs preferentially through the ordered regions with lower energy 

gap, it is still not clear how charges move between two domains of ordered regions. It has been 

postulated that there exists ‘tie chains’, a polymer chain connecting two ordered regions that allows 

charge transport throughout the surface of the thin film.46–48 However, even if these tie chains are 
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responsible for charge transport between ordered domains, defining a grain boundary of the 

domain in organic molecules is very difficult due to the Vander Waals nature of their 

intermolecular interactions. Unlike inorganic semiconductors where covalent bonds are broken at 

grain boundaries and their identification is clear, Vander Waal’s forces are weak giving the 

molecules a higher degree of freedom to relax and undergo structural changes while still intact3. 

Hence semicrystalline organic polymer has a heterogenous landscape in both microstructure and 

electronic structure whose transport properties cannot be understood purely based on the inorganic 

semiconductor literature.  

While valence and conduction band is the terminology used in 

the atomic inorganic semiconductor literature, the more apt 

equivalent usage for the molecular organic polymers is the 

HOMO and LUMO levels respectively as discussed earlier. 

Organic molecules form discrete energy levels due to their 

heterogenous microstructure as seen in Figure 1.2-2. At room 

temperature, organic semiconductors have a relatively lower 

charge carrier density and require significant doping to reach 

device relevant conductivity values. Further the optical gap i.e the energy gap between the HOMO 

and the LUMO levels in organic semiconductors is different from the transport gap, a unique 

property relative to inorganic semiconductors. The difference in optical and transport energy gaps 

is primarily due to the polarizability of these molecular solids. Optical gap is defined as the 

threshold of energy for photons to be absorbed while transport gap is the threshold for creating an 

electron–hole pair that is not bound together. An electron-hole pair or an exciton in these low 

dielectric organic semiconductors are tightly bound Frenkel excitons which have a large exciton 

Figure 1.2-2 Schematic representation 

of the Density of States distribution in a 

OSC with HOMO and LUMO levels 

shown as solid and hollow blocks 
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binding energy compared to the weakly bound Wernnier excitons formed in inorganic 

semiconductors.3 

1.3 Doping In Organic Semiconductors 

For semiconductor applications, doping is an important step in both inorganic and organic 

materials. Doping of a material is done to increase the number of charge carriers (n) in a system to 

improve the electrical conductivity (𝜎 = 𝜇𝑛𝑒), where 𝜇 is the mobility of the material which is 

directly connected to its microstructure. In inorganic materials (for example Si in Figure 1.3-1), 

doping is achieved by 

substitution of an atom or 

addition of interstitial atoms in 

the crystalline matrix. This 

addition of atoms either adds 

electrons (Phosphorous) to the 

donor states in the conduction 

band i.e n-type doping or adds 

empty acceptor states near the 

valence band creating holes 

(Boron) i.e p-type doping as 

seen in Figure 1.3-1. A hole 

can be generated near the 

negatively ionized boron atom (B−) by a small activation energy of 45 meV.49 These new acceptor 

states can create a larger number of carriers at room temperature. This substitution or addition of 

Figure 1.3-1 : Schematic representation of an (a) intrinsic semiconductor 

band diagram and doped semiconductor with group III element like Boron 

giving a (b) p-type doped material and group V element giving (c) n-type 

doped material 
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atoms to increase the charge carriers in the covalently bonded semiconductor system does not 

affect its microstructure significantly.  

As in the inorganic semiconductors, 

OSCs can also be p or n type doped 

as seen in Figure 1.3-2. However, 

unlike the chemical bonds formed in 

the inorganic semiconductor doping 

in Figure 1.3-1, organic 

semiconductors are doped by a 

process of charge transfer between 

the OSC and the dopant molecule 

(i.e.  a redox dopant). It has been 

shown for the P3HT system that as it is doped with F4TCNQ (dopant), the conductivity of the 

molecules first decreases, then increases sub linearly up to ~3 mol%, beyond which there is a super 

linear increase as dopant concentration increases50. This behavior is inconsistent with the 

traditional band transport theory of inorganic semiconductor doping where mobility values 

decrease with doping due to impurities. These deviations are mostly caused by the higher level of 

disorder i.e a more complex microstructure which leads to a hopping charge transport and trap 

sites broadening the density of states of these molecules39. 

Further, because of their low dielectric constant and weak Van der Waal’s interactions, presence 

of a charge on the polymer chain is accompanied by nuclear rearrangement of the molecule that is 

delocalized over several repeat units (in the case of P3HT about 4 to 6 repeat units). The charge 

Figure 1.3-2 Organic semiconductor doping involving the transfer of 

an electron from the dopant to the OSC in n-type doping and OSC to 

dopant in p-type doping 
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carrier in this case is called a polaron (negative or positive), which is a radical-ion that corresponds 

to a charge associated with local geometry relaxations as depicted in Figure 1.3-3 where the P3HT 

goes from a benzoidal to quinoidal form across 4 monomer units51,52. Further doping of this system 

leads to the formation of a bipolaron which is a di-cation (or anion). 

This nuclear rearrangement added to the disorder of the system, makes organic semiconductor 

doping mechanisms even more complicated to discern. Hence to form a comprehensive picture of 

the doping mechanisms in these materials, we need to use a wide variety of spectroscopic, 

scattering, electrical and electrochemical techniques to probe the system at varying length scales 

chemically, physically, electronically and structurally. In this work, we focus on the two most 

common doping mechanisms used to dope OSCs -the chemical doping and the electrochemical 

doping.  

Doping, whether chemical or electrochemical involves increasing the number of charge carriers in 

the OSC system to control and improve their electrical properties for widespread device 

applications. In the two mechanisms we discuss throughout this work, electrochemical doping has 

Figure 1.3-3 Schematic for p-doping of P3HT (top) and corresponding band structure (bottom). Formation of 

polaron and subsequently a bipolaron at high doping are depicted. The dopant or the electron acceptor acts as a 

negative counterion (A–) to the positive charges. This pictorial representation shows the double bond 

rearrangement from a benzoidal to a less stable quinoidal form. 
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a higher control on properties while chemical doping has an ease of processing for layered device 

manufacturing. Hence both the mechanisms are equally important although for different device 

applications. Briefly, electrochemical doping is achieved by holding the polymer thin film at a 

desired potential through the electrode forming charge carriers while ions diffuse into the polymer 

matrix to compensate for the charges making this a hybrid electronic-ionic charge transport as seen 

in Figure 1.3-4. As the oxidation potential is increased in the p-doping of the OSC, polarons and 

bipolarons are formed as the charge carriers. Chapters 3 and 4 go further in details of this 

mechanism and the critical role of their microstructure in the electrochemically doped system.  

 

Chemical doping on the other hand is an electronic interaction of the dopant molecule with the 

OSC in solution leading to electrical charge carriers in the system. A given OSC-dopant pair,  

forms either an integral charge transfer state which is an ion pair when the LUMO of the p-dopant 

is deeper than the HOMO of the OSC or it forms a partial charge transfer state (CPX) through 

hybridization of the OSC HOMO and dopant LUMO as shown in Figure 1.3-5A and B12,13,16–18. 

An approximate simplified pictorial representation of a doped thin film is shown in Figure 1.3-5C 

Figure 1.3-4 Energy band diagram schematic of electrochemical doping of the OSC leading to the formation of 

polaron and bipolarons with increasing  oxidation potential (B) Pictorial representation of charge injection from 

the electrode i.e holes (purple) and counterions (yellow A-) diffusing from the electrolyte. 
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where the form of the dopant molecule (green circle) will depend on the nature of charge transfer 

and carrier density in the system. Chapter 5 goes into our current understanding of this mechanism 

with the well studies F4TCNQ doped P3HT system where we showed that the ICT and CPX states 

can in fact co-exist and that the nature of this charge transfer depends on the local energetic 

environment of the polymer which is strongly affected by it microstructure.  

 

After establishing an initial mechanistic understanding of chemical and electrochemical doping, 

with device relevance in mind, the next step is the question of stability of the doped OSC system. 

Organic molecules are known to be prone to degradation in the presence of external parameters 

like the oxygen, light, heat, ozone, water vapour etc54–56. This stability is then studied from the 

perspective of lifetime and thermal degradation of the chemically doped P3HT-F4TCNQ system 

in chapter 6 and 7 with the idea that knowing the degradation mechanisms can then lead to design 

of more stable conductive polymers and processing techniques for device development. 

Figure 1.3-5 Schematic of the (A)  integral charge transfer using a p-type dopant  by ion pair formation i.e strong 

doping (B) Partial charge transfer complexes formed by hybridization of the OSC HOMO and the Dopant LUMO 

creating trap states i.e weak doping. (C) Simplified pictorial representation of a doped OSC thin film, the purple 

circles are the charge carriers (holes) in a p-doped OSC while the blue circles are partially charged dopant molecules 

in a thin film . This is an approximate representation. 
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1.4 Degradation In Organic Semiconductors   

Organic semiconductor materials tend to degrade faster than their inorganic counterparts 

leading to shorter lifetimes of devices. While one way to mitigate this degradation is the robust 

encapsulation of the active layers via different methods 57–60, there still exists a possibility of 

atmospheric intervention. Hence understanding the underlying degradation processes in 

microstructure, charge transport and chemistry is important to design new and stable molecules, 

formulations and device geometries. The degradation mechanisms can be grouped broadly as : 

extrinsic degradation caused by chemical reaction with the atmosphere due to water or oxygen and 

intrinsic degradation of the material while being used in a device which can occur even with a 

perfect encapsulation55. In this work we focus our attention on looking at the degradation 

mechanisms of chemically doped rr-P3HT, to elucidate the effect of different oxygen 

environments on lifetime and thermal stability of the doped polymeric system.   

Polymer degradation via free radical oxidation mechanism consists of the steps shown in 

Scheme 1-1 which include initiation, propagation and termination with the possibility of chain 

branching. The formation of the polymer radical (initiation) results either from thermal or photo 

degradation of the chemical bonds. The most important reaction in the propagation of the 

degradation scheme is the formation of the peroxy radical POO˙ with oxygen followed by a 

hydrogen abstraction from the polymer to form a new polymer radical P˙. The abstraction of 

hydrogen from the polymer occurs from the most reactive hydrogen, which in the case of P3HT 

was found to be the alpha hydrogen on the alkyl chain. Further propagation, termination or 

branching of the radical depends heavily on the partial pressure of oxygen in the environment. 
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These chemical mechanisms are defined for a homogenous process giving us an average 

information about the oxidation process in a polymer which has a heterogenous microstructure. 

 

Oxidation of P3HT has been studied widely and  is known to occurs via the hydrogen 

abstraction from the hexyl side chain at the α-position via this free radical mechanism causing: (1) 

oxidation of hexyl side chains and (2)  oxidation of the sulfur atom on the thiophene ring to sulfur 

oxide by hydroxyl radicals.54,61 The same  mechanisms have been shown to occur under photo and 

thermo-oxidation of P3HT causing chain scission and loss in conjugation. This free radical 

chemical reaction is used mainly to explain the chemical changes in the material, but as we have 

discussed, organic semiconductors can have the same chemical composition yet vary significantly 

in their microstructure leading to a heterogenous degradation process which cannot be explained 

purely via chemical reactions.  The extent of oxidation reaction and the mobility of the free radicals 

formed vary significantly between the crystalline and amorphous phases making the prediction of 

the lifetime and stability that much more complicated.62 The degradation of amorphous rra-P3HT 

for example is known to be faster than the semi crystalline rr-P3HT.62 Since the rr-P3HT has both 

amorphous and crystalline domains, hence localized oxidation of the polymer, either in the 

amorphous or the crystalline or on the grain boundaries become an important criteria for 

degradation. 

Scheme 1-1 Known free radical degradation mechanism of polymers as in ref 61 
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In our work (Chapter 6 and 7), we look at the degradation of F4TCNQ doped P3HT 

integrating the doping mechanism studied in Chapter 5 to this degradation mechanism while also 

studying the underlying changes in microstructure that drives the charge transport in organic 

electronics.  

1.5 Aims Of The Dissertation – Motivating Hypothesis 

This dissertation aims to investigate the following research questions: 

• How can we predict the kinetics of charge transfer at the polymer/electrolyte interface by 

controlling the processing conditions of the polymer electrode? (Chapter 3) 

• How does electrochemical doping impact different subpopulations of a heterogeneous energy 

landscape of semi-crystalline P3HT while increasing the carrier density of the system? 

(Chapter 4) 

• What is the driving force behind the formation of charge transfer (CT) states in the chemical 

doping mechanism with co-existent CT states? (Chapter 5) 

• Is one CT state more stable than the other and how does this stability impact the conductivity 

of the system? (Chapter 6) 

• How is the stability of the doped P3HT system affected by thermal annealing in varying oxygen 

concentrations and what is the mechanism causing the thermal degradation? (Chapter 7) 
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2. Experimental Methods and Materials 

2.1. Materials 

P3HT: poly(3-hexyl thiophene), is a semicrystalline polymer, highly soluble in dichlorobenzene 

(DCB).  The materials used here are bought from Reike metals (RMI-001E, MW=58k, Pd=2.1, 

Reg 96%) and used as is. The specifics are mentioned where required. 

F4TCNQ: 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane, is a small molecule usually 

used as a p-type dopant for polymeric and other systems which is also soluble in DCB. The material 

was bought from Ossila and TCI chemicals 

 

 

 

 

 

Figure 2.1-1 : Chemical structures of F4TCNQ and P3HT 
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2.1.1. Film Preparation 

Substrates: Indium Tin Oxide (ITO) coated glass was used for electrochemical measurements, 

Interdigitated ITO Substrates (from Ossila) were used for conductivity measurements, glass was 

used for UV-Vis spectroscopy, p-doped silicon with native oxide (University Wafers) was used 

for GIWAXS, GISAXS, FTIR and XPS measurements and Prefabricated OFET Low-Density Test 

Chips (Ossila) were used for mobility measurements. 

Substrate cleaning: All substrates were cleaned by successive sonication in Triton X-100 (Sigma, 

laboratory grade) diluted with DI water, DI water, isopropanol (IPA), acetone and dried with N2 

immediately prior to spin casting. 

Thin film Preparation: 2mg/ml (or 10mg/ml for electrochemical measurements) solutions of 

P3HT and F4TCNQ in DCB were prepared and kept on a hotplate at 80 °C for dissolving the 

material in the solvent. The solutions were prepared immediately before spin coating at 1000 rpm 

for 1 minute. Pure P3HT solution was filtered using a 0.45μm PTFE filter. 
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2.2. Charge Transport Measurements  

2.2.1. Instrumentation  

For all the transport measurements the low density 

OFET test board from Ossila with 2 Keithley source 

meters was used. A LabView script was written for 

data acquisition using this instrument. The switches 

labelled in the Figure 2.2-1 were used to toggle 

between the five devices on a single substrate 

described in the next sections. BNC connectors 

labelled in the figure were connected to the Keithley source meter. This setup can be used for both 

an organic field effect mobility measurement and a two point probe conductivity measurement as 

described in details below. 

Figure 2.2-1 Ossila Low Density OFET test 

board. Figure taken from Ossila website 
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2.2.2. 2-point Conductivity Measuremetns 

The conductivity measurements were done by using the Ossila Low Density OFET test board as a 

two-point probe setup without using the gate connections on the ITO interdigitated structures as 

seen in Figure 2.2-2C. Each substrate has 5 devices with a channel length of 0.05 mm. Thin films 

of P3HT were spin coated on this substrate and the contacts were cleaned using a cotton swab 

dipped in the solvent (DCB) leaving P3HT only on the channel as seen by the red region of Figure 

2.2-2A. According to the Ohm’s law the electrical conductivity (in S cm-1) is calculated 

experimentally using the slope of a current (I)- voltage (V) measurement curve which gives the 

reciprocal of the resistance.  

Figure 2.2-2 : (A) ITO interdigitated finger structure on glass with 5 devices  having a constant channel length L of 

0.05 mm and a width W of 30 mm on each device as shown.  The red layer is the spin coated OSC (B) Representation 

of the  length, width and thickness of the channel. Geometrical representation of the two-point probe setup for a (C) 

solid-state conductivity measurement and (D) for a electrochemical conductivity measurement in an organic 

electrochemical cell geometry. 
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Where, 𝜌 is the resistivity of the semiconductor material, R is the resistance (ohms), W is the width 

(cm), L is channel length (cm) and t the thickness (cm) of the thin film as seen in  Figure 2.2-2B  

Following are the steps to calculate solid-

state conductivity from a given I-V plot. 

1. The experimental data is fitted to a 

straight line 𝑦 = 𝑚𝑥 + 𝑏 giving a linear 

fit. 

2. Adjusted R2 (Adj R2) of 0.9 or higher 

statistically represents a good fit of the 

experimental data as seen in Figure 2.2-3 

for a pure rr-P3HT thin film. The data shown is for a single device on the ITO inter-digitated 

finger structure in Figure 2.2-2A.   

3. Using the value of the slope from the fit in equation 2-3 and 2-1 where W = 30mm, L = 0.05mm 

and t = 10nm we get to the conductivity value of 𝜎 = 𝟓. 𝟓 ∗ 𝟏𝟎−𝟓𝑺 𝒄𝒎−𝟏  

Figure 2.2-3: Linear fit of the experimental current - 

voltage data acquired using the two point probe setup 

by varying the voltage between -1V and 1V 
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4. The same data analysis procedure is repeated for every device on the substrate and a statistical 

mean (�̅� =
1

𝑛
∑ 𝑥𝑖) 𝑛

𝑖=1  with a standard deviation (𝑠 = √
∑ (𝑥𝑖−�̅�)2 𝑛

𝑖=1

𝑛−1
) is calculated to give the 

conductivity of P3HT as 𝜎 = 𝟓. 𝟕 ∗ 𝟏𝟎−𝟓 ±  𝟏. 𝟕 ∗ 𝟏𝟎−𝟓 𝑺 𝒄𝒎−𝟏.  

Similarly, using the same analysis as above the conductivity of the system is calculated as the 

polymer is doped at varying dopant mole ratios. For example, for a minimum dopant mole ratio of 

0.01 mole the conductivity increased by approximately an order of magnitude to 𝟖. 𝟒 ∗ 𝟏𝟎−𝟒 ±

 𝟔. 𝟔 ∗ 𝟏𝟎−𝟒𝑺 𝒄𝒎−𝟏  

A similar procedure could also be used to measure electrochemical conductivity on the ITO 

interdigitated thin films using the OECT geometry as seen in Figure 2.2-5D by using only one of 

the five channels on the substrate and the bi-potentiostat to drive the source/drain current; in this 

case conductivity can change as a function of potential step rate. Electrochemical conductivity 

measures the conductivity of both the ions and the electrons in the channel using the electrolyte 

biased at a constant voltage Vg. The gate and the reference electrode labelled in Figure 2.2-5D are 

used to make a direct conversion between energy and voltage applied which is discussed more in 

detail in electrochemical measurements section. 

2.2.3. Field-Effect Mobility 

Mobility can be derived from the current-voltage behaviors of field effect transistors (FET). In an 

organic FET (OFET), application of a gate voltage induces charge accumulation in the organic 

semiconductor layer (channel) where in the dielectric behaves as a capacitor inducing opposite 

charge into the semiconductor layer as seen in Figure 2.2-4C. In general, four different 

architectures of OFETs are possible based on the position of the gate layer and the source/drain 
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contacts with respect to the semiconductor namely: bottom-gate top-contact, bottom-gate bottom-

contact, top-gate bottom-contact and top-gate top-contact. In Figure 2.2-4  bottom gated bottom 

contact architecture was used to extract mobility of the spin coated polymer film. The film on the 

gold contacts is cleaned using a cotton swab with the solvent in use (DCB when using P3HT) 

keeping the film in the channel untouched.  

The electric characterization of the p-type material transistor is done by apply a negative bias at 

both the gate and the source/drain electrodes and measuring the drain current (Isd) as a function of 

the drain voltage (Vsd) by varying the gate voltage as seen in Figure 2.2-5. Using the output curve 

(Isd vs Vsd), a transfer curve is plotted with source/drain current (Isd) as a function of gate voltage 

(Vg) to extract mobility values using equations 2-4 and 2-5 1–3 

 

𝑰𝒔𝒅
𝑳𝒊𝒏𝒆𝒂𝒓 = 𝜇

𝑊

𝐿𝐶𝑖

(𝑽𝑮 − 𝑉𝑇)𝑉𝑆𝐷 ;    𝑉𝑆𝐷 ≪ (𝑉𝐺 − 𝑉𝑇)  

2-4 

 

Figure 2.2-4 (A) Side view of the low density OFET from Ossila showing how the top gold gate electrode 

makes contact with the p-doped silicon gate through the dielectric in a bottom gate bottom contact geometry 

B) Top view of the OFET substrate with channel length L of 0.03 mm and width W of 1 mm. spin coated 

OSC layer is shown in red (C) Schematic of OFET operation 
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𝑰𝒔𝒅

𝑺𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏 = 𝜇
𝑊

𝐿𝐶𝑖

(𝑽𝑮 − 𝑉𝑇)𝟐 ;    𝑉𝑆𝐷 ≫ (𝑉𝐺 − 𝑉𝑇) 
2-5 

 

where W and L are the width and length of the channel, 𝐶𝑖 is capacitance of the dielectric layer, 

𝑉𝑇 is the threshold voltage (the minimum gate voltage needed to form a conducting channel) which 

is usually related to filling of trap states in the semiconductor. 𝑉𝑇 is the gate voltage at the point 

where source/drain current is zero i.e  𝐼𝑠𝑑
𝐿𝑖𝑛𝑒𝑎𝑟 = (𝑠𝑙𝑜𝑝𝑒)𝑉𝐺 + (𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡) and  𝑉𝑇 =

𝑉𝐺    𝑎𝑡     𝐼𝑠𝑑 = 0. The linear and saturation regimes are defined by the change in 𝐼𝑠𝑑 as a function 

of 𝑉𝐺. Saturation is reached when the source/drain current no longer increases with the increase in 

in the source/drain voltage i.e the charge transport does not keep up with the charge accumulation 

as shown by the dashed line in Figure 2.2-5A separating the two regions.  

From the linear region of the field effect mobility is derived using the slope of the 𝐼𝑠𝑑 vs 𝑉𝐺 plot 

as: 

 

𝜇𝑙𝑖𝑛𝑒𝑎𝑟  = 𝑠𝑙𝑜𝑝𝑒 ∗ 10−6 ∗
1

𝑊
𝐿𝐶𝑖

(𝑉𝐺 − 𝑉𝑇)
 ;    𝑉𝑆𝐷 ≪ (𝑉𝐺 − 𝑉𝑇)  

2-6 

 

Where 𝑠𝑙𝑜𝑝𝑒 =  
𝜕𝐼𝑠𝑑

𝜕𝑉𝐺
  

And from the saturation regime, the mobility is derived using the slope of √𝐼𝑠𝑑 vs 𝑉𝐺  

 
𝜇𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛  = 𝑠𝑙𝑜𝑝𝑒 ∗ 10−6 ∗

1

𝑊
𝐿𝐶𝑖

(𝑉𝐺 − 𝑉𝑇)
 ;   𝑉𝑆𝐷 ≫ (𝑉𝐺 − 𝑉𝑇) 

 

2-7 
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Where 𝑠𝑙𝑜𝑝𝑒 =  
𝜕√𝐼𝑠𝑑

𝜕𝑉𝐺
 

Following are the steps to calculate mobility from a given experimental output curve : 

The output curve of Isd vs Vsd is plotted for varying Vg values for example 0 to -50V in Figure 

2.2-5A for one device on the substrate of pure P3HT.  

To calculate the mobility in the saturation region, a Vsd value is chosen such that the slope 
𝑑𝐼𝑠𝑑

𝑑𝑉𝑠𝑑
~0. 

In this example Vsd = -40V was chosen as it lied comfortable in the saturation region. 

At Vsd = -40V, √𝐼𝑠𝑑 with changing gate voltages was plotted as in Figure 2.2-5B called the transfer 

curve and a linear fit was done to extract a slope of -6.2*10-6. 

This value of the slope was used in equation 2-7 to get a mobility value of 

𝜇𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 2.1 ∗ 10−4𝑐𝑚2𝑉−1𝑠−1 

Figure 2.2-5:  (A)Typical output curve for pure P3HT in OFET with gate voltage varying from 0 to -50V. (B) 

Transfer curve of the output curve in A at -40V in the saturation regime. 
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The same data analysis procedure is repeated for every device on the substrate and a mobility is 

calculated. These five values values are then used to find a statistical mean with a standard 

deviation to give the mobility of P3HT as 

𝜇𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 1.9 ∗ 10−4 ± 1.9 ∗ 10−4  

2.3. Synchrotron X-ray Scattering Measurements 

Synchrotron based X-ray techniques are often used in organic semiconductor literature since they 

have a high intensity radiation source created by accelerating charged particles, that cannot be 

replicated in a university lab. Most synchrotrons emit X-rays where the energy per photon is in the 

range of 10 to 106 eV and can be used for spectroscopy, scattering and imaging of material system. 

X-ray scattering in particular requires these high intensity sources since most organic 

semiconductors are poor scatterers of X-rays due to their inherent complex microstructure. Two 

techniques used extensively to understand this complex microstructure are namely Grazing 

Incidence Wide and Small Angle X-ray Scattering (GIWAXS and GISAXS). While small angle 

x-ray scattering probes domains greater than 1nm, wide angle scattering probes the smaller regions 

<1nm i.e the atomic range. GISAXS is usually used to model two phase systems and analyze 

domain sizes and phase segregation, for example in blended heterojunctions for OPVs. GIWAXS 

on the other hand is used to analyze long range crystalline structure parameters and disorder in the 

system4,5.  

Understanding these techniques is very similar to X-ray diffraction except that it requires a 

synchrotron source to probe the small volumes. The grazing incident geometry creates a larger 

beam spot size that samples a larger area on the thin film layer to give higher intensity of scattered 
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light that is statistically more significant. This also minimizes the background scattering and 

enhances the near surface scattering on the thin film.6  

Table 2-1 : Beamline specifications of GIWAXS and GISAXS 

Beamline 

Specifications 

Energy range 

of incident 

beam (eV) 

Spot Size on 

sample 

Area Detector Sample to 

Detector 

distance 

Data 

analysis 

software 

GIWAXS 12700 50μm vertical 

x 150 μm 

horizontal 

2D Rayonix 

MX225 CCD 

area detector 

8-55 cm Nika and 

Waxstools 

GISAXS 4600-16000 

eV 

300 μm x 300 

μm 

Rayonix 165 

CCD Camera 

100 to 300 

cm 

Nika and 

Irena 

 

X-ray scattering was performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on 

beamline 11-3 (GIWAXS) and 1-5 (GISAXS). The specifications of the two beamlines are given 

below in able 2-1. The experimental setup of the GIWAXS technique is shown in Figure 2.3-2 

with the direction of the incident and scattered 

beam labelled. The sample is placed in a 

Helium atmosphere to reduce the scattering 

from air and the beam damage to the sample. 

The experimental setup of GISAXS is very 

similar except the sample is placed in air and 

the sample to  detector distance is larger to probe the larger length scales of the organic 

semiconductor microstructure as seen in Figure 2.3-1 

Figure 2.3-1 Schematic of the sample to detector distance 

in GIWAXS and GISAXS measurements.  
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Data Acquisition: X-ray scattering data is collected in reciprocal space, to derive useful 

information from this data, we need to convert the reciprocal space to real space coordinates. Data 

is collected at large values of the momentum transfer (�⃗�) which is a vector in the 3D reciprocal-

space that denotes the change in momentum between the incoming and scattered x-rays as shown 

in Figure 2.3-3. This vector (�⃗�) describes the 

interaction between the sample and the x-rays. The 

incident angle 𝛼𝑖 is chosen such that the system is 

below the critical angle of incidence of the material. 

Critical angle of a material is defined as the angle 

below which total external reflection of the beam 

occurs such that the incident X-ray beam penetrates 

the entire thickness of the polymer sample but very 

small portion of the silicon substrate reducing the background scattering from the substrate. 

Figure 2.3-3 : Schematic representation of the 

momentum transfer vector 𝒒ሬሬ⃗  in terms of incoming 

wave vector 𝒌𝒊
ሬሬሬ⃗  and scattered vector 𝒌𝒇

ሬሬሬሬ⃗   (𝒒ሬሬ⃗  and 𝒌ሬሬ⃗  

have the dimensions of 1/distance) at an incident 

angle 𝜶𝒊 

Figure 2.3-2 : Photograph of the SSRL beamline 11-3 (GIWAXS)  instrument setup with the beam direction, sample 

holder and detector labelled. 
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Collecting data below and above the critical angle can hence help understand the substrate effects 

so the data analysis can be focused on the thin film polymer scattering. The following are important 

points to remember when collecting data at the beamline: 

• Calibrate the system using LaB6 (for GIWAXS) or AgBe (for GISAXS) before data collection. 

• The incident angle 𝛼𝑖 is varied between the values of 0.06° to 0.16° where the critical angle 

for most polymeric systems is known to be ~0.12° to make sure we can eliminate substrate 

effects especially when using ITO as a substrate. (Si/SiO2 is known to be the best substrate for 

use in these two techniques since it has no scattering peaks in the reciprocal space being 

probed) 

• The integration time is set to be about 30 to 60s at each angle depending on the beam intensity.  

• Three data sets are collected for atleast one angle below the critical angle at multiple spots on 

the thin film. 

Theoretical background: The reciprocal-space is a conceptual three-dimensional space which 

contains the full 3D scattering pattern of a given sample. It is the Fourier transform of the real 

space coordinates. In general, a scattering pattern in this Fourier space is mathematically 

equivalent to a sinc 

function which is a 

Fourier transform of a 

rectangular function as 

seen in Figure 2.3-4 . 

Hence, peaks in reciprocal 

space (sinc function) 

Figure 2.3-4 : Representation of the Fourier transform of the rectangular function 

using Matlab 



63 

 

correspond to a repeating structure in the real space (rect function) i.e a scattering pattern is the 

3D Fourier transform of the sample's real space electron-density distribution. Because of the 

inverse nature of reciprocal-space, these large values of �⃗� correspond to small distances in real 

space values r. 

The area detector used in most X-ray scattering experiments detects the points where the Ewald 

sphere interacts with the reciprocal space as seen in Figure 2.3-5. The Ewald sphere is a 3-D 

imaginary spherical surface in this 

reciprocal space that all the experimentally 

observed intensity of scattering arises 

from. In other words, it is a geometric 

representation of the scattering equation.7 

The Ewald sphere centered at the sample 

has an equation in reciprocal space as in 

equation 2-8: 

 𝑞𝑥
2 + (𝑞𝑦 − 𝑘)

2
+ 𝑞𝑧

2 = 𝑘2 
2-8 

 

with center at (0, k, 0), radius 𝑘 =
2𝜋

𝜆
 and √𝑞𝑥

2 + 𝑞𝑦
2 = 𝑞𝑟

2. A 2-D X-ray scattering image is a 

collapsed version of this sphere into a 2-D plane where 𝑞𝑟 or 𝑞𝑥𝑦 is on one axis and  𝑞𝑧 is on 

another. 𝑞𝑥𝑦is considered the in-plane direction i.e in the plane of the sample while 𝑞𝑧 is the out-

of-plane direction i.e perpendicular to the sample.  

Figure 2.3-5 Schematic representation of the Ewald sphere and 

the reciprocal lattice plane 
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2.3.1. GIWAXS  

A preliminary analysis of the basic microstructure can be done by looking at the detector images. 

More amorphous materials have diffused scattering in all directions which shows up as a halo in 

the GIWAXS image while the crystalline materials have strong sharp scattering in a given q-space 

as shown in Figure 2.3-6  in increasing amount of order. As mentioned earlier, q is the reciprocal 

space which is converted to real space according to  

 
𝑞 =

2𝜋

𝑑
 

2-9 

A raw detector image is in pixels, which is first converted to the q-space by using a calibrant of 

known crystal structure, this is called data reduction which is done using the software called NIKA 

on Igor. At the beamline 11-3 at the Stanford synchrotron facility a Lanthanum Boride (LaB6) with 

a known d-spacing of =4.15 Å8 is used for this calibration process.  

All the data analysis is done using a combination of NIKA9 and WAXStools10 software developed 

at the Advanced Photon Source (APS) and the Stanford Synchrotron Radiation Lab (SSRL) 

respectively. A standard operating procedure for GIWAXS data is available in the appendix. 

Figure 2.3-6 GIWAXS images showing  amorphous rra P3HT,  semicrystalline rr-P3HT and crystalline Copper 

Pthalocyanine small molecule to represent the scattering patterns that different amount of disorder creates. 
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2.3.2. GISAXS -  

The data reduction process in GISAXS is the same as GIWAXS except Silver Behenate 

(AgBeh) was used instead of LaB6 to calibrate the detector image to q-space at an incident angle 

of 1°. AgBeh forms a known lamellar phase with a d-spacing of 58.380 Å11 (larger crystal structure 

compared to GIWAXS) and the principle peak (q) found at 0.1076 Å-1 is used for the calibration. 

Any scattering intensity 𝐼𝑖(𝑞) is directly proportional to a square of the product of a structure 

factor 𝑆(𝑞) describing particle assembly (integral structure) and a form factor 𝐹(𝑞)  describing 

particle shape (local structure). Here, GISAXS data interpretation is done by using a model 

called the unified fit developed at the Advanced Photon Source (APS) as described in the 

equation  

2-10.12 Unified fit uses two regions to fit the entire data i.e the Porod (power law region) 

and the Guinier  (gaussian regions) as described by equation 2-10 together describe the local and 

integral structure of the scattering material respectively. 

   

2-10 

 

Where 𝐼𝑖(𝑞) is the intensity of the scattered light, G Guinier prefactor that defines the phase 

contrast, B is defined according to the regime in which the exponent P falls. Generally, for polymer 

systems P is usually set between 1 and 4, 𝑅𝑔 is the radius of gyration which gives the domain sizes 

( it is the average electron density weighted squared distance of the scatters from the center of the 
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object) and q is the reciprocal space variable. The aim of the unified fit is to relate the low q guinier 

region to the high q power law to describe the structure of the material. A summary of the entire 

process to extract domain sizes is given in Figure 2.3-7. Polymers only use level 1 of the unified 

fit with variables B,P, G and Rg. A detailed procedure for analysis is available in the appendix. 

 

2.4. UV-Vis Spectroscopy 

 The UV-Vis absorption spectra is primarily used to derive the electronic transition of the system 

but can also be used to understand (i) the short-range aggregate analysis of the organic molecules 

derived from the vibronic transitions described in detail below and (2) using the transmission 

spectra to derive color coordinates using the CIE lab coordinate system. 

Figure 2.3-7 Summary of the procedure for Unified fit using the irena software in Igor to get the domain size of the 

material. 
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2.4.1. Instrumentation 

UV-Visible spectroscopy refers to spectroscopy in the wavelength range spanning approximately 

300-1100 nm of the electromagnetic spectra. This absorption spectroscopy measures the electronic 

transitions, or the optical bandgap of the material being used i.e the transition from the ground 

state to the excited state. The deuterium and tungsten light sources used in the Agilent 8453 span 

the wavelength range of 190 to 800 nm and 370 to 1100 nm respectively. The photodiode array in 

this instrument is a semiconductor chip etched with 1024 photodiodes and circuitry giving a 

sampling interval of 0.9 nm.  

2.4.2. Aggregation Analysis  

The microstructure of thin film polymers plays an 

important role in device performance and hence both the 

long range and short-range aggregation of the system 

need to be quantified. While GIWAXS is used to 

analyze the  long range crystalline parameters, the 

weakly interacting H-aggregation model developed by 

Spano13 uses the absorption spectra to quantify 

percentage aggregation and exciton coupling which is 

related to overall crystalline quality of the films. 

Organic polymeric systems like P3HT form aggregates 

in thin films which are an interplay of the H or J type 

aggregates14 based on the strength of their vibronic 

transitions ( 0→0, 0→1, 0→2 etc) as depicted in Figure 2.4-1. Here, S0 is the ground state of the 

organic molecule and S1 is the excited state with an optical bandgap of 𝐸𝑜𝑝𝑡𝑖𝑐𝑎𝑙 = 𝐸𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑡𝑒 −

Figure 2.4-1 : vertical vibronic transitions 

between the electronic ground state (S0) and 

excited state (S1)  
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𝐸𝑒𝑥𝑐𝑖𝑡𝑒𝑑  𝑠𝑡𝑎𝑡𝑒. In general, H-like aggregates show strong inter-chain coupling, higher disorder and 

0-0/0-1 absorbance peak ratio < 1 while J-like aggregates show stronger intra-chain coupling, 

lower disorder and a 0-0/0-1 peak ratio of >18–10. The intermolecular interactions in these 

aggregates are accompanied by nuclear rearrangements unlike their inorganic counterparts.3   

Spano and co-workers developed this H-aggregate mathematical model to fit the aggregates 

absorption of regioregular P3HT. The model is described by the following equation13–15,17: 

 

𝐴(𝐸) ∝ ∑ (
𝑆𝑚

𝑚!
)

𝑚=0

× (1 −
𝑊𝑒–𝑆

2𝐸p

∑
𝑆𝑛

𝑛! (𝑛 − 𝑚)
𝑛≠𝑚

)

2

× 𝑒𝑥𝑝 (
− (𝐸 − 𝐸00 − 𝑚𝐸p −

1
2

𝑊𝑆𝑚𝑒–𝑆)
2

2σ2
) 

 

2-11 

where, A is the absorption by the aggregates as a function of the photon energy (E), E00 is the 

energy of the 0→0 vibronic transition, which is a forbidden transition but is allowed due to the 

disorder in the aggregates, S=1 is the Huang-Rhys factor which is assumed to be 1 for P3HT, Ep 

= 0.179 eV is the intermolecular (C=C) vibration energy, W is the free exciton bandwidth, which 

is related to the nearest neighbor interchain excitonic coupling. Upon coupling, a dispersion of the 

energies occurs, the width of which is 

equal to W which is also inversely related 

to the 0-0/0-1 peak ratio and the 

conjugation length; a lower W indicates 

better ordering of the aggregates. The 

terms m and n are the ground- and excited 

state vibrational levels and  is the 

Gaussian linewidth. The parameters E00, 

W, , and a scaling factor were 
Figure 2.4-2 : H-aggregate model used for fitting the 

pure P3HT absorption spectra as in equation  
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computationally estimated using Matlab17 to perform a least square fit to the experimental 

absorption data in the region of 1.93 to 2.25 eV. This region was selected because the absorption 

in this region is dominated by the polymer aggregates.  

Figure 2.4-2 shows the fitting of regioregular P3HT using the matlab code that uses equation  

2-1117. This model is used throughout the dissertation to deconvolute the P3HT spectra into the 

vibronic transitions arising due to the aggregates - crystalline ordered region (red) and the higher 

energy broad band amorphous region (green).  From this least square fitting calculations we get a 

W of 0.067 eV and a percentage aggregation of 63% which is calculated using equation 2-12 where 

1.39 is a factor used to normalize the absorption from the amorphous regions since bulk  of the 

absorption between 1.9 and 2.23eV is due to the aggregate region as mentioned earlier. 

 

%𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 = (
𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑟𝑒𝑔𝑖𝑜𝑛

𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝑟𝑒𝑔𝑖𝑜𝑛 + 𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑟𝑒𝑔𝑖𝑜𝑛 ∗ 1.39
) ∗ 100  

2-12 

 

The exciton bandwidth, W can also be calculated using an approximation from the 0-0 and 0-1 

vibronic absorption intensities as shown in equation 2-13 apart from using a more rigorous matlab 

least square fitting method described above13. 

 𝐴0−0

𝐴0−1
≈ (

1 − 0.24 𝑊 𝐸𝑃⁄

1 + 0.073 𝑊 𝐸𝑃⁄
)

2

 
 

2-13 

Where 𝐴0−0 and 𝐴0−1 are the absorption intensity values of the 0-0 and 0-1 transition peaks 

retrieved from the absorption data respectively. For the data in Figure 2.4-2 the approximate value 

of W calculated from equation 2-13 is 0.059 eV where the ratio of the 0-0/0-1 peak is ~0.8 i.e. H-

aggregate like.  
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2.4.3. Color Analysis: The CIE Coordinate System  

Organic semiconductors are increasingly being used in device applications such as solar windows 

and electrochromics because of their semitransparent device properties. These device applications 

use the synthetic tailorability of organic molecules which gives us control over their color 

properties. Hence, to be able to define the perception of color in these devices we need to (a) 

understand how the human eye perceives color and (b) be able to numerically quantify this color.   

The human eye is a visual detector that can perceive color only in the visible region of the entire 

electromagnetic spectra. The two light sensitive elements in the retina are the rods and cones. 

While the rods are mostly responsible for the night vision, cones are the ones that perceive color. 

These cones are said to perceive three sets of color sensitive elements namely the L, M and S cones 

which stand for long, medium and short wavelengths respectively. These three cones are 

approximated as the red, blue and green light wavelengths and then used in color matching 

functions as a standard observer to define the color coordinate system of perception. The visible 

light perceived by the human eye can be in most scenarios reflective or transmissive. This reflected 

or transmitted spectra 𝑆(𝜆) is then used to calculate color coordinates.  
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The  CIE L*a*b* coordinate system is used to reference the human eye response,  where L* defines 

lightness (L*=0 is pure black and L*=100 is white), a* the red/green value (+a* is redder while -

a* is greener) and b* the yellow/blue value (+b* is yellower and -b* is bluer) as seen in the 

Euclidean space in Figure 2.4-3 to mathematically describe color. This color coordinate system 

was defined by the International 

Commission on Illumination (CIE) in 1976 

to make the XYZ color coordinates 

designed in 1931 more perceptible and 

linear. The point where the a* and b* axes 

cross is at L*=50 which is pure balanced 

neutral grey (no saturation), a lightness 

value that a lot of solar windows aim for. 

Any shade of color can be triangulated on this coordinate system to a point. There are three terms 

that define color i.e hue, saturation and lightness. Hue is the colors we name i.e purple, green, 

orange etc while saturations is how pure it is in relation to the neutral grey i.e dark green or light 

green18.  

The coordinate system is defined by the following equations: 

  

Figure 2.4-3 : CIE L*a*b* color coordinate system 

representation on Euclidean plane 



72 

 

 

 

 

 

 

 

Where X, Y and Z are defined as follows: 

𝐿∗ = (116 √
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𝑌

𝑌𝑛

3

− √
𝑍

𝑍𝑛

3

) 

 

 

2-16 

X =
100

𝑁
∫ 𝑆(𝜆) 𝐼(𝜆) �̅�(𝜆) 𝑑𝜆

780

380
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𝑌 =
100

𝑁
∫ 𝑆(𝜆) 𝐼(𝜆) �̅�(𝜆) 𝑑𝜆
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380
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𝑍 =
100

𝑁
∫ 𝑆(𝜆) 𝐼(𝜆) �̅�(𝜆) 𝑑𝜆
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380

 

 

 

2-19 

𝑁 = ∫ 𝐼(𝜆) �̅�(𝜆) 𝑑𝜆
780

380
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And 𝑋𝑛 = 95.047, 𝑌𝑛 = 100 and 𝑍𝑛 = 108.883  are the white color reference point for a D65 

illuminant source. These values change depending on the illuminant in use.  �̅�(𝜆) , �̅�(𝜆) and  �̅�(𝜆)  

are the color matching functions  of the standard observer (red, blue and green) that quantify the 

color perception of the human eye, S(λ) is the transmitted or reflected light spectra while,I(λ) is 

the incident light illuminant spectra i.e that of D65 illuminant in most cases. 

2.5. FTIR Spectroscopy  

 Fourier Transform InfraRed (FTIR) spectroscopy uses the IR region divided into three parts: the 

high energy near IR (0.7-2.5 μm wavelength), the mid-

IR (2.5-25 μm wavelength) and the far IR (25-1000 μm 

wavelength). The mid-IR region is most commonly used 

in FTIR spectroscopy to look at the fundamental 

vibrational modes of molecular species. The FTIR 

spectrometer uses a Michelson Interferometer described 

below. The broadband IR light-source is incident onto 

the interferometer with a moving mirror (moving with a 

known velocity v in cm.s-1) that creates constructive and 

 

Figure 2.5-1: FTIR setup with a simple Michelson 

Interferometer shown in the box 
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destructive interference between the beams 1 and 2 in the instrument in Figure 2.5-1. The optical 

path difference also known as retardation (δ in cm) is defined as δ = 2(ON-OM) where the point 

M varies as the mirror moves. At the position of M where δ = 0 or nλ the two beams are in phase 

at the beam-splitter, constructive interference of the recombined beam occurs i.e all the source 

light intensity reaches the sample. When δ = nλ/2, destructive interference occurs i.e the beams 1 

and 2 are completely out of phase and no light intensity reaches the sample assuming no other 

losses.    

The detector placed after the sample measures an interferogram 𝑆(δ) which is the intensity of the 

transmitted beam as a function of retardation δ defined above. This measured interferogram is the 

Fourier transform of the transmitted spectra 𝐵(𝜈) as a function of wave number 𝜈 which is then 

computationally calculated using the Fourier transform equation i.e. 𝐵(𝜈) =

∫ 𝑆(δ) cos 2𝜋𝜈𝛿 𝑑𝛿
∞

0
= ℱ(𝑆(δ)) 19. 

The vibrational modes of these molecule are used to 

characterize the sample. A molecule can be considered 

as a harmonic oscillator (mass m connected to a spring 

with a spring constant k) with a characteristic 

frequency of vibration ν. The force constant of the 

bonds, mass of the atom and its geometry determines 

the frequency of vibration (or wavenumber) of the 

molecule that a standard IR spectrum is represented in. 

Molecules in any form of matter are in continuous 

motion. Each atom in a molecule in the three-

dimensional cartesian space can undergo translation, rotation and vibration. An N atom molecular 

Figure 2.5-2 : Molecular vibrational modes 

represented for a linear molecule :   (A) 

symmetric stretching  (B) anti-symmetric 

stretching; (C1) and (C2)  degenerate bending.   
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system in cartesian coordinates, is known to have 3 translational and 3 rotational  modes with a 

total of 3N degrees of freedom i.e having 3N-6 vibrational modes when N>2 while a linear 

molecule has 3 translational and 2 rotational modes i.e having 3N-5 vibrational modes in general.20 

The energy needed to excite these vibrational modes in an organic molecule lies in the infrared 

region (IR) of the electromagnetic spectra. IR spectroscopy is most widely used to investigate the 

chemical bonds and environment of functional groups in organic semiconductors which are 

equivalent to their molecular fingerprints 21. A bond can vibrate in several different ways (i.e 

stretching or bending type modes) but not all the vibrational modes are IR active. For example, for 

a simple linear molecule like CO2  as shown in Figure 2.5-2 there are a total of 4 vibrational modes 

(N=3 in 3N-5) with symmetric and antisymmetric stretching vibrational modes and two degenerate 

bending vibrational mode. In this molecule, the symmetric stretching mode ( Figure 2.5-2A) has a 

total dipole moment equal to zero at equilibrium and is considered IR inactive while the other 3 

modes are IR active. This is one of the simplest cases to understand how certain modes are IR 

inactive. 

In the course of understanding doping mechanisms in organic semiconductors, FTIR spectroscopy 

was used to look at the C≡N bond of the dopant molecule F4TCNQ which is known to be sensitive 

to the electronic environment. FTIR helps us quantify the degree of charge transfer between the 

polymer and the dopant. The C≡N bond in the neutral F4TCNQ molecule has been calculated to 

have four normal stretching vibrational modes namely b1u, b2u, b3g and ag as seen in Figure 2.5-3 

22. Of these, only two are IR active and can be observed in an FTIR measurement i.e the b2u and 

b1u vibrational modes (ref).  

Briefly, IR spectroscopy uses the mathematical formulation of group theory to classify these 

different vibrational modes. A set of possible vibrational modes of a molecule forms a group. More 
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specifically, when multiple symmetry operators 

are applied to the same molecule, they constitute a 

point group. F4TCNQ is known to have a point 

group D2h. The names given to each of the 

vibrational mode in a molecule indicate the use of a 

symmetry operator which is an operation when 

applied to a molecule brings it back to its original 

orientation/coordinates. For example, rotation of the 

benzene ring by 360 degrees on the axis 

perpendicular to its plane is a symmetry operator, but 

a 60 degree rotation is not23. In general there are five 

such symmetry operators namely: E (identity), i 

(inversion), σ (reflection), 𝐶𝑘
𝑛 (n-fold rotation), 𝑆𝑘

𝑛 

(n-fold rotation-refelction) that can be performed on a molecular structure. A permutation of these 

operators forms a point group. Once a point group of a molecule is identified, a characteristic table 

is used to describe the different translational, rotational and vibrational modes according to their 

symmetry operations and then helps us identify the modes that are IR active theoretically. In the 

case of the F4TCNQ molecule’s normal stretching vibrational modes (b1u, b2u, b3g and ag) defined; 

a and b indicate symmetric and antisymmetric vibrations with respect to the main axis of 

symmetry,  subscripts u and g indicate antisymmetric and symmetric vibration with respect to the 

center of symmetry of the molecule respectively as seen in the arrows indicated in Figure 2.5-3. 

The numbers (n =1,2,3 etc) indicate symmetric or antisymmetric vibration with respect to a 

rotation axis (Cn) or a rotation-reflection axis (Sn).  

Figure 2.5-3 : Normal stretching modes of the 

cyano bond in the neutral F4TCNQ molecule 

and their calculated frequencies  of which b2u 

and b1u are IR active  
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Once the vibrational modes of the dopant molecule are identified, they can be used to calculate the 

degree of charge transfer 𝛿 to the polymer matrix using equation 2-21 24–27. As the F4TCNQ 

interacts with the polymer matrix, there is a shift in the neutral strong b1u peak indicating formation 

of charged F4TCNQ species. The amount of charge transfer is calculated by this shift as in 

equation below 

 

𝛿 =
2∆𝑣

𝑣𝑜
[1 −

𝑣1
2

𝑣𝑜
2

]

−1

 

 

2-21 

Where 𝑣𝑜  and 𝑣1 denote the vibrational frequency of the neutral and charged species respectively 

and ∆𝑣 = 𝑣1 − 𝑣0. 

2.6. Electro-chemical Measurements  

Instrumentation and Electrolytes.  

A CH Instruments 920D potentiostat with a three-electrode setup consisting of the polymer (P3HT) 

film on ITO as the working electrode, bare ITO as the counter electrode (active electrode area of 

0.95 cm2), and an organic Ag/Ag+ reference electrode containing 10 mM AgNO3 (BASi) and 

0.1M TBAHFP in acetonitrile was used. Cyclic voltammetry was performed using this setup with 

electrolyte solutions consisting of 0.1 M TBAHFP in acetonitrile. A redox active species was 

added to this electrolyte system at a concentration of 10 mM ferrocene in 0.1M TBAHFP in 

acetonitrile.  

Density of States Calculations:  

From the CV of a polymer in an electrolyte, density of state ( 𝐷𝑂𝑆(𝐸)) of the polymer (working 

electrode) can be estimated as a function of electron energy by calculating Cµ i.e the chemical 
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capacitance (the potential-dependent ability to store charges via a Faradaic mechanism ) from the 

current density J as  

 
𝐶𝜇 =

−𝐽

𝜐
 

 

2-22 

               

where µ is the chemical potential and 𝜐 is the potential scan rate. Then  𝐷𝑂𝑆(𝐸) is then calculated 

as            

 
𝐷𝑂𝑆(𝐸) =

𝐶μ

𝑒2𝐴𝑑
=

𝐽

𝑒2𝜈𝑑
 

2-23 

 

where d is the film thickness, e is the charge on an electron and A is the area of the electrode. It is 

important to note that the DOS measured using cyclic voltammetry is not considered to be strictly 

electronic but includes the influence of ion intercalation. Similarly, the potential measured with 

respect to the reference electrode Ag/Ag+ can be converted to electron energy with respect to 

vacuum by assuming that a potential of 0 V versus a normal hydrogen electrode corresponds to an 

electron energy of −4.5 eV versus vacuum level; hence 0 V versus Ag/Ag+ correspond to −4.87 

eV versus vacuum level28 i.e  

 

𝐸 (𝑒𝑉 𝑣𝑠 𝑣𝑎𝑐𝑢𝑢𝑚) = −4.87 − 𝑉(𝑣𝑠 Ag/Ag+)   2-24 
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Density of States Simulation:  

 
𝐷𝑂𝑆𝑟𝑒𝑑 = 𝑐𝑟𝑒𝑑

1

√4𝜆𝑘𝑇
𝑒𝑥𝑝 (

−(𝐸 − 𝑒𝐸0 − 𝜆)2

4𝜆𝑘𝑇
) 

2-25 

 
𝐷𝑂𝑆𝑜𝑥 = 𝑐𝑜𝑥

1

√4𝜆𝑘𝑇
𝑒𝑥𝑝 (

−(𝐸 − 𝑒𝐸0 + 𝜆)2

4𝜆𝑘𝑇
) 

2-26 

The occupied and unoccupied states in the electrolyte can be simulated using the equations 2-25 

and 2-26. Origin’s fitting function builder was used to simulate this density of states curve for the 

electrolyte by making assumptions for the Fc/Fc+ redox species. Where λ is the reorganization 

energy (λ is assumed to be 0.5 eV for the Fc/Fc+ redox couple), E0 = -5.05 eV versus vacuum  is 

the standard reduction potential , 𝑐𝑟𝑒𝑑 (𝑐𝑜𝑥), is the bulk concentration of the reduced (oxidized) 

species ( assumption 𝑐𝑟𝑒𝑑 = 𝑐𝑜𝑥), k is boltzman constant and T is the room temperature, E was 

varied between -4 to -6eV with 1200 points between that range to simulate the density of states of 

the redox species in Chapter 3.  

Spectroelectrochemistry:  This technique uses 

spectroscopic (UV-Vis) and electrochemical methods 

(cyclic voltammetry) in tandem. This combination of 

techniques helps elucidate electron transfer reaction 

mechanisms occurring at the interfaces. Figure 2.6-1 

shows the schematic of the experimental setup where 

the working electrode is our organic thin film. In this 

work, we use the UV-Vis spectroscopy simultaneously as the organic semiconductor thin film is 

Figure 2.6-1 Schematic of the electrochemical  

cell with respect to the light source and detector 

in transmission mode. 
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electrochemically doped to primarily follow the electronic (neutral, polaron and bipolaronic 

features) and vibronic (0-0 and 0-1 transitions) signatures of P3HT to characterize their opto-

electronic and microstructural properties in-situ. Details of the spectroscopic analysis is given in 

section 2.4 above. 
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3. Controlling The Kinetics Of Charge Transfer Through Microstructure 

Of Polymer Electrodes 

This chapter is based on previously published work: Neelamraju, B.; Rudolph, M.; Ratcliff, E. L. 

Controlling the Kinetics of Charge Transfer at Conductive Polymer/Liquid Interfaces through 

Microstructure. J. Phys. Chem. C 2018, 122 (37), 21210–21215.  

3.1. Introduction 

Conductive polymer electrodes are low-cost, printable, and offer synthetically tunable chemical, 

optical, electronic, and physical properties. As such, conductive polymers have been investigated 

extensively for next generation flexible and printable electronic devices including field-effect 

transistors,1–4 photovoltaics,5–7 and thermoelectrics8,9. Most recently, a number of new 

electrochemical device architectures have emerged due to the unique hybrid electrical-ionic 

conduction mechanism of polymer semiconductors. Examples of electrochemical devices include 

supercapacitors,10–12 electrochromics,13,14 redox-flow batteries,15,16 chemical/biological sensors,17 

bioelectronics,18–20 and photo-electrochemical devices21,22. In these devices, the polymer is 

contacted with a liquid phase and charge transfer at the polymer/liquid interface plays a key role 

in device operation and conversion efficiency. Yet, the influence of the fabrication method and 

resulting microstructure of a polymer electrode on redox properties is often overlooked, despite 

well-established connections between polymer microstructure and electronic properties in the 

solid-state device community.  

 This work specifically considers the role of processing on the kinetics and reversibility of 

an electron transfer event between a conductive polymer electrode and an electrolyte redox 
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mediator. Our prior work established the potential-dependent rate of electron transfer can be 

predicted by the overlap in the polymer density-of states and redox probe density of states, 

demonstrating both a normal and inverted charge transfer regime.23 This work demonstrates the 

need to consider microstructure effects, not just redox potentials of monomer units, in electrode 

density of states design.  

Poly-3-hexylthiophene (P3HT) was chosen as a model polymer electrode, as the microstructure-

electronic property relationship is well-understood with respect to molecular weights and 

crystallinity for solid-state electron transport.24–29 In this effort, we compare two fabrication 

methods: electrodeposited P3HT (e-P3HT)30 and spin cast, regioregular P3HT (rr-P3HT). 

Electrochemical devices require additional consideration of film adhesion properties, as repetitive 

cycling between redox states can lead to delamination. Thus, the same materials developed for 

solid-state electronics may not be as applicable in electrochemical systems.  The e-P3HT electrode 

is ideally suited for electrochemical applications with improved adhesion properties and 

minimization of parasitic contact resistance between polymer and electrode surface due to the 

chemical bond between the polymer and underlying substrate.31  Additional advantages of 

electrodeposition include the possibility to control ion transport channels and elimination of 

impurities, as polymer synthesis and film formation are combined into a single step.  This work 

specifically considers the consequence of the electrodeposition method on the symmetry of the 

charge transfer event, relative to the rr-P3HT electrode.    

Through this study, we establish a direct link between the electronic and physical (microstructure) 

properties of a conductive polymer and the kinetic selectivity of electron transfer to a common 

redox mediator, ferrocene. The concept of kinetic selectivity is adopted from the lexicon 

established by the dye-sensitized solar cell community, whereby kinetic selectivity is used to 
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describe differences in rate constants.32 Selectivity is highly desirable for mixed potential photo-

electrochemical cells and interfaces targeting multi-electron transfer reactions or preferential 

charge transfer in the presence of numerous redox-active species.  We demonstrate that by 

changing the microstructure of the polymer, we change the electrochemical density of states 

(DOS). The DOS in turn alters the symmetry of the redox reaction - a new design principle for 

polymer electrodes. Our experimental effort is complemented with theory by the Marcus-

Gerischer model to predict the potential-dependent rate constants,23 the results of which could 

successively be used to design new materials and target specific micro- or nanostructures. More 

broadly, kinetic selectivity can enable new device architectures for improved performance and 

facilitate enhanced control over multi-electron transfer events or devices with multiple redox 

species.  

3.2. Microstructural Characterization Of Electrodes 

 For conductive polymers, the microstructure is highly interconnected to the electronic properties 

as discussed above.  Two fabrication methods were used: electrodeposited P3HT (e-P3HT)30 and 

spin cast, regioregular P3HT (rr-P3HT). Electrochemical devices require additional consideration 

of film adhesion properties, as repetitive cycling between redox states can lead to delamination. 

Thus, the same materials and processes developed for solid-state electronics may not be as 

Figure 3.2-1 2D GIWAXS plots for (a) rr P3HT and (b) electrodeposited P3HT and (c) One-dimensional GIWAXS 

plots with integrated cake slices along out-of-plane direction (qz). 
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applicable in electrochemical systems 

and vice versa.  The e-P3HT electrode 

is ideally suited for electrochemical 

applications with improved adhesion 

properties and minimization of 

parasitic contact resistance between 

polymer and electrode surface due to 

the chemical bond between the polymer and underlying substrate.31 Additional advantages of 

electrodeposition include the possibility to control ion transport channels and elimination of 

impurities, as polymer synthesis and film formation are combined into a single step. While the 

electrodeposition method is advantageous for adhesion, the microstructure is expected to deviate 

significantly from the ordered crystalline microstructure characteristic of rr-P3HT. GIWAXS was 

utilized to confirm clear differences in microstructure with processing. Figure 3.2-1A and B shows 

the two-dimensional GIWAXS plots of spin-cast rr-P3HTand e-P3HT films on indium tin 

oxide/glass substrates used for all electrochemical analysis respectively. In Figure 3.2-1A, rr-

P3HT shows an edge-on crystalline orientation with clear evidence for the (h00) planes, as labeled 

along the qz axis; the (010) plane is observed along the qxy direction as was discussed earlier.  

Conversely, in Figure 3.2-1B, the e-P3HT is amorphous in nature, as indicated by the presence of 

a broad halo-like feature.  Figure 3.2-1C provides the one-dimensional out-of-plane (qz) diffraction 

pattern for the two thin films. The d-spacing corresponding to the (100) peak of rr-P3HT was 

Figure 3.2-2 One-dimensional GIWAXS plots with integrated cake 

slices along the in-plane direction (qxy) for (A) rr-P3HT and (B) e-

P3HT 
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calculated to be 1.56nm,33 consistent with prior reports.26  For reference, the complementary in-

plane diffraction patterns (010) direction for both are shown  Figure 3.2-2, with a corresponding 

π-π stacking distance of 0.36 nm for rr-P3HT and the same broad halo for e-P3HT.                                                                                                                                                                 

The connection between different microstructures in Figure 3.2-1 and the respective electrode 

electronic states is made via the cyclic voltammograms of the rr-P3HT (solid red) and e-P3HT 

(dashed blue) polymer electrodes in inert electrolyte in Figure 3.2-3.31,34–36 The rr-P3HT has an 

oxidation current onset at ~0.0 V (indicated by the arrow) and a local maximum at as discussed 

earlier, at ~0.2 V, ascribed to conductivity in the sub-population of crystalline domains of smaller 

band gap and lower potential of oxidation onset37 while the peak at ~0.6 V has been attributed to 

domains with a shorter conjugation length and amorphous nature in rr-P3HT.35 Both regions show 

reversible redox behavior, as evident from the small separation in anodic and cathodic peak 

potentials. Relative to rr-P3HT, onset in oxidation is ~200 mV higher for the e-P3HT electrode 

which has no known subpopulation of aggregates. This higher onset voltages for oxidation for 

amorphous polymers are attributed to disorder that 

induces electronic localization and hinders charge 

transport.38 The e-P3HT also exhibits a broad anodic 

peak with a local maximum near 0.6 V and a shoulder 

at 0.4 V, both of which show clear reversibility, 

indicating favorable behavior in repetitive cycling 

measurements. The electron energy with respect to 

vacuum was estimated based on the assumption that a 

potential of 0 V vs. NHE corresponds to an electron 

Figure 3.2-3 Cyclic voltammograms for rr-

P3HT and e-P3HT collected in 0.1 M 

tetrabutylammonium hexafluorophosphate 

(TBAHFP) in acetonitrile at a scan rate of 100 

mV/s with respect to 10 mM Ag/AgNO3 non-

aqueous reference electrode. 
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energy of −4.5 eV vs. vacuum level,39 hence 0 V vs. Ag/Ag+ correspond to −4.87 eV vs. vacuum 

level. 

3.3. Density Of States (DOS) Calculations 

The microstructure-connected onset potentials of the two polymer electrodes are hypothesized to 

impact the heterogeneous rate constants of electron transfer through the established Marcus-

Gerischer model. The Marcus-Gerischer model describes the potential-dependent forward and 

backward rate constants (kf and kb) as being dependent on the overlap in the electronic densities of 

states (DOS) of polymer and redox species.23 The DOS for the two electrodes was estimated from 

the anodic currents in cyclic voltammetry, see Figure 3.3-1A.  Briefly, the DOS is derived from 

the current density (J), assumed to be exclusively due to the change in the concentration of holes 

p (in the form of polarons and bipolarons) as a function of chemical potential µ:  

 𝐽 = −𝜐𝑑𝑒2 𝑑𝑝

𝑑𝜇
 = −𝜐𝐶𝜇              3.1 

where d is the film thickness, e is the charge on an electron, 𝜐 is the potential scan rate, and Cµ is 

the chemical capacitance – the potential-dependent ability to store charges via a Faradaic 

mechanism.  The energy-dependent DOS(E) is directly related to Cµ of the polymer:   

 𝐷𝑂𝑆(𝐸) =
𝐶μ

𝑒2𝐴𝑑
=

𝐽

𝑒2𝜈𝑑
             3.2 

where A is the area of the electrode.40,41It is important to note that the DOS measured using cyclic 

voltammetry is not considered to be strictly electronic but includes the influence of ion 

intercalation.23 Further, the energy-dependent conductivity σ(E) is defined as : 
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 𝜎(𝐸) =  𝜇(𝐸) ∗ 𝑒 ∗ 𝑛(𝐸)             3.3 

where n(E) is the energy-dependent carrier density and µ(E) the is the energy-dependent mobility 

that can vary based on the concentration of polarons and bipolarons and e is the charge of an 

electron. Here, the carrier density n directly depends on the DOS according to42 

 𝑛(𝐸) = ∫ 𝑓(𝐸) ∙ 𝐷𝑂𝑆(𝐸)𝑑𝐸             3.4 

The Figure 3.3-1A shows the estimated distributions of states of the Fc/Fc+ redox couple, assuming 

a reorganization energy λ = 0.5 eV,43 a standard reduction potential of E0 = -5.05 eV versus 

vacuum44 and equal concentrations of Fc and Fc+. For both electrodes, there is good energetic 

overlap between polymer DOS and the ferrocene DOS, indicating a high electron transfer rate 

constant (and likewise rate) for oxidation i.e Fc → Fc+ + e-. In contrast, there is low overlap 

between either electrode DOS and the ferrocenium DOS. This qualitatively predicts an irreversible 

electron transfer event whereby the reduction pathway is impeded. For the harder-to-oxidize e-

P3HT, the overlap is negligible and thus, e-P3HT should be kinetically selective for Fc oxidation.  

For rr-P3HT, approximately 4% of total states overlap with Fc+ states, indicative of a reduction 

pathway is present.  
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3.4. Microstructure Impact On Kinetics 

The forward and backward reaction rate constants 𝑘𝑓 (reduction of Fc+) and 𝑘𝑏 (oxidation of Fc) 

(in cm/s) can be defined as 

 
𝑘𝑓 = 𝑘𝑡 ∫ 𝐷𝑂𝑆(𝐸) (1 − 𝐹(𝐸, 𝐸𝑓)) 𝑒𝑥𝑝 (

−(𝐸−𝑒𝐸0−𝜆)
2

4𝜆𝑘𝑇
)

𝐸
𝑑𝐸           

3.5 

where kt is a time constant (in cm4s-1) usually credited to the probability of electronic tunnelling, 

F(E,Ef) is the Fermi-Dirac distribution function, Ef is the Fermi level in the electrode, and the 

 
𝑘𝑏 = 𝑘𝑡 ∫ 𝐷𝑂𝑆(𝐸)𝐹(𝐸, 𝐸𝑓)𝑒𝑥𝑝 (

−(𝐸−𝑒𝐸0+𝜆)
2

4𝜆𝑘𝑇
)

𝐸
𝑑𝐸            

3.6 

Figure 3.3-1(A) DOS of e-P3HT and rr-P3HT films derived from the experimental oxidation currents in cyclic 

voltammetry (left) next to simulated distributions of ferrocene and ferrocenium states (right). The horizontal lines indicate 

the onset of polymer DOS in relation to the distribution of states in the electrolyte. (B) Estimation of the forward and 

backward reaction rate constants using the Marcus-Gerischer model. The dashed line indicates the standard reduction 

potential of the Fc/Fc+ redox couple. 
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exponential term contains the Boltzmann constant k and the temperature T.  Figure 3.3-1 B shows 

the potential-dependent kf and kb simulated using Equations 3.5 and 3.6. 

The calculated rate constants in Figure 3.3-1 B confirms the qualitative trend of irreversibility for 

the two electrodes suggested by the electronic overlap of the DOS between the electrodes and the 

redox species in Figure 3.3-1 A . In particular (1) Backwards rate constant kb (oxidation) is higher 

than kf (reduction) at similar over-potentials for both e-P3HT and rr-P3HT electrodes that 

corresponds to the significant DOS overlap between the electrodes and the ferrocene DOS and  (2) 

The maximum kf value for rr-P3HT is significantly higher than that for e-P3HT implying there 

exists a reduction pathway for the rr-P3HT electrode i.e Fc+ + e- → Fc 

Hence, the ~4% DOS overlap due to the sub-population of aggregates between the rr-P3HT and 

Fc+ shown in Figure 3.3-1A as the red shaded region allows a pathway for significant rate of 

reduction if Fc+ diffuses to these corresponding electronic sites on the rr-P3HT electrode. This 

conclusion is especially important in the context of competition between kinetics and mass transfer 

that are known to govern the reaction rate and current at the electrodes. For reference, a current 

density on the order of 100 µA/cm2 (as in our case) would require kf ~ 1x10-4 cm/s or higher for 

the system to be mass transfer-limited.  Hence here, we predict Fc+ reduction is mass transfer-

limited at potentials cathodic of ~0.15 V for the rr-P3HT electrode, whereas it will be kinetically 

limited at all potentials for the e-P3HT electrodes which has kf values lower than 1x10-4 cm/s in 

the whole doping potential range in Figure 3.3-1B. 
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  We also note a second important conclusion 

from Figure 3.3-1 B.  Our simulation predicts a 

change in the equilibrium potential – the 

potential at which the forward and backward 

reaction rates are equivalent – as a function of 

microstructure. For the rr-P3HT system, the 

equilibrium potential is equivalent to the 

standard reduction potential of Fc/Fc+, an 

indication of the reversibility for Fc/Fc+ 

reactions.  However, the simulation predicts an 

anodic shift in the equilibrium potential by ~50 

mV for the e-P3HT/Fc system, based entirely on rate constants and ignoring mass transport effects. 

Thus, we would also expect a shift in peak potentials, with e-P3HT having a more anodic peak 

potential than rr-P3HT. However experimentally, anodic peak shifts are directly dependent on scan 

rate. 

The cyclic voltammograms of the polymer electrodes with redox species i.e ferrocene electrolyte 

are shown in Figure 3.4-2. As predicted by the simulation in Figure 3.3-1B, e-P3HT electrode 

demonstrates clear kinetic selectivity for Fc oxidation, as indicated by the irreversible anodic 

current wave. We also observe a 100 mV shift in the anodic peak potential of e-P3HT relative to 

the rr-P3HT indicated by the arrow; the magnitude of this shift is scan rate dependent (discussed 

below in Figure 3.5-1). Conversely, the rr-P3HT electrode exhibits quasi-reversible behavior i.e 

the anodic wave is larger than the cathodic wave, as predicted by the same kinetic model. 

Figure 3.4-2 Experimental cyclic voltammogram of 

ferrocene (10 mM) in 0.1M TBAHFP with 

electrodeposited and regioregular P3HT electrodes; scan 

rate 10 mV/s.  
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3.5.  Mass Transport Considerations 

In addition to kinetic factors, mass transport must also be considered when reaction rate and current 

at electrodes is being discussed. While measurement of potential-dependent rate constants kf and 

kb is beyond the scope of this work, experimental verification of the mass transfer-limited behavior 

of the rr-P3HT/ferrocene system is given in Figure 3.5-1 i.e the scan rate dependence of the 

P3HT/ferrocene system for rr-P3HT and e-P3HT. From the calculation in Figure 3.3-1 using the 

rate constant values, we said that the e-P3HT is mostly kinetically limited throughout the potential 

Figure 3.5-1 Scan rate-dependence of Fc/Fc+ redox activity on (a) rr-P3HT and (b) e-P3HT. (c) Scan-rate 

dependence of:    anodic peak potentials on rr-P3HT (□) and first (♦) and second (+) scans on e-PH3HT; cathodic 

peak potentials for rr-P3HT (●); and difference in anodic and cathodic peak potentials (ΔEpeak) for Fc/Fc+ redox 

activity on rr-P3HT (▲).  (d) Square root of scan rate dependence of cathodic peak currents of rr-P3HT (●); and 

andodic peaks currents of rr-P3HT (□) and first (♦) and second (+) scans on e-P3HT.    
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range while the rr-P3HT is mass transfer limited cathodic of ~0.15V. Here, in Figure 3.5-1 the 

anodic peak current (ip) and their peak potential separation (ΔEp) are the two values used to discern 

if the mass transfer affects the electrochemical reaction at the electrodes. Figure 3.5-1 C provides 

the scan-rate dependence of the anodic and cathodic peak potentials, where the ΔEp is diagnostic 

of the rate constant. Here we observed minimal change in ΔEp (black) with scan rate for the rr-

P3HT electrode, indicating mass transfer limits exist for this microstructure corroborating our 

estimations from the calculated rate constant values in the previous section. Figure 3.5-1D shows 

the peak current density (ip) for both the anodic and cathodic waves versus the square root of the 

scan-rate. These results correlate with Figure 3.5-1C, in that we observe a linear relationship 

between peak currents and the square root of the scan rate, although given the low scan rates 

considered, this is less diagnostic of mass transfer limitations, as we are effectively sampling in a 

semi-infinite linear diffusion regime.  

It should additionally be noted that spatial heterogeneity effects cannot be observed in the current 

density, which is an average reaction rate over the electrode area. For conductive polymers, spatial 

heterogeneities occur at micro- and nano-length scales. Specifically, rr-P3HT is composed of small 

(~10-30 nm) crystallites separated by amorphous domains, as probed by STM imaging.45,46We 

hypothesize that the 4% of electronic density of states 

of the rr-P3HT able to reduce Fc+ are the sub-

populations in the crystalline domains that are easier to 

oxidize causing conformational changes and are 

spatially dispersed over the entire electrode area. Figure 

3.5-2 shows the interpretation of the rr-P3HT system as 

an array of nano-electrodes or electrochemical 

Figure 3.5-2 Interpretation of the rr-

P3HT/electrolyte system showing reduction of 

Fc+ only by the crystalline region (Courtesy of 

Melanie Rudolph). 
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“hotspots,” hypothesized to be the sub-population in the crystalline regions.  If we assume that the 

crystallite has a uniform rate constant, the rate is then enhanced at the boundary between the 

crystallite and the amorphous domain due to a higher concentration gradient.  This factor could be 

leveraged in future design of polymer electrodes, although one major limitation continues to be 

the ability to characterize mechanisms at nanometer length scales in electrochemical systems. 

Additionally, we note that the crystallite dimensions are well below that of the double layer, which 

could induce unique transport behaviors that extend beyond the classical description.    

 

3.6. Conclusion 

In conclusion, this chapter establishes a new design framework for predicting kinetics of electron 

transfer events at the polymer/electrolyte interface using the Marcus-Gerischer model. Our results 

clearly indicate that despite the same chemical composition, the kinetic behavior is highly 

dependent on microstructure-electronic property relationships that cannot be ignored in future 

polymer electrode design. In addition to synthetic design principles, future work will need to focus 

on the systematic control of microstructural domains and quantification of observed spatial 

heterogeneity, with direct connection to chemical, electronic, and physical structure. This 

investigation of structure-property relationships governing charge transfer and transport 

necessitates complementary approaches beyond classic electrochemistry techniques to connect the 

molecular and nanoscale structures.  

 



96 

 

3.7.  References 

(1)  Sirringhaus, H. 25th Anniversary Article: Organic Field-Effect Transistors: The Path 

Beyond Amorphous Silicon. Adv. Mater. 2014, 26 (9), 1319–1335. 

https://doi.org/10.1002/adma.201304346. 

(2)  Bittle, E. G.; Basham, J. I.; Jackson, T. N.; Jurchescu, O. D.; Gundlach, D. J. Mobility 

Overestimation Due to Gated Contacts in Organic Field-Effect Transistors. Nat Commun 

2016, 7 (1), 1–7. https://doi.org/10.1038/ncomms10908. 

(3)  Dong, H.; Fu, X.; Liu, J.; Wang, Z.; Hu, W. 25th Anniversary Article: Key Points for High-

Mobility Organic Field-Effect Transistors. Adv. Mater. 2013, 25 (43), 6158–6183. 

https://doi.org/10.1002/adma.201302514. 

(4)  Giovannitti, A.; Sbircea, D.-T.; Inal, S.; Nielsen, C. B.; Bandiello, E.; Hanifi, D. A.; Sessolo, 

M.; Malliaras, G. G.; McCulloch, I.; Rivnay, J. Controlling the Mode of Operation of 

Organic Transistors through Side-Chain Engineering. PNAS 2016, 201608780. 

https://doi.org/10.1073/pnas.1608780113. 

(5)  Mateker, W. R.; McGehee, M. D. Progress in Understanding Degradation Mechanisms and 

Improving Stability in Organic Photovoltaics. Advanced Materials 2017, 29 (10), 1603940. 

https://doi.org/10.1002/adma.201603940. 

(6)  McDowell, C.; Abdelsamie, M.; Toney, M. F.; Bazan, G. C. Solvent Additives: Key 

Morphology-Directing Agents for Solution-Processed Organic Solar Cells. Advanced 

Materials 0 (0), 1707114. https://doi.org/10.1002/adma.201707114. 

(7)  Schmidt, K.; Tassone, C. J.; Niskala, J. R.; Yiu, A. T.; Lee, O. P.; Weiss, T. M.; Wang, C.; 

Fréchet, J. M. J.; Beaujuge, P. M.; Toney, M. F. A Mechanistic Understanding of Processing 

Additive-Induced Efficiency Enhancement in Bulk Heterojunction Organic Solar Cells. 

Adv. Mater. 2014, 26 (2), 300–305. https://doi.org/10.1002/adma.201303622. 

(8)  Fang, H.; Popere, B. C.; Thomas, E. M.; Mai, C.-K.; Chang, W. B.; Bazan, G. C.; Chabinyc, 

M. L.; Segalman, R. A. Large-Scale Integration of Flexible Materials into Rolled and 

Corrugated Thermoelectric Modules. Journal of Applied Polymer Science 2017, 134 (3). 

https://doi.org/10.1002/app.44208. 

(9)  Kiefer, D.; Yu, L.; Fransson, E.; Gómez, A.; Primetzhofer, D.; Amassian, A.; Campoy-

Quiles, M.; Müller, C. A Solution-Doped Polymer Semiconductor:Insulator Blend for 

Thermoelectrics. Advanced Science 2017, 4 (1), 1600203. 

https://doi.org/10.1002/advs.201600203. 

(10)  Österholm, A. M.; Ponder, J. F.; Kerszulis, J. A.; Reynolds, J. R. Solution Processed 

PEDOT Analogues in Electrochemical Supercapacitors. ACS Appl. Mater. Interfaces 2016, 

8 (21), 13492–13498. https://doi.org/10.1021/acsami.6b02434. 



97 

 

(11)  DiCarmine, P. M.; Schon, T. B.; McCormick, T. M.; Klein, P. P.; Seferos, D. S. Donor–

Acceptor Polymers for Electrochemical Supercapacitors: Synthesis, Testing, and Theory. J. 

Phys. Chem. C 2014, 118 (16), 8295–8307. https://doi.org/10.1021/jp5016214. 

(12)  Liu, T.; Finn, L.; Yu, M.; Wang, H.; Zhai, T.; Lu, X.; Tong, Y.; Li, Y. Polyaniline and 

Polypyrrole Pseudocapacitor Electrodes with Excellent Cycling Stability. Nano Lett. 2014, 

14 (5), 2522–2527. https://doi.org/10.1021/nl500255v. 

(13)  Mortimer, R. J.; Dyer, A. L.; Reynolds, J. R. Electrochromic Organic and Polymeric 

Materials for Display Applications. Displays 2006, 27 (1), 2–18. 

https://doi.org/10.1016/j.displa.2005.03.003. 

(14)  Padilla, J.; Österholm, A. M.; Dyer, A. L.; Reynolds, J. R. Process Controlled Performance 

for Soluble Electrochromic Polymers. Solar Energy Materials and Solar Cells 2015, 140, 

54–60. https://doi.org/10.1016/j.solmat.2015.03.018. 

(15)  Janoschka, T.; Martin, N.; Martin, U.; Friebe, C.; Morgenstern, S.; Hiller, H. An Aqueous, 

Polymer-Based Redox-Flow Battery Using Non-Corrosive, Safe, and Low-Cost Materials. 

Nature 2015, 527 (7576), 78+. 

(16)  Winsberg, J.; Hagemann, T.; Muench, S.; Friebe, C.; Häupler, B.; Janoschka, T.; 

Morgenstern, S.; Hager, M. D.; Schubert, U. S. Poly(Boron-Dipyrromethene)—A Redox-

Active Polymer Class for Polymer Redox-Flow Batteries. Chem. Mater. 2016, 28 (10), 

3401–3405. https://doi.org/10.1021/acs.chemmater.6b00640. 

(17)  Lin, P.; Yan, F. Organic Thin-Film Transistors for Chemical and Biological Sensing. 

Advanced Materials 2012, 24 (1), 34–51. https://doi.org/10.1002/adma.201103334. 

(18)  Jonsson, A.; Song, Z.; Nilsson, D.; Meyerson, B. A.; Simon, D. T.; Linderoth, B.; Berggren, 

M. Therapy Using Implanted Organic Bioelectronics. Science Advances 2015, 1 (4), 

e1500039. https://doi.org/10.1126/sciadv.1500039. 

(19)  Rivnay, J.; Owens, R. M.; Malliaras, G. G. The Rise of Organic Bioelectronics. Chem. 

Mater. 2014, 26 (1), 679–685. https://doi.org/10.1021/cm4022003. 

(20)  Someya, T.; Bao, Z.; Malliaras, G. G. The Rise of Plastic Bioelectronics. Nature 2016, 540 

(7633), 379–385. https://doi.org/10.1038/nature21004. 

(21)  Chowdhury, P.; Fortin, P.; Suppes, G.; Holdcroft, S. Aqueous Photoelectrochemical 

Reduction of Anthraquinone Disulfonate at Organic Polymer Films. Macromolecular 

Chemistry and Physics 2016, 217 (10), 1119–1127. 

https://doi.org/10.1002/macp.201500440. 

(22)  Sprick, R. S.; Bonillo, B.; Clowes, R.; Guiglion, P.; Brownbill, N. J.; Slater, B. J.; Blanc, 

F.; Zwijnenburg, M. A.; Adams, D. J.; Cooper, A. I. Visible-Light-Driven Hydrogen 

Evolution Using Planarized Conjugated Polymer Photocatalysts. Angew. Chem. Int. Ed. 

Engl. 2016, 55 (5), 1792–1796. https://doi.org/10.1002/anie.201510542. 



98 

 

(23)  Rudolph, M.; Ratcliff, E. L. Normal and Inverted Regimes of Charge Transfer Controlled 

by Density of States at Polymer Electrodes. Nature Communications 2017, 8 (1), 1048. 

https://doi.org/10.1038/s41467-017-01264-2. 

(24)  Roehling, J. D.; Arslan, I.; Moulé, A. J. Controlling Microstructure in Poly(3-

Hexylthiophene) Nanofibers. J. Mater. Chem. 2012, 22 (6), 2498–2506. 

https://doi.org/10.1039/C2JM13633C. 

(25)  Jimison, L. H.; Himmelberger, S.; Duong, D. T.; Rivnay, J.; Toney, M. F.; Salleo, A. 

Vertical Confinement and Interface Effects on the Microstructure and Charge Transport of 

P3HT Thin Films. Journal of Polymer Science Part B: Polymer Physics 2013, 51 (7), 611–

620. https://doi.org/10.1002/polb.23265. 

(26)  Salleo, A.; Kline, R. J.; DeLongchamp, D. M.; Chabinyc, M. L. Microstructural 

Characterization and Charge Transport in Thin Films of Conjugated Polymers. Adv. Mater. 

2010, 22 (34), 3812–3838. https://doi.org/10.1002/adma.200903712. 

(27)  Rivnay, J.; Mannsfeld, S. C. B.; Miller, C. E.; Salleo, A.; Toney, M. F. Quantitative 

Determination of Organic Semiconductor Microstructure from the Molecular to Device 

Scale. Chem. Rev. 2012, 112 (10), 5488–5519. https://doi.org/10.1021/cr3001109. 

(28)  Jacobs, I. E.; Aasen, E. W.; Oliveira, J. L.; Fonseca, T. N.; Roehling, J. D.; Li, J.; Zhang, 

G.; Augustine, M. P.; Mascal, M.; Moulé, A. J. Comparison of Solution-Mixed and 

Sequentially Processed P3HT:F4TCNQ Films: Effect of Doping-Induced Aggregation on 

Film Morphology. J. Mater. Chem. C 2016, 4 (16), 3454–3466. 

https://doi.org/10.1039/C5TC04207K. 

(29)  Schmatz, B.; Yuan, Z.; Lang, A. W.; Hernandez, J. L.; Reichmanis, E.; Reynolds, J. R. 

Aqueous Processing for Printed Organic Electronics: Conjugated Polymers with Multistage 

Cleavable Side Chains. ACS Cent. Sci. 2017, 3 (9), 961–967. 

https://doi.org/10.1021/acscentsci.7b00232. 

(30)  L. Jenkins, J.; A. Lee, P.; W. Nebesny, K.; L. Ratcliff, E. Systematic Electrochemical 

Oxidative Doping of P3HT to Probe Interfacial Charge Transfer across Polymer–Fullerene 

Interfaces. Journal of Materials Chemistry A 2014, 2 (45), 19221–19231. 

https://doi.org/10.1039/C4TA04319G. 

(31)  Ratcliff, E. L.; Jenkins, J. L.; Nebesny, K.; Armstrong, N. R. Electrodeposited, “Textured” 

Poly(3-Hexyl-Thiophene) (e-P3HT) Films for Photovoltaic Applications. Chemistry of 

Materials 2008, 20 (18), 5796–5806. https://doi.org/10.1021/cm8008122. 

(32)  Ratcliff, E. L.; Zacher, B.; Armstrong, N. R. Selective Interlayers and Contacts in Organic 

Photovoltaic Cells. J. Phys. Chem. Lett. 2011, 2 (11), 1337–1350. 

https://doi.org/10.1021/jz2002259. 

(33)  Oosterhout, S. D.; Savikhin, V.; Zhang, J.; Zhang, Y.; Burgers, M. A.; Marder, S. R.; Bazan, 

G. C.; Toney, M. F. Mixing Behavior in Small Molecule:Fullerene Organic Photovoltaics. 

Chem. Mater. 2017, 29 (7), 3062–3069. https://doi.org/10.1021/acs.chemmater.7b00067. 



99 

 

(34)  Leclerc, M.; Diaz, F. M.; Wegner, G. Structural Analysis of Poly(3-Alkylthiophene)s. Die 

Makromolekulare Chemie 1989, 190 (12), 3105–3116. 

https://doi.org/10.1002/macp.1989.021901208. 

(35)  Skompska, M.; Szkurłat, A. The Influence of the Structural Defects and Microscopic 

Aggregation of Poly(3-Alkylthiophenes) on Electrochemical and Optical Properties of the 

Polymer Films: Discussion of an Origin of Redox Peaks in the Cyclic Voltammograms. 

Electrochimica Acta 2001, 46 (26–27), 4007–4015. https://doi.org/10.1016/S0013-

4686(01)00710-1. 

(36)  Trznadel, M.; Pron, A.; Zagorska, M.; Chrzaszcz, R.; Pielichowski, J. Effect of Molecular 

Weight on Spectroscopic and Spectroelectrochemical Properties of Regioregular Poly(3-

Hexylthiophene). Macromolecules 1998, 31 (15), 5051–5058. 

https://doi.org/10.1021/ma970627a. 

(37)  Sweetnam, S.; Graham, K. R.; Ngongang Ndjawa, G. O.; Heumüller, T.; Bartelt, J. A.; 

Burke, T. M.; Li, W.; You, W.; Amassian, A.; McGehee, M. D. Characterization of the 

Polymer Energy Landscape in Polymer:Fullerene Bulk Heterojunctions with Pure and 

Mixed Phases. Journal of the American Chemical Society 2014, 136 (40), 14078–14088. 

https://doi.org/10.1021/ja505463r. 

(38)  Noriega, R.; Rivnay, J.; Vandewal, K.; Koch, F. P. V.; Stingelin, N.; Smith, P.; Toney, M. 

F.; Salleo, A. A General Relationship between Disorder, Aggregation and Charge Transport 

in Conjugated Polymers. Nature Materials 2013, 12 (11), 1038–1044. 

https://doi.org/10.1038/nmat3722. 

(39)  Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and Applications; 

Wiley, 2000. 

(40)  Bisquert, J.; Garcia-Belmonte, G.; Garcı́a-Cañadas, J. Effects of the Gaussian Energy 

Dispersion on the Statistics of Polarons and Bipolarons in Conducting Polymers. The 

Journal of Chemical Physics 2004, 120 (14), 6726–6733. 

https://doi.org/10.1063/1.1665781. 

(41)  Garcia-Belmonte, G.; Vakarin, E. V.; Bisquert, J.; Badiali, J. P. Doping-Induced Broadening 

of the Hole Density-of-States in Conducting Polymers. Electrochimica Acta 2010, 55 (21), 

6123–6127. https://doi.org/10.1016/j.electacta.2009.08.019. 

(42)  Pomerantz, Z.; Zaban, A.; Ghosh, S.; Lellouche, J.-P.; Garcia-Belmonte, G.; Bisquert, J. 

Capacitance, Spectroelectrochemistry and Conductivity of Polarons and Bipolarons in a 

Polydicarbazole Based Conducting Polymer. Journal of Electroanalytical Chemistry 2008, 

614 (1), 49–60. https://doi.org/10.1016/j.jelechem.2007.11.005. 

(43)  Morisaki, H.; Nishikawa, A.; Ono, H.; Yazawa, K. Electronic State Densities of Ferrocene 

and Anthracene in Nonaqueous Solvents Determined by Electrochemical Tunneling 

Spectroscopy. J. Electrochem. Soc. 1990, 137 (9), 2759–2763. 

https://doi.org/10.1149/1.2087067. 



100 

 

(44)  Memming, R. Semiconductor electrochemistry 

http://www.books24x7.com/marc.asp?bookid=80702. 

(45)  Hugger, S.; Thomann, R.; Heinzel, T.; Thurn-Albrecht, T. Semicrystalline Morphology in 

Thin Films of Poly(3-Hexylthiophene). Colloid Polym Sci 2004, 282 (8), 932–938. 

https://doi.org/10.1007/s00396-004-1100-9. 

(46)  Grévin, B.; Rannou, P.; Payerne, R.; Pron, A.; Travers, J.-P. Scanning Tunneling 

Microscopy Investigations of Self-Organized Poly(3-Hexylthiophene) Two-Dimensional 

Polycrystals. Advanced Materials 2003, 15 (11), 881–884. 

https://doi.org/10.1002/adma.200304580. 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

4 Electrochemical Doping Of Poly(3-hexylthiophene) (P3HT) 

Electrodes 

This chapter is based on previously published work:  Harris, J. K.; Neelamraju, B.; Ratcliff, E. L. 

Intersystem Subpopulation Charge Transfer and Conformational Relaxation Preceding in Situ 

Conductivity in Electrochemically Doped Poly(3-Hexylthiophene) Electrodes. Chem. Mater. 2019, 

31 (17), 6870–6879. 

Chapter 3 focused on establishing a new design criterion to control the charge transfer at the 

polymer electrode/electrolyte interface by controlling the microstructure using two different 

processing methods. We showed that there exists an electronic structure – microstructure co-

relation using the DOS approximation at this interface which can be used to design new polymer 

electrodes for various applications. This chapter focuses on understanding the hybrid electron-ion 

transport associated with the electrochemical doping mechanism of the semi-crystalline polymer 

electrode and its intimate connection to the heterogenous microstructure of semicrystalline rr-

P3HT. 

4.1 Introduction  

Conductive polymers hold exceptional promise as active layer elements in next-generation 

electrochemical devices due to the versatility of (opto)-electronic and redox properties afforded 

through synthesis.  Examples include electrochromics,1 ionic-organic ratchets,2 thermo-galvanic 

cells,3 redox-flow batteries,4 and molecular catalysis.5,6 Central to the functionality of many 

electrochemical devices is the ability of conductive polymers to conduct both electrons and ions, 

a unique hybrid transport property which has been leveraged for a number of new device 



102 

 

architectures.  One example is organic electrochemical transistors (OECTs),7 where the hybrid 

electrical-ionic conduction enables high sensitivity via high transconductance, even at gate bias 

potentials of 0V.8 The hybrid electronic-ionic conduction is especially important in high ionic 

strength biological fluids such as sweat, where typical inorganic semiconductors are plagued by 

sensitivity loss due to Coulombic shielding of interfacial capacitance.9,10  Another biological 

application is the organic electron ion pump, where bias control is used to transport ions such as 

K+ or Ca+2 ions between reservoirs.11 Applications can include local stimulation for cell 

communication and drug delivery.12 In energy conversion, the hybrid electrical-ionic conduction 

mechanism has been shown to greatly influence the potential-dependent charge transfer rate 

constant to redox-active molecules in solution.6 

Despite these advances, major knowledge gaps exist in understanding the molecule-level 

composition and structure controlling the collective charge transport in conductive 

polymer/electrolyte systems. The two types of charge transport have competing design criteria. 

Electrical transport requires a compact, well-ordered structure to ensure good π-π stacking, which 

promotes delocalization of charge carriers with both high mobility and high conductivity. Ionic 

transport requires a more relaxed, amorphous structure which promotes swelling and free volume 

for fast electro-migration.  Yet the two transport phenomena are highly interconnected; counterions 

are necessary to support increases in electronic charge density (1016 to 1021 cm-3) via 

electrochemical doping.13  The electrochemical doping efficiency - number of carriers generated 

per voltage step – is closely associated with the potential-dependent DOS, which is reflective of 

interconnected properties including the redox potentials of the monomeric building blocks,14 the 

nature of the charge and the ability of the bonds to reorganize to support the charge,15 electrolyte 

effects including both counterion and the ability of the polymer to swell in particular solvents,16,17 
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interchain packing due to the presence of side chains,18 and the underlying microstructure and 

conjugation lengths.19  Collectively, these molecular structure factors can produce a heterogeneous 

electrochemical potential landscape of sub-populations with distinctive contributions to charge 

transfer, charge transport, and ultimately, device efficiency through a balance of both kinetic and 

thermodynamic principles.  

For example, in Chapter 3, using a redox molecule with an oxidation potential at the onset of 

polymer DOS, we demonstrated that reversible charge transfer occurs through only 4% of 

electroactive sites in a crystalline system while an amorphous system was found to exhibit 

irreversible charge transfer.5  This sub-population of highly electrochemical active sites was 

attributed to a small fraction of the nanocrystallite population with the lowest onset in oxidation 

potential.  

 Investigations of structure-property relationships governing charge transfer and transport 

necessitate complementary approaches beyond classic electrochemistry techniques to connect 

between molecular and nanoscale structures. Most critically in semicrystalline polymeric systems, 

models describing properties must obey electrochemical laws and are subject to the structure and 

morphology of the polymer. In this work, we use a combination of in situ spectroelectrochemical 

and transport measurements to investigate electrochemical doping in the model system of high 

molecular weight, regioregular poly-3-heyxlthiophne (P3HT). We demonstrate the electronic 

resolution of two sub-populations associated with local microstructure, with ~20% of the 

electrochemical active volume acting as charge nucleation sites.  These nucleation sites are 

responsible for the majority of the observed carrier density increase (1017 to 1020 carriers/cm3) at 

low oxidation potentials.  Furthermore, our in situ approach allows for simultaneous monitoring 

of carrier density and structural relaxation processes in the polymer at potentials where 
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electrochemical measurement of conductivity is prohibited due to non-Faradaic background 

currents in an OECT configuration.   

 The electrochemical methodologies are complimented with comparisons using 

conventional solid-state transport measurements, x-ray scattering, and photoelectron spectroscopy.  

This collective tool suite allows us to distinguish between potential-dependent relaxation and 

volumetric swelling mechanisms as the electrode transitions from a two-dimension compact layer 

to a three-dimensional film of volumetric electrochemically active sites. We observe a small carrier 

density window resulting in structural reversion of intrachain dominance (J-like aggregates) back 

to interchain dominance (H-like aggregates) at potentials where bipolaron formation in the 

nanocrystallites occurs.  The repulsive forces between charges can be reduced by charges forming 

in the harder to oxidize amorphous sub-population.  This structural reversion precedes the 

formation of free volume in the crystallites due to the forced entrance of counterions and occurs at 

the onset of measurable conductivity. Collectively our results provide new insights into the 

structural transformations that arise during electrochemical doping in mixed electrochemical 

potential systems.  Specifically, we emphasize the consideration of the formation of nuclei of 

oxidized material which undergo a structural relaxation prior to opening of the polymeric structure 

for complete diffusion of ions as a critical structure-property relationship for understanding 

polymer/electrolyte interfaces.   

4.2  Control Of Hole Density Using Electrochemical Oxidative Doping. 

The redox properties of high molecular weight, regioregular P3HT have been described in the  

literature5,20,21 and can be characterized using cyclic voltammetry, as shown in Figure 4.2-1A.  

Briefly, the semi-crystalline polymer is comprised of both amorphous and crystalline domains.22 



105 

 

The difference in interchain packing and disorder translates into unique chemical potential 

environments or sub-populations that are electronically resolved. In Figure 4.2-1A, the local 

maximum at ∼0.2 V is attributed to the easier to oxidize aggregated crystalline domains of smaller 

band gap and a larger conjugation length while the peak at ∼0.6 V is related to domains with a 

shorter conjugation length and amorphous regions of P3HT.23 Integration of the relative peak areas 

provides an estimation of ~20% of the electroactive volume ascribed to the easier to oxidize sub-
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population.  We emphasize that Clark et. al.24 showcase a range of aggregation percentages from 

35%-45% for P3HT films in various solvents, the estimations from Figure 4.2-1A are reflective of 

only electrochemically active regions of the total polymer electrode volume.   

Figure 4.2-1 (A) Cyclic voltammogram of high molecular weight, regioregular P3HT film  at a scan rate of 10 mV/s 0.1M 

TBAHFP in acetonitrile versus 10 mM Ag/Ag+.  (B) Potential-dependent density of states (blue) and charge carrier 

concentration (red, carriers/cm3). A charge carrier concentration of 10-5 holes/monomer is equivalent to 4x1016 and 10-1 

holes/monomer approximates 4x1020 charges/cm3.  Dashed lines indicate the theoretical limit of polaron formation (~0.3 

holes/monomer) and bipolaron formation (~0.4 holes/monomer) respectively. (C) In situ differential absorption of P3HT 

electrode as a function of potential.  Inset is the raw data at neutral (black), 0.6V (green), and 1.0 V (blue).  (D) Changes in 

the nature of the charge carrier  as a function of applied potential, where 0-1 transition corresponds to 560 nm (2.2 eV), the 

polaronic signature is 820 nm (1.5 eV) and the bipolaronic signature is 1030 nm (1.2 eV). (Courtesy of Jonathan K. Harris) 
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The functionality of conductive polymer films in both solid-state and electrochemical devices is 

intimately connected to the density of states.  In electrochemical systems, the potential-dependent 

density of states and the effective carrier density can be estimated directly from the cyclic 

voltammogram.5 The primary assumption is the applied potential is used to change the faradaic, 

volumetric capacitance of the polymer film C*, which is described by equation 4-1  

 𝐶∗ =
−𝑗

𝑣𝑑
= 𝑒2

𝑑𝑝

𝑑𝐸
 4-1 

 𝐷𝑂𝑆(𝐸) =  
𝐶∗

𝑒2  4-2 

where J is current density, v is scan rate, d is the 

thickness of the film, e is elementary charge and 

dp/dE is the change in hole density (p) with change 

in electrochemical potential (E).25–27 Simple 

rearrangement and substitution leads to the 

expression for the potential-dependent density of 

states (DOS(E))  as shown in Figure 4.2-1B in blue 

by equation 4-2. We stress that the DOS(E) of 

polymer/electrolyte interface represents a 

combination of electronic properties and polymer swelling in different electrolyte environments 

(change in electrochemically active site density), with a couple caveats. First, caution should be 

taken to not equate additional charge carrier density from faradaic reactions; in Figure 4.2-1B our 

DOS(E) approximation becomes invalid at potentials anodic of 0.8 V due to trace amounts of water 

in acetonitrile.  Second, mass transport current associated with double-layer reorganization and 
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ion migration need to be minimized  - low scan rates should be used to ensure the primary 

assumption of C* in Equation 1 holds. 28 As an example, Figure 4.2-2 shows the change in apparent 

DOS(E) as a function of scan rate. The DOS(E) in Figure 4.2-1B was estimated using a scan rate 

of 10 mV/s as similar faradaic features are maintained when going below this scan rate but not 

above.    

 Figure 4.2-1B also shows the total hole density accumulated over the voltage range (in red) 

of P3HT, where the holes/monomer can also be estimated with an assumption of the density of 

P3HT (1.1 g/cm3) 29 and a molecular weight of 138.6 g/mol.25  Here, the electrochemical doping 

modulates the carrier density over 104, where a charge carrier concentration of 10-5 - 10-1 

holes/monomer is equivalent to 4x1016 – 4x1020 charges/cm3. Largest increases in carrier density 

are observed with the oxidation region of the nanocrystallites.  Total carrier density still increases 

at anodic potentials, more easily seen in the linear plot of Figure 4.2-3, associated with oxidation 

of the amorphous domain, with a 

maximum carrier density estimated at 

1.6x1021 carriers/cm3 or ~0.4 

holes/thiophene unit (bipolaron, 

discussed below) as indicated by the 

dashed line.   
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4.3 Nature Of Charge Carrier As A Function Of Oxidation Potential 

The nature of the charge carrier is also critical to understanding the role of the sub-populations. 

Figure 4.2-1C shows the in situ spectroelectrochemical behaviour of the P3HT electrode plotted 

as differential absorbance or the 

change in the electrode absorbance 

with respect to the cathodically 

polarized film (-0.2 V).  The inset 

provides the raw data for three 

relative doping potentials (0.0, 0.6 

and 1.0 V) measured in situ. Figure 

4.2-1D gives the 

spectroelectrochemical equivalent of 

the cyclic voltammogram of Figure 

4.2-1A using the UV-Vis 

spectrophotometer while Figure 4.3-1 

shows the same using a UV-Vis-NIR spectrometer, to emphasize the bipolaron formation in the 

NIR region . These two figures together  show the relative change in absorbance of the π-π* 

transition (~2.2 eV),  polaron (~1.5 eV), and bipolaron (~1.2 eV) features; quantification of 

bipolaron concentration is beyond the scope of this work  The width of the polaron band is 

expected,  where a band of states formed in the bandgap of P3HT pushes the effective optical gap 

to lower energy levels and serves to broaden the observed optical transition.30 A theoretical limit 

of ~0.33 holes/monomer is associated with a polaronic feature while two charges/five thiophene 

units (0.4 holes/monomer) is assigned to the bipolaron feature.31 In Figure 4.2-1C, the presence of 

Figure 4.3-1 In situ differential absorption of P3HT electrode as a 

function of potential. Peaks at 1420, 1460, and 1170 nm are 

attributed to solvent contributions. (Kjaer et. al., Phys. Chem. Chem. 

Phys. 2013, 15 (36), 15003– 15016, DOI: 10.1039/C3CP50751C) 

(Courtesy of Jonathan K. Harris) 
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two isosbestic points at ~1.95eV and ~1.33eV corroborate the co-existence of three species as a 

function of potential, specifically the neutral, polaron and bipolaronic states of P3HT.  The three 

species peak assignment was used in a prior identification of the nature of charge carriers in 

electrochemically deposited P3HT electrodes20  and in cases where the polaronic optical signature 

begins to decrease with the rise in the bipolaronic features extending in to the infrared.32 Our in 

situ observation of bipolaron band formation is also consistent with similar studies using 

spectroelectrochemical electron paramagenetic resonance experiments.31   

 We note an interesting observation in Figure 4.2-1D; both polaronic and bipolaronic 

features exist at 0.2 V near the maximum of the easier to oxidize sub-population.  Given that the 

nanocrystallites represent ~20% of the electroactive volume, and assuming all of the holes 

generated are located in this volume fraction, the charges are expected to be strongly interacting, 

as supported by the observation of the bipolaron band emerging near 0.2 V.  These charges are 

expected to introduce a significant amount of electrostatic repulsion, which could greatly affect 

the structure of the aggregate population.  At potentials anodic of 0.6 V, the 0-1 transition is almost 

completely bleached, consistent with a volumetric doping mechanism.  We note that Figure 4.2-1D 

shows almost no hysteresis, indicating that the relaxation and swelling of the polymer is a 

reversible process whereby the film returns to the initial electrochemical potential.   

4.4 Electrical Conductivity As A Function Of Carrier Density – Comparison 

Between In Situ And Solid State. 

Given the observed change in carrier density in Figure 4.2-1 of ~104, one would expect a similar 

change in conductivity, assuming a reasonably constant charge mobility. The in situ conductivity 

was measured in-plane, relative to the glass substrate support, analogous to an organic 
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electrochemical transistor (OECT) transconductance (Figure 4.4-1A, inset).  This setup uses a 10 

mV potential difference between the source and drain electrodes and contains the reference and 

counter electrodes for a direct energy/voltage axis comparison between the OECT-like 

measurement in Figure 4.4-1A and the DOS in Figure 4.2-1B. However, we note that the system 

is tested not necessarily as an optimally performing OECT, but to be as close in comparison to the 

three electrode measurements for the density of states discussed above. Nonetheless, in situ 

behaviour can give insight into the device functionality of P3HT.  

The energy-dependent conductivity can be described by  

𝜎 = 𝑒𝜇(𝐸)𝑝(𝐸)  4-3 

where µ(E) the is the energy-dependent mobility and p(E) is the energy-dependent hole density 

which is the integral of the density of states.  We also note that our values are similar to 

conductivity values obtained using water-gated FETs33 and solid state conductivity for F4TCNQ-

doped P3HT from the same batch in our laboratory.34 Yet, these values are significantly lower than 

other electrolyte gated P3HT systems.35,36  Future work will need to be done in understanding the 

direct relation between certain characteristics of the electrolyte environment and 

conductivity/mobility.  
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 In Figure 4.4-1A, the in situ conductivity loosely tracks with the DOS(E) of the harder to 

oxidize states attributed to short conjugation lengths and amorphous domains.  The non-

monotonic, “roll over” feature observed at a gate voltage ~0.75 V can be rationalized via the 

hopping model of electronic transport in disordered materials.37,38 At high doping levels, more 

carriers than sites exist and mobility decreases, leading to a decrease in conductivity despite an 

increase in charge carrier concentration.  

Observation of a decrease in conductivity is also 

consistent with the large absorbance feature of the 

bipolaron band at potentials anodic of 0.8V in 

Figure 4.2-1D and the decrease in polaron 

absorbance anodic of 0.6 V.28,39  

The conductivity data in Figure 4.4-1A also 

provides a surprising null result in the low doping 

regime when compared with the carrier density p(E) 

in Figure 4.2-1. For the OECT experiment, in the 

voltage window of -0.2 to 0.3 V, the combination of 

the quality of the P3HT active material in the 

acetonitrile electrolyte and the capacity of the 

reference (gate) electrode is not sufficient to 

modulate the measurable conductivity 

(transconductance) of the OECT channel. Part of 

this can be rationalized by the OECT geometry.  In an OECT, the ionic and electronic circuits are 

perpendicular; anions electro-migrate out-of-plane relative to the channel and affect the amount of 
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holes traveling in-plane between source and drain.7 Thus the drain current associated with the in-

plane conductivity of the channel must exceed the out-of-plane capacitive current, the latter of 

which is masking valid conductivity measurements at potentials cathodic of 0.4 V.  It should be 

noted that in optimized OECT devices, increasing the channel aspect ratio and/or simply increasing 

source-drain bias improve channel current resolution. Figure 4.4-2 shows a comparable data set 

for a 10 mV and 100 mV source-drain bias. Increasing the source-drain bias showed an increase 

in conductivity and a shift in conductivity onset to lower gate voltages but did not enable resolution 

of the two sub-population conductivities.   

 Unfortunately, the conductivity window (-0.2 to 0.3 V) excluded by the OECT geometry 

is of significant interest from a structure-

property relationship perspective, as it 

represents the highest doping efficiency regime.  

For comparison, Figure 4.4-1B provides the 

spectroscopic doping efficiency, estimated from 

the change in the absorbance of the 0-1 

transition as a function of change in voltage 

(dA0-1/dV), which eliminates any contribution 

from non-Faradaic currents.  We observe a 

maximum in doping efficiency at ~0.2 V, or the local maximum in the oxidation of the crystallite 

sub-population. This coincides with an onset in the absorbance associated with the polaronic and 

bipolaronic bands in Figure 4.2-1D.   

Figure 4.4-2 In situ conductivity measurements showing 

the effect of an increase in source-drain voltage from 10 

mV to 100 mV. (Courtesy of Jonathan K. Harris) 
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 As an alternative, we consider the 

solid state conductivity measurements of 

P3HT doped using chronoamperometry 

with respect to the same potential for the in 

situ measurements with the results provided 

in Figure 4.4-3A. Using this approach, we 

readily observe a change in conductivity 

consistent with the carrier density in Figure 

4.2-1B, with conductivity increasing from 3 

x10-4 S/cm at 0.0 V (2 x1016 carriers/cm3) to 

0.3 S/cm at 0.4 V (5 x1020 carriers/cm3).  

The plot in Figure 4.4-3A shows a clear 

plateau in the solid-state conductivity at 

doping beyond 0.6 V, the same potential at 

which we observe the onset in the decrease 

in polaronic band absorbance in Figure 

4.2-1D. This is unique from the roll-over behaviour of the in situ conductivity in Figure 4.4-1, 

resulting in the solid-state conductivity being 5x greater than the electrolyte-gated system at high 

anodic potentials (~1.0 V).    
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 The discrepancies between solid state and in situ conductivity behaviours at high doping 

potential can be ascertained from the solid state absorbance spectra in Figure 4.4-3B.   In the solid 

state, we observe a similar electrochemical bleaching effect of the main absorbance of the film 

between 2.0 and 2.5 eV, that coincides with the emergence of the polaron band with a local 

maximum at ~1.5 eV, analogous to the in situ spectra in Figure 4.2-1C.   Interestingly, we do not 

observe the emergence of the bipolaron band at ~1.2 eV, which suggests that such charges are not 

stable in the absence of the solvent. 15  A similar result has been observed for sexithiophene in 

dichloromethane. 40  

 As a second point of comparison, x-ray photoelectron spectroscopy of the solid state films 

was used to determine the solid state doping percentage relative to that of the cyclic voltammetry.  

Figure 4.4-4A shows the S 2p core levels of the electrochemically doped P3HT samples.  In 

accordance with Figure 4.4-2 , the XPS spectra were fit with a two species model attributed to the 

Figure 4.4-4(A) XPS spectra of doped films after 

removal from solution.  Gray peaks represent the 

doublets from S 2p3/2 (larger peak) and S 2p1/2, and the 

blue peaks represent the polaron S 2p peaks.  (B) 

Calculated doping percentages of XPS compared to 

doping percentage calculated in Figure 1B.  The open 

circle data point represent an artificial inflation of 

doping % from the CV due to a charge transfer process 

not related to oxidation of the polymer. (Courtesy of 

Jonathan K. Harris) 
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neutral thiophene (S 2p3/2 ~ 164 eV and S 2p1/2 ~165 eV)  and the polaron electrochemically doped 

state (S 2p3/2 ~ 164.7 eV And S 2p1/2 ~165.9 eV).  

 In Figure 4.4-4A, we readily observe a systematic increase in the higher binding energy 

species associated with polaron formation as a function of electrochemical doping. This is 

accompanied by a shift in the neutral S 2p doublet peaks towards lower binding energy with 

increased carrier density.  This shift has been attributed to the high oxidation density at the surface 

of films probed by XPS, and a broadening is attributed to an increase in disorder of the films as 

polarons are formed (~15 % at 1.0V ).20,21,41  Figure 4.4-4B shows the estimated doping percentage 

of the solid state films using a ratio of integrated area of doped and neutral S 2p doublets. For 

reference, Figure 4.4-4B also estimates the percent doping from the electrochemical measurement, 

which shows excellent agreement up to anodic potentials of 0.6 V.  At 0.8 V, we observe a 

difference associated with the nature of the carrier type described above - ~40% doping for the 

solution phase (bipolaron) versus ~33% doping for the solid state (polaron). 42  This is consistent 

with bipolarons only being present in solution as a lower energy state instead of two nearby 

polarons.15,40  At an the higher oxidation potential of 1.0 V, the validity of the cyclic 

voltammogram to estimate percent doping is lower due to above mentioned effects.   

4.5 Elucidating The Effect Of Electrochemically Induced Swelling On Solid State 

Structure. 

The above described electrochemical processes introduce structural transitions in the polymer 

when the film is under mechanical stress associated with increased doping levels. The 

electrochemically stimulated conformational relaxation (ESCR) model describes the transition 

from a two-dimensional electrode where only the surface is electrochemically active to a three-
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dimensional electrode, where every polymeric chain is an electroactive interface.43–45 Part of this 

relaxation and swelling process is reflected by the change in interchain polymeric spacings of the 

alkyl and π-π stacking of the crystallites as a function of carrier density, including swelling during 

oxidation and compression during reduction. Briefly, we would expect the film to swell 

perpendicular to the surface to accommodate the electro-migration of counterions (PF6
-).  For 

reference, the estimated Stoke’s radii of a PF6
- anion in acetonitrile is 2.3 Å,46 Likewise, in a charge 

transfer salt, PF6
- has a radius of 2.5 Å (based on temperature dependent crystal structure data). 47 

If spacings similar to this are observed in examination of the crystalline regions in P3HT, it 

provides definitive evidence of anion location in the crystallites during electrochemical doping. 

Grazing incidence wide-angle x-ray scattering (GIWAXS) was used to determine the changes in 

interchain spacings of the crystalline regions of the polymer as a function of electrochemical 

doping potential ex situ.  The 2D-GIWAXS detector images for each of the films are given in 

Figure 4.5-1.  Figure 4.5-2 A and B show the one dimensional out-of-plane and in-plane direction 

GIWAXS plots, respectively. A cake slice of 150 was used in both directions (00-150 for out-of-

Figure 4.5-1 2D-GIWAXS images of electrochemically doped P3HT films doped at varying potentials. 
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plane and 75-900 for in-plane). The as-cast P3HT exhibited the expected edge-on orientation on 

ITO48 with the (h00) lamellar stacking oriented out-of-plane with the substrate and the (0k0) π-

stacking oriented in-plane.49 In the in-plane direction (Figure 4.5-2B), additional peaks are 

attributed to scattering from precipitated TBAHFP in the solid state but do not overlap with 

polymer peak interpretation.  Cation diffusion into the P3HT crystallites was assumed to be 

negligible due to a combination of steric hindrance and electrostatic repulsion from an 

accumulation of positive charge in the film; this assumption was confirmed in the XPS 

measurements discussed above.  
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Figure 4.5-2 C and D provide the relative inter-plane spacings of the lamellar or alkyl (100) and 

π-π stacking (010) directions, respectively, as a function of doping potential.  Crystallite spacings 

were interpreted from Figure 4.5-2A and B using the reciprocal relation of 𝑑 =
2𝜋

𝑞
.   In Figure 

4.5-2 C and D, at the highest doping potential of 1V, there is a maximum increase in lamellar 

stacking direction by ~1.6Å (10%), and a decrease in the π-stacking direction by ~0.1Å (2.8%). 

From Figure 4.5-2D, we observe a measurable decrease in the in-plane spacing of the crystallites 

Figure 4.5-2  One-dimensional ex situ GIWAXS plots with 150 cake-slices in (A) qz (out of plane) and (B) qxy  (in 

plane) direction.  Dashed lines show initial and final peak position.   C) (100) d-spacing and (D) (010) d-spacing 

changes calculated from A and B respectively as a function of doping potential.  0V data point with an asterisk 

indicates films that were not biased at 0V, but rather sampled as deposited. 
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in the solid state at potentials anodic of 0.2 V which complements the significant increase in the 

in-plane conductivity in Figure 4.4-3A.  Our ex situ results in Figure 4.5-2 are consistent with prior 

reports which have demonstrated swelling of P3HT with oxidation potential using in situ GIWAXS 

approaches, the results of which are summarized for brevity in Table 4-1.50,51  There is one major 

difference between those two studies and our ex situ study – both measured x-ray scattering with 

an ionic liquid in the absence of a traditional solvent.  We measured the scattering post removal of 

the solvent. Thomas et. al. utilized a polymeric ionic liquid with an immobile cation and mobile 

anion and observed a relative change of 2 Å in the lamellar direction and 0.15 Å in the π-π direction 

at a carrier density of 3 x1021 cm-3.50 Guardado and Salleo utilized a droplet of ionic liquid for 

electrolyte and reported a change of 0.6 Å in the lamellar direction and 0.4 Å in the π-π direction.51  

Regardless of the approach, Table 4-1 showcases that the measured change in alkyl spacing does 

not completely expand to the estimated diameter of the anions used.  Since GIWAXS is an average 

measurement over the beam footprint, it could be that only some domains are perturbed by anions 

while others remain compact.   

Table 4-1: Comparing the anion radii and d-spacing values (Courtesy of Jonathan K 

Harris) 

Anion Solvent/Ionic Liquid Estimated 

Anion 

Radii47 [Å] 

Max Alkyl 

Spacing 

Change [Å] 

Max π-π 

Spacing 

Change [Å] 

 

Reference 

TFSI- Polymeric IM-TFSI 3.3 2 0.15 Thomas et. 

al.50 

TFSI- [EMIM][TFSI] 3.3 0.6 0.04 Guardado 

et. al.51 

PF6
- Acetonitrile 2.5 1.6 0.1 This work 

More specifically, Thomas et .al. utilized spectroscopic signatures of aggregates to determine 

which regions are oxidized first. Similar to our presentation above, it was concluded that the charge 
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carriers are first created in the crystalline regions but supported by anions in the amorphous region 

due to the absence of any measured crystalline structure changes in GIWAXS although a large 

increase in hole carrier density is measured.  At higher carrier densities, the anions begin to disrupt 

the crystallites and this is manifested through a change in alkyl spacing.   This behavior has also 

been proposed for other dopant molecules.52–54  and will be discussed in detail in Chapter 5. At the 

highest doping potentials (as also suggested by our cyclic voltammogram), harder to oxidize and 

lower conjugation length amorphous regions of the film are oxidized, as the driving force for 

oxidation becomes large. 

4.6 Relaxation Of Crystallites In Low Doping Potential Windows 

 Although GIWAXS gives an idea of what is occurring at high doping potentials and represents 

changes in volumetric swelling, the microstructural 

effect of the creation of polarons and bipolarons in the 

low doping regime should not be ignored. In 

particular, the nanocrystallites must first undergo a 

conformational change in order to create a more open 

structure to allow electro-migration of counterions. 

We postulate that this conformational relaxation event 

must be the precursor to full volumetric conductivity 

and thus will provide a critical insight into structure-

property behaviour.   Monitoring of the H-aggregate 

and J-aggregate nature of the film, based off of 

quantitative work by Spano and Silva, 55 reveals the 
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Figure 4.6-1 Potential-dependent changes in the exciton 

bandwidth of the system (W, left), derived from the 0-

0/0-1 peak ratios (right).  Transition to negative values 

indicates a failure in the W model for this system – past 

0.6V, peak ratios go above 1 which is an artifact of 

polaron formation.  Hole density on the bottom-axis is 

approximated from density of states data. 
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minute microstructural changes occurring as a result of polymer relaxation processes at low 

oxidation potentials.  

Aggregation in P3HT is described by an interplay in interchain (H-like aggregates) and intrachain 

(J-like aggregate) interactions. Through analysis of the 0-0/0-1 in situ UV-Vis peak ratios, one can 

monitor the structure and transitions of the system. Typical H-like aggregates have absorption peak 

0-0/0-1 ratios of 0.5-0.8 in P3HT while J-like aggregates have reported absorption peak 0-0/0-1 

ratios of >1.56 As-cast P3HT typically exhibits H-like aggregation due to the large amounts of 

amorphous regions in the polymer which have low intrachain order, consistent with the description 

of the contributions to the density of states described for Figure 4.2-1B.  Briefly, from Figure 

4.2-1C, the undoped semicrystalline P3HT spectra shows three peaks which arise due to the 

vibronic coupling from H-like aggregates: the peak at ~2.1eV corresponding to the 0-0 vibrational 

transition, the peak at ~2.22eV corresponding to the 0-1 transition and the high energy peak 

corresponding to the 0-2 transition.50  Introduction of charge carriers shifts the system towards 

more intrachain dominance, which can be tracked by unique vibronic coupling and the ratio of the 

0-0 and 0-1 transition intensities.  

Figure 4.6-1 shows the potential-driven changes in carrier density and the resulting change in both 

the 0-0/0-1 ratio and the  exciton band width (W), as calculated from the weakly interacting H-

aggregate model developed by Spano and Silva.55  A similar analysis was applied to the solid state 

data in Figure 4.6-2. At high carrier densities, J-like aggregate behaviour begins to dominate. The 
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increased J-aggregate behaviour coincides 

with the GIWAXS alkyl spacing increase past 

0.4V, and a relative hole density of 2 x1021 

cm-3 is the related charge density required for 

a structural adjustment.  This behaviour is 

corroborated by recent experiments of P3HT 

in acetonitrile.31  Thus we confirm previous 

reports that the crystalline regions are 

oxidized first and that anions reside outside of 

crystalline regions without disrupting any of 

the crystalline structure.50,51 We emphasize that the H- and J-like aggregate model employed herein 

is non-descriptive at large over-potentials where oxidation of non-interacting sites can occur.  

Thus, the grey region in Figure 4.6-1, which indicates an increase in peak ratio above 1 stands 

outside of the assumptions of the model.   

The lower doping regime shows an interesting trend in Figure 4.6-1.  We first observe an increase 

in J-like aggregates followed by a small peak just past 1 x1020 cm-3 with a reversion back to higher 

H-like aggregation. This reversion is indicative of a structural relaxation of the highly doped chains 

of the nanocrystallite due to a conformational change, as described by the ECSR model.  

Importantly, this small reversion region correlates with the following: the onset in the second sub-

population oxidation in the CV (Figure 4.2-1A), the sharp increase in bipolaron states in Figure 

4.2-1D, the maximum in doping efficiency in both Figure 4.4-1B (spectroelectrochemical), the 

perturbation to the nanocrystallites in GIWAXS (Figure 4.5-2), and the onset in measurable in situ 

conductivity in Figure 4.4-1A.  This behaviour suggests a small decrease in the interchain order in 

Figure 4.6-2 Voltage-dependent changes in exciton 

bandwidth (W) and 0-0/0-1 vibronic peak ratios in the solid 

state.   Grey box indicates model uncertainty region 
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the crystallites to accommodate for the beginning of oxidation of amorphous regions of P3HT 

beyond 0.2V (disruption of the interchain interactions due to ion intercalation).  The subtle peak 

observed represents competition between H- and J-aggregation while the amorphous regions are 

beginning to be oxidized instead of the already highly oxidized crystalline regions.  We 

hypothesize that at this critical carrier density, the nanocrystallites are highly oxidized, which 

yields a strong electrostatic repulsion between charge carriers.  The system is able to relax to a 

slightly lower energy configuration by inducing charge carrier formation in the harder to oxidize 

sub-population attributed to amorphous domains.  Such a description is consistent with the classic 

concept of nucleation; at some critical threshold (carrier density) in the nanocrystallites, there is 

an energy penalty to further increase carriers and the system must undergo a new mechanistic path 

forward (i.e. volumetric swelling). We emphasize herein that the closely related oxidation 

potentials of the crystallites and amorphous domains is facilitating this mechanistic crossover 

between conformational relaxation and volumetric swelling and is a new design guideline for 

maximizing doping efficiency and broad applicability to electrochemical devices.  

4.7 Conclusions  

This chapter clearly emphasizes that multiple techniques that probe a range of length scales must 

be considered. Of particular importance, we stress the limitations of electrochemical-only 

approaches at assessing structural behaviors in conductive polymers and demonstrate the 

limitations in resolution of x-ray scattering to detect conformational relaxation effects that precede 

volumetric swelling.  Alternatively, spectroelectrochemical methods can provide added insight in 

this lower carrier density, higher doping efficiency regime. Our results are complementary to 

previous reports on volumetric swelling with added insight into events preceding swelling. We 
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emphasize that in P3HT, the two sub-populations are electronically resolvable but synergistically 

able to interact to increase carrier density above a critical carrier density of ~1020 cm-3.   

In a broader context, our work demonstrates that conductivity is not purely described by the density 

of states but follows the electrochemically stimulated conformational relaxation of the polymeric 

structure. The inter-system mechanisms associated with electrochemical doping are governed by 

a combination of oxidation potential-microstructure connections i.e a local electrochemical 

potential.  This behavior is expected to be different for chemically distinct polymer thin films due 

to varying degrees of aggregation but also can provide added insights into processing approaches 

and electrochemical conditioning. We anticipate that this key structure-property relationship will 

be critical moving forward for new materials design of conductive polymers for electrochemical 

applications.  For example, our prior work had suggested that reversible charge transfer occurs 

through only 4% electroactive sites.5  From the new insights afforded herein, we suspect longer 

range interchain interactions are possible, thus providing the possibility for more sites to 

participate in charge transfer than originally hypothesized.   
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5 Chemical Doping in P3HT: Correlation of Coexistent Charge Transfer 

States in F4TCNQ-Doped P3HT with Microstructure 

This chapter is based on previously published work: Neelamraju, B.; Watts, K. E.; Pemberton, J. 

E.; Ratcliff, E. L. Correlation of Coexistent Charge Transfer States in F4TCNQ-Doped P3HT with 

Microstructure. J. Phys. Chem. Lett. 2018, 9 (23), 6871–6877. 

One of the major advantages of organic semiconductor is the low temperature solution 

processability of thin film layers which lowers cost of production. Most solid-state organic 

electronics are multi-layered thin film of organic semiconducting materials for example OPVs, 

OLED or thermoelectrics that require multiple doped OSC layers in a device structure. 

Electrochemical doping of organic semiconductors, while gives us more control on the doping in 

the system, is not the easiest to integrate into these solid-state device processing techniques at a 

large scale. Chemical doping via solution co-processing on the other hand is a one-step doping 

process. In this method the polymer and the dopant are dissolved in the same compatible solvent 

before processing which makes it an easier processing step to integrate into a large-scale 

procedure. Hence, we need to understand multiple doping mechanisms in organic semiconductors 

for different device applications keeping ease of process integration and scale up to commercialize 

organic electronics in mind while we probe the doped organic semiconductor with every scientific 

tool at every length scale. Chapter 5 to 7 further discuss this chemical doping and degradation of 

the organic semiconductor P3HT in details. 

5.1 Introduction 

Mechanistic understanding of doped (n- or p-type) organic semiconductors (OSCs) is critical to 

optimizing control of charge transport and overall optoelectronic device efficiencies in organic 
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field effect transistors,1 photovoltaics,2,3 thermoelectrics4–7 and light emitting diodes.8 Two distinct 

chemical doping mechanisms have been observed in doped OSC films depending on processing 

conditions: 1) integer charge transfer (ICT) that occurs when an electron is transferred from the 

donor molecule to the acceptor molecule to form an ion pair or 2) partial charge transfer to form a 

complex (CPX) through hybridization of the frontier orbitals of the two molecules, resulting in 

low-energy charge sharing as was discussed in Chapter 1.9,10 Early doping studies suggested that 

doped OSCs form either a CPX or an ICT, but that prediction of which would form preferentially 

was difficult without experiment.9,11,12  Major insights into p-type doping have been garnered from 

studies of the model  system consisting of a polymeric matrix of regioregular poly(3-

hexyl)thiophene (rr-P3HT) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ).7,13–20  For P3HT:F4TCNQ, ICT states have been described most frequently in the 

literature, as determined by both computation and experiment.13,14,21,22 However, DFT simulations 

predict strong orbital coupling between small-chain thiophenes, serving as models for P3HT, and 

F4TCNQ to produce CPX states,14,21 although these are not generally reported in experiments using 

P3HT. Most recently, Jacobs et al. demonstrated a connection between P3HT:F4TCNQ crystalline 

polymorph and ICT or CPX state formation,15 confirming that doping is more complex than simple 

ICT or CPX state formation for a given system as has been previously assumed. 

Herein, we demonstrate that CPX and ICT states exist simultaneously in F4TCNQ doped-P3HT 

films with the relative amounts strongly dependent on the degree of order within the polymer and 

the dopant concentration. Specifically, we present UV-vis, FTIR and GIWAXS evidence for CT 

states in regioregular (rr) and regiorandom (rra) P3HT with increasing dopant concentration that 

allows definitive identification of which CT states are formed in crystalline and amorphous P3HT 

regions. Correlation of the spectral results with the available density of states (DoS) in each 



133 

 

microstructure allows rationalization of the doping behavior. Our results suggest a multi-phase 

model in which the local charge transfer mechanism and subsequent charge retention is defined by 

the electronic driving force, a factor that is governed by local microstructure, both during film 

formation and post casting.  

5.2 Microstructural Changes With Doping Concentration 

Figure 5.2-1 A and B show the 2-D GIWAXS images for edge-on rr-P3HT and F4TCNQ doped 

rr-P3HT respectively with the dopant diffusing into the qxy plane (in-plane direction) of the P3HT 

as has been shown earlier 13. Figure 5.2-2 summarizes the existing experimental evidence for and 

corresponding postulate of the presence of ‘weak’ (χF4TCNQ ≤ 0.03) and ‘strong’(χF4TCNQ > 0.03) 

doping regimes in crystalline regions of P3HT.22,23 For reference, a table of all measured 

intermolecular spacings in this work is provided in the Table 5-1. The general consensus about 

solution co-processed films resulting from atomic force microscopy (AFM) and GIWAXS studies 

is that the amorphous domains of P3HT dope at low F4TCNQ concentrations (χF4TCNQ ≤ 0.03), 

while crystalline regions dope at higher concentrations.23–25 Briefly, as-cast rr-P3HT forms an 

edge-on orientation with an out-of-plane (100) d-spacing of 15.6 Å23,26–28 as shown in Figure 

5.2-2A and B. In contrast to the results from Duong et al., who observed no change in lattice 

Figure 5.2-1 2D GIWAXS images of (A) rr-P3HT (B) 0.13 mole ratio of F4TCNQ 

in rr-P3HT 
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spacing relative to undoped P3HT for χF4TCNQ ≤ 0.03, 23 our data show that the in-plane (010) d-

spacing decreases from 3.79 Å for undoped P3HT to 3.72 Å at χF4TCN 0.012, a trend which 

continues for increasing mole fractions of F4TCNQ. The edge-on orientation is retained with an 

increase in (h00) plane d-spacing, although our initial alkyl stacking direction is more compact 

than prior reports.  At higher doping concentrations (χF4TCNQ >0.05), two peaks are observed in the 

(010) plane attributed to mixed phases of P3HT:F4TCNQ in Figure 5.2-2B, consistent with prior 

reports.23  This increase in π-π stacking interaction in the crystal structure is also responsible for 
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the increased conductivity due to doping as seen in Figure 5.2-2 D. In the higher doping regime, 

we observe an increase in the (h00) plane from ~15.6 to 19.3 Å at the highest doping concentration 

of χF4TCNQ 0.17; an increase in disorder is also observed with peak broadening in both the in-plane 

and out-of-plane stacking directions.27,29,30  It should be noted, however, that GIWAXS results 

alone can only provide information about microstructural changes in the crystalline regions of the 

film, leaving insight into the charge transfer in the amorphous region to inference and speculation 

without other supplementary methods of analysis.31,32     

Figure 5.2-2. One-dimensional GIWAXS plots with cake-slices in a) qz (out of plane) and b) qxy  (in plane) direction; c) d-

spacing changes calculated from a) and b), and d) in-plane conductivity of F4TCNQ-doped rr-P3HT films as a function of 

χF4TCNQ. Error bars in d) are smaller than the symbols and represent standard deviations based on at least 3-5 devices.   
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Table 5-1 D-spacing of P3HT with increasing F4TCNQ concentration 

 d(010)  /  Å d(100)   /  Å 

F4TCNQ mole 

fraction 

weak 

doping 

low q - 

strong 

doping 

high q - 

strong 

doping 

weak 

doping 

strong 

doping 

0.000 3.79   15.7  

0.012 3.72   15.7  

0.031 3.69   16.6  

0.050 3.59   17.7  

0.063  3.85 3.59  17.8 

0.077  3.87 3.59  18.4 

0.097  3.88 3.59  18.7 

0.118  3.88 3.61  18.7 

0.132  3.83 3.55  18.6 

0.170  3.77 3.56  19.3 

5.3 Charge Transfer States 

 Fourier transform infrared (FTIR) spectroscopy has proven 

to be sensitive to the electronic states of F4TCNQ within 

doped P3HT thin films.15,33 A shift to lower frequency of the 

F4TCNQ (CN) b1u mode is directly correlated with the 

fractional charge transferred (δ)  to F4TCNQ from P3HT  

according to the following relationship: 

𝛿 =  
2 ∆𝜈

𝜈0
 [1 −  

𝜈1
2

𝜈0
2]

−1

 
5-1 

where ν0 and ν1 are the frequencies of the b1u v(C≡N) modes 

of the neutral and anionic forms of F4TCNQ at 2227 and 

2194 cm-1, respectively, and Δν is the observed shift of the 

Figure 5.3-1 Normal stretching 

modes of the cyano bond in the 

neutral F4TCNQ molecule and their 

calculated frequencies  of which b2u 

and b1u are IR active. (Blue is 

Flourine and red is Nitrogen)  
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b1u from that of neutral F4TCNQ.13,34 All the normal stretching modes of the neutral F4TCNQ 

molecule are shown in Figure 5.3-1 with the IR active peak assignments in Table 5-2.  

Multiple researchers have demonstrated the applicability of this relationship for understanding the 

fractional charge transfer to F4TCNQ in doped thin films. For full integer charge transfer, Δν is 33 

cm-1.13,14,35 However, computational results predict that fractional charge transfer, with a 

consequently smaller Δν, will occur for shorter thiophene oligomers such as quarterthiophene (4T) 

and sexithiophene (6T).21 A smaller Δν has also been observed for small molecule dopants with 

decreased fluorination, and therefore, higher LUMO levels, in doped 4T films. Δν values as small 

as 11 cm-1 for TCNQ-doped 4T films correspond to CPX formation instead of full ICT. 

Additionally, the first FTIR spectroscopic evidence for a CPX state in F4TCNQ-doped P3HT thin 

films, with a b1u ν(C≡N) band at 2207 cm-1 (δ ~ 0.6), has been reported, achieved through refined 

thin film processing conditions.15 Significantly, each of the above reports conclude the presence 

of only one state in the film, either pure ICT or pure CPX; none identify the simultaneous presence 

of both states in any film.  

Table 5-2 Vibrational peak assignments of the C≡N  region of the dopant F4TCNQ (Courtesy 

of Kristen E. Watts) 

Pure F4TCNQ 

(cm-1) 

F4TCNQ: rr-P3HT 

(cm-1) 

F4TCNQ: rra-P3HT 

(cm-1) 
Assignment Ref 

2227   b1u, neutral 33 

2214   b2u, neutral 33 

 2212 2218   

  2208 b1u, CPX (0.6 e) 15,34 

 2201 2200 b1u, CPX (0.8 e) 15,34 

 2194 2193 b1u, ICT 33 

 2186  ag, ICT 33 

 2169 2171 b2u, ICT 33 

 2169 2171 b3g, ICT 33 

 2161 2155   

 2145    
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Figure 5.3-2A shows a series of representative FTIR spectra for 10-15 nm thin films of rr-P3HT 

doped with increasing amounts of F4TCNQ subjected to spectral peak fitting. These spectra 

indicate formation of primarily the ICT state, in agreement with the reports discussed above.21,36 

However, a small high-frequency shoulder on the main b1u (CN) band appears at 2201 cm-1, 

which corresponds to a CPX state with δ = 0.8e.  The light blue lines indicating the spectral peak 

fits on the asymmetric tail end of the higher χF4TCNQ spectra are not yet assigned but are well 

separated from the b1u (CN) modes of interest, and therefore, do not influence further 

quantitation.  

To understand the observation of both CPX and ICT states in these thin films, it is important to 

consider the role of P3HT microstructure in CT state formation. The rr-P3HT film is semi-

crystalline, containing both crystalline (major) and amorphous (minor) regions as identified in 

previous scanning tunneling microscopy experiments.37,38 Conversely, rra-P3HT is known to form 

completely amorphous films with no detectable crystalline regions as seen  in the amorphous halo 

in Figure 5.3-327 
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At high dopant concentrations (χF4TCNQ >0.13), the (CN) region is dominated by a b1u band at 

~2208 cm-1, corresponding to a CPX state with calculate δ 

= 0.6e. However, at low dopant concentrations (χF4TCNQ 

<0.096), bands associated only with the ICT state are 

apparent in the FTIR spectra, and these bands are 

broadened relative to those observed from rr-P3HT films. 

The observed broadening is attributed to the amorphous 

nature of the films yielding a distribution of local 

environments and orientations for these states to form.  
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Figure 5.3-2 a) Representative FTIR spectra subjected to spectral fitting for rr-P3HT films with (from 

bottom to top) χ
F4TCNQ

 of 0.012, 0.076, 0.11, and 0.17. Red lines correspond to spectral fits for ICT peaks; 

green lines correspond to spectral fits for CPX peaks. b) Representative FTIR spectra subjected to spectral 

fitting for rra-P3HT films with increasing χ
F4TCNQ as in a). (Courtesy of Kristen E. Watts) 

Figure 5.3-3 2D GIWAXS image of rra-

P3HT with diffused halo showing its 

amorphous nature 
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Figure 5.3-4A shows the ratio of integrated peak areas of the fit for b1u (CN) modes for CPX/ICT 

states as a function of χF4TCNQ for rr- and rra-P3HT. These ratios can be translated into fractional 

compositions of the two states assuming comparable molar absorptivities for the b1u (CN) mode. 

Several important considerations should be kept in mind when comparing these systems: 1) The 

CPX states observed in doped rr-P3HT and rra-P3HT is different ( i.e δ=0.8 for rr-P3HT and δ=0.6 

for rra-P3HT)  because of the inherently different nature of the amorphous regimes in both 

materials. 2) The CPX/ICT ratios for the lower χF4TCNQ systems in rr-P3HT are large with relatively 

large standard deviations because of an inherent time-dependent phase instability that is more 

pronounced at low dopant concentrations; detailed time-dependent studies are reported in the next 

chapter. It is also important to note that the range of ratios observed for rr- and rra-P3HT are vastly 

different, with much larger ratios observed for rra-P3HT than for rr-P3HT.  

Further, for reference, Figure 5.3-4B includes a plot of the change in conductivity with mole 

fraction compared to the CPX to ICT integrated absorbance ratios for rr-P3HT where 
𝑑𝜎

𝑑𝜒𝐹4𝑇𝐶𝑁𝑄
=

Figure 5.3-4 (A) ) Integrated peak area ratio for CPX to ICT b1u ν(C≡N) bands from spectral fitting as a function of 

χF4TCNQ for rr-P3HT (red, left axis) and rra-P3HT (black, right axis). (Courtesy of Kristen E. Watts) (B) Comparing the 

integrated peak area ratio of the CPX to ICT bands (red) and the first derivative of the conductivity with respect to change 

in mole ratio (to approximate doping efficiency)5 of F4TCNQ in rr-P3HT. 
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1

2
(

𝑦𝑖+1−𝑦𝑖

𝑥𝑖+1−𝑥𝑖
+

𝑦𝑖−𝑦𝑖−1

𝑥𝑖−𝑥𝑖−1
)  . As the CPX states increase with dopant mole ratio beyond 0.08, there is a 

significant change in the conductivity of the thin films simultaneously reverting back to the fact 

that charge transfer states directly affect device relevant conductivity values. 

To further elucidate the relative density of ICT states, we compare the vibrational spectroscopy 

with the UV-visible absorption spectra for the two systems as a function of χF4TCNQ in Figure 5.3-5.  

For rr-P3HT (Figure 5.3-5a), F4TCNQ anion bands are clearly evident at ~1.6 and ~1.4 eV for 

χF4TCNQ as low as 0.01, consistent with ICT formation at low doping concentrations. With an 

increase in F4TCNQ, the aggregate peaks diminish in amplitude, implying that the crystalline 

regions are affected even at small values of χF4TCNQ, consistent with the conclusions from the 

GIWAXS data in Figure 5.2-232,39 Additional solution phase UV-vis data for rr-P3HT is shown in 

Figure 5.3-6 which point to the formation of the F4TCNQ anion in solution itself at low dopant 

mole ratios with a significant loss of the neutral unaggregated P3HT peaks at ~2.8eV . This is 

different when compared to the thin film absorption spectra where the rr-P3HT absorption peaks 
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142 

 

are more visible. It is also noted that thin film rr-P3HT shows a band for the P3HT π-π * transition 

at ~2.2 eV and vibronic bands for the aggregated P3HT in thin film at ~2.38 and ~2.02 eV.22 

Figure 5.3-5b shows similar 

concentration-dependent UV-visible 

absorption spectra for rra-P3HT.  

Comparison of the spectra for rr- and 

rra-P3HT clearly shows that the 

anion features are more intense for 

rr-P3HT. Although F4TCNQ anion 

bands are observed for rra-P3HT 

indicating ICT  states, they are 

considerable broader than observed 

for rr-P3HT, consistent with the FTIR data in Figure 5.3-2 and the conclusion that amorphous 

films result in broadening due to a distribution of energies. Notably, for the rra-P3HT, at high 

doping concentrations (χF4TCNQ >0.09) the absorption band consistent with the CPX state15 is 

visible at ~2.05 eV; this band is not discernible for rr-P3HT. This feature is most visible at the 

highest doping concentration of 0.17 at which point the anion bands at ~1.6 and 1.4 eV disappear, 

consistent with the FTIR spectra (Figure 5.3-2) and indicating the formation of pure CPX state at 

high dopant concentrations. 

 Collectively, the FTIR and UV-vis absorption data indicate the presence of a small concentration 

of ICT states in low χF4TCNQ films for rra-P3HT, implying a finite number of states that have 

undergone full electron transfer (δ=1). As the concentration of F4TCNQ increases in rra-P3HT, a 

systematic increase in CPX state density is observed relative to ICT, further supporting the 

Figure 5.3-6 In solution doping of rr-P3HT with increasing 

dopant (F4TCNQ) concentration. 
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argument of a finite number of ICT states. Thus, we hypothesize that the formation, or more 

specifically, the time-dependent retention of either ICT or CPX states is predicated on a local 

probability for the particular state to occur.  

5.4 The Microstructure-Electronic Structure Connection 

 In order to rationalize the local energetic structure, as a first approximation, Figure 5.4-1 B shows 

the density of states (DoS) for rra-P3HT in black estimated from cyclic voltammetry40 (Figure 

5.4-1A) and compared to the known LUMO level of F4TCNQ, assuming a 0.2 eV full-width half-

maximum Gaussian with an onset of 5.2 eV. For reference, the corresponding DOS for rr-P3HT 

is also shown, approximated similarly from its cyclic voltammetry. This presentation is chosen to 

emphasize the microstructure-electronic structure connection, which we hypothesize governs the 

probability of an ICT or CPX state being retained. It is important to note that the DoS for rra-P3HT 

near -5.2 eV is not zero. A small density of easier-to-oxidize tail states (shaded in gray) are of 

Figure 5.4-1(A) Cyclic voltammogram of rr-P3HT and rra-P3HT film  at a scan rate of 50 mV/s in 0.1M TBAHFP 

in acetonitrile versus 10 mM Ag/Ag+ (B) DoS picture for rr-P3HT and rra-P3HT films derived from cyclic 

voltammetry. The horizontal line represents the onset in states of the LUMO level of F4TCNQ at -5.2 eV. Red 

shaded area defines the DOS due of crystalline regions of rr-P3HT. Grey shaded area defines crystalline tail states in 

rra-P3HT. Inset: Magnification of rra-P3HT DoS. 
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appropriate energy for stable ICT states in rra-P3HT. These states correlate in energy with the 

lowest energy crystalline states of rr-P3HT, although one would not necessarily expect a direct 

energy correlation in amorphous or crystalline states in rr- versus rra-P3HT, as these materials 

have different microstructure. For rra-P3HT, once this small density of states is saturated with 

dopant, the local probability of ICT state formation decreases and additional F4TCNQ populates 

the more abundant states which are farther in energy from the F4TCNQ LUMO, promoting 

formation of the lower energy CPX state. This picture is consistent with the much larger CPX/ICT 

ratios observed for rra-P3HT relative to rr-P3HT as dopant concentration increases as seen in 

Figure 5.3-4A. 

For rr-P3HT, we hypothesize that the propensity for either CPX or ICT is dependent on the local 

electronic structure which evolves as the film is formed. For example, Gao et al. have suggested 

that doping in solution induces aggregation of polymer chains.31 This conclusion was supported 

by the work of Jacobs et al. for sequential processing when good solvents are used, whereby the 

dopant is able to infiltrate into the crystallites, producing ICT states.22 However, for rr-P3HT, 

Chew et al. showed that sequentially added F4TCNQ molecules are limited to amorphous domains 

when a poor solvent such as acetonitrile is used.25 While the exact location of ICT and CPX states 

in rr-P3HT cannot be definitively resolved with the data in hand, we emphasize that in the solid 

state, the correlation between electronic structure and microstructure in rr-P3HT is well-

established.  Specifically, aggregated crystalline domains in rr-P3HT are known to be of smaller 

band gap and lower oxidation potential than shorter conjugation lengths and amorphous regions.41–

43 On this basis, we postulate that for the co-deposited systems studied herein, there is a higher 

probability for ICT states to reside in crystalline regions of rr-P3HT, while CPX states are more 

likely in amorphous regions. These conclusions are consistent with the lattice structure distortion 



145 

 

observed at very low doping levels in the 

GIWAXS data (Figure 5.2-2). Additionally, 

these results are supported by an overlay of 

the change in conductivity of the rr-P3HT 

with change in F4TCNQ dopant 

concentration (dσ/dχF4TCNQ) and a plot of the 

CPX/ICT ratio from the FTIR spectral data 

shown in Figure 5.3-4. Specifically, at high 

doping concentrations, rr-P3HT exhibits an 

increase in CPX states, consistent with the 

majority of the crystalline sites already being doped.  We note, however, that the domain sizes and 

phase purities appear to be random based on a unified fit of the small angle scattering (GISAXS) 

data, as shown Figure 5.4-2 with increasing dopant concentrations. The values of the radius of 

gyration (Rg) indicates domain sizes and the value G corresponds to phase purity in the unified fit 

parameters explained in Chapter 2, both of which appear to be random with increasing amount of 

F4TCNQ. 

5.5 Conclusion  

In conclusion, this chapter demonstrates that a more precise picture of charge transfer states in rr-

P3HT and rra-P3HT thin films is necessary to understand the doping mechanism, and therefore, 

the type and degree of charge transfer occurring within these films. While we cannot spatially 

resolve the location of the ICT versus the CPX states in the two polymer microstructures, 

comparison of FTIR spectral data for F4TCNQ-doped films with the DoS for both types of P3HT 

leads to the conclusion that the fraction of CPX, relative to ICT, correlates with the final 

Figure 5.4-2 GISAXS data showing changes in (a) domain 

size , (b) phase purity and (c) invariant of the P3HT-

F4TCNQ system with increase in concentration of 

F4TCNQ 
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microstructure of the film. In all cases, the energetically downhill process favors the CPX state. At 

low doping concentration in the regiorandom system, we hypothesize that the more readily 

oxidized states are doped first; specifically, these states are of approximately comparable energy 

as the crystalline regions of rr-P3HT in the solid state. Given that the easier-to-oxidize distribution 

of states is more finite in rra-P3HT, these states are easily saturated in the F4TCNQ doping regimes 

studied. CPX state dominance at high dopant concentrations in this material is then due to 

hybridization of the available lower-energy states consistent with an abundance of amorphous 

domains in rra-P3HT. Formation of a small amount of the CPX state in thin films of doped rr-

P3HT is also observed, as rr-P3HT contains small amounts of amorphous domains that coexist 

with the dominant crystalline form; these amorphous domains represent more probable sites for 

CPX formation, and once formed, an energetic barrier exists for the state to revert to an ICT state. 

Therefore, the accurate way to describe doping in rr-P3HT films is according to a simultaneously 

occurring four-phase model: undoped crystalline, undoped amorphous, doped crystalline (ICT), 

and doped amorphous (CPX). The consideration of the energetic probability of the type of charge 

transfer state formed is expected to have a significant impact on the stability of conductivity in 

these doped organic semiconductor thin films which is systematically studied in the next chapters. 
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6 Stability of Charge Transfer States in F4TCNQ-doped P3HT 

 

6.1 Introduction 

Due to synthetic tenability and ease of processing, organic semiconductors (OSCs) hold 

exceptional promise as active elements for printable electronic devices such as thermoelectrics,1–

4light emitting diodes,5 photovoltaics,6–10 and field effect transistors.11–15 Despite this promise, two 

major fundamental challenges continue to limit commercial success: low conductivity and 

chemical stability. Increased conductivity is typically achieved in such systems through inclusion 

of p- or n-type dopants to chemically generate mobile free carriers through charge transfer 

reactions.16 Chemical instability is broadly defined as the decrease in material functionality and 

performance with time and can have mechanistic contributions that range in length scale from 

chemical bonds to conjugation length to microstructure, particularly in mixed or blended active 

material layers.16–20 This work considers the fundamental question of stability in systems 

containing chemically-generated charge carriers: once created, do doped organic semiconductors 

retain their conductivity? If not, what fundamental processes contribute to this decrease? 

 Herein we focus on the model system of regioregular poly(3-hexyl)thiophene (rr-P3HT), 

serving as the electron donor, doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ), the electron acceptor.2,4,21–28In this system, two types of electron transfer events can 

occur. Integer charge transfer (ICT) is preferred, as it generates free carriers (holes) in the P3HT 

via electron transfer to F4TCNQ to form an ion pair; these free carriers result in a substantial 

increase in conductivity.16,22,29,30 Partial charge transfer (CPX) results in a localized trapping of 

charge carriers through hybridization of the frontier highest occupied and lowest unoccupied 
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molecular orbitals of P3HT and F4TCNQ, respectively; these states do not contribute substantially 

to conductivity21,22,29. In previous work, Jacobs et al. reported that different crystalline polymorphs 

impact formation of the ICT versus CPX states in this system, suggesting a difference in electronic 

driving force to stabilize and/or retain a particular charge transfer species.23 In a recent publication 

from these laboratories, we have shown that these two charge transfer processes are not mutually 

exclusive for co-processed P3HT/F4TCNQ films.31 Rather, we demonstrated that these two states 

can exist simultaneously and vary in relative concentration depending on microstructure and 

dopant concentration.    

 While conductivity and doping efficiency of P3HT-F4TCNQ have been the focus of intense 

interest, significantly less effort has been directed toward understanding stability of the ICT and 

CPX states. Recent reports have considered de-doping, which can be described as reactions 

between the F4TCNQ dopant and solvents or additives.32,33 Such a phenomenon is unique to 

organic semiconductors and could enable new device architectures and functionalities.  The 

simplicity and ease of modulating carrier density in these two studies led us to question the relative 

stability of these charge transfer states between the dopant and the polymer matrix. As these states 

are generally associated with different electronic environments, we hypothesized that both 

thermodynamic and kinetic factors might drive formation and retention of one state over the other, 

and that the balance of these factors might change with time. Herein, we present evidence that 

supports the ICT as the kinetically favored state, consistent with our earlier reports of its initial 

formation on doping and to the highest concentration in rr-P3HT films.  Despite this kinetic 

preference, with time we observe transformation of the ICT state to the CPX state, suggesting CPX 

as the more thermodynamically favored state. With this new insight, we further demonstrate that 

changes in the electronic environment through dopant loading, rr-P3HT molecular weight, and 
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ambient exposure impact the rate of this ICT-to-CPX conversion. These findings have broad 

significance for lifetime, efficiency, and conductivity considerations of organic semiconductor 

devices. 

6.2 Loss In Conductivity Of Doped P3HT When Stored In A Dark And Inert 

Atmosphere 

The studies reported here were motivated by 

the observation that the conductivity of 

F4TCNQ-doped, 58 kDa MW, regioregular 

(rr)-P3HT decreases slowly with time, even 

when stored in dark inert conditions as 

shown in Figure 6.2-1. A decrease in 

conductivity of approximately one order of 

magnitude is observed with time for both 

high (χF4TCNQ >0.096) and low (χF4TCNQ 

<0.096) F4TCNQ dopant concentrations, 

with the greatest changes occurring in the initial ~2-3 weeks of storage. A similar fractional 

decrease in conductivity with F4TCNQ dopant concentration (χF4TCNQ) suggests that this decrease 

is related to changes in charge transfer state within these doped P3HT films. Specifically, we 

hypothesized conversion of ICT to CPX states, resulting in the trapping of free charge carriers and 

thereby preventing them from contributing to overall film conductivity.  

 To test our hypothesis, we used FTIR spectroscopy to study the nature of the charge transfer 

states that exist in these films with time. It is well established that the ν(C≡N) b1u mode of F4TCNQ 
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P3HT (MW 58 kDa) with time for χF4TCNQ 0.01, 0.05, 0.09 
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is sensitive to local electron density within the molecule, shifting to lower frequency as the electron 

density increases.34 In fact, the magnitude of this shift from its frequency in neutral F4TCNQ (Δν) 

has been proposed to be linearly correlated to the degree of charge transferred (δ) to the molecule 

through the following relationship: 

𝛿 =  
2 ∆𝜈

𝜈0
 [1 −  

𝜈1
2

𝜈0
2]

−1

 
6-1 

where ν0 and ν1 are the frequencies of the neutral and ICT forms of F4TCNQ at 2227 and 2194 cm-

1, respectively21,35 The top spectra in Figure 6.4-1a and b show the responses of freshly prepared 

F4TCNQ-doped rr-P3HT films for representative F4TCNQ mole fractions (χF4TCNQ) of 0.05 and 

0.11, respectively, and peak assignments are as described in the previous chapter Table 5-2. In 

total, the spectra in Figure 6.4-1 clearly demonstrate dominant formation of the ICT state by the 

presence of a ν(C≡N) b1u band at 2194 cm-1 in accordance with the literature. However, careful 

spectral decomposition reveals the emergence of a band at a slightly higher frequency of 2201 cm-

1 that we attribute to a co-existent CPX state with a δ of 0.8e-. The co-presence and χF4TCNQ 

dependence of the CPX state in freshly-prepared films (black symbols in Figure 6.4-1d) is detailed 

in the previous chapter.31 In this previous work, we postulated that a high fraction of CPX in 

amorphous P3HT at higher dopant concentrations (χF4TCNQ >0.096) arose from an offset in energy 

with the LUMO of F4TCNQ.  However, this picture does not account for the observed increase in 

CPX at low dopant concentrations (χF4TCNQ ≤0.096) in regioregular P3HT that can be seen in the 

black data of Figure 6.4-1d, where energetic alignment predicts ICT.  This led us to consider the 

possibility of instability in the ICT state that is exacerbated at low dopant concentrations. Results 

described in subsequent sections directly address these issues.  
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6.3 Stability Of The Co-existent Charge Transfer States.  

The ratio of ICT to CPX states with time was probed with a series of films of varying dopant 

concentration stored in a dark, inert atmosphere and monitored using FTIR and XPS over the 

course of 6-7 weeks. Figure 6.4-1a shows a series of spectra taken during storage of a χF4TCNQ 0.05 

film representative of the low dopant concentration regime (χF4TCNQ ≤0.096). In this film, the band 

at 2201-2203 cm-1 due to the CPX state (δ = 0.8-0.7e-) increases about 50% in intensity over the 

course of 6 weeks, starting as little more than a shoulder to becoming a well-defined peak at 2203 

cm-1. The ν(C≡N) band at 2169 cm-1 also broadens over time, and when subjected to peak fitting, 

the corresponding ν(C≡N) b2u mode of the CPX state at 2177 cm-1 can be identified clearly.  

A similar series of spectra taken during storage of a χF4TCNQ 0.11 film representative of the high 

dopant concentration regime (χF4TCNQ >0.096) is shown in Figure 6.4-1b. These spectra show that, 

while not as pronounced, a small growth in the CPX state can also be clearly detected. Plots of the 

relative CPX:ICT intensities as a function of time for several representative dopant concentrations 

(Figure 6.4-1d) show a clear inverse relationship between growth of the CPX state and dopant 
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concentration. After 6 weeks, most of the F4TCNQ-doped rr-P3HT films studied showed a 

significant increase of the CPX state with time (red data, Figure 6.4-1c), with the exception of the 

two highest dopant concentrations which did not exhibit any significant change in CPX state 

presence over this observation period.   

Other interesting observations in these spectral data are loss of the ν(C≡N) ag mode and the 

presence of as-yet unassigned spectral features denoted in light blue in Figure 6.2-1b in the high 

dopant concentration films. The peak at 2185 cm-1 has been assigned to the ν(C≡N) ag mode based 

on DFT calculations by Zhu et al.,29 although this assignment has come under scrutiny recently in 

work by Hase et al.36 The loss of intensity of this band at a rate different than loss of the ICT 

ν(C≡N) b1u peak is inconsistent with its assignment to the ν(C≡N) ag band of the ICT state. 

Moreover, the spectra in Figure 6.4-1b suggest that this band decreases at a rate similar to that of 

the unidentified bands in light blue, suggesting that these three bands originate from the same 

chemical species. The origins of these bands are being actively pursued in this laboratory and will 

be reported in a forthcoming publication.  

XPS results corroborate the trends observed in the time-dependent IR spectra as exemplified by 

the N 1s core level spectra shown in Figure 3 for representative χF4TCNQ 0.05 and 0.11 films. The 

N 1s spectra were subjected to spectral decomposition based on assignments in the literature.37–39 

The red band (398.2 eV) corresponds to F4TCNQ in its most reduced state, in this case the radical 

anion form associated with the ICT state. This has been assigned based on work done by Coletti38 

and Koch.40 Coletti et al. observed a peak at 398.3 eV in the N 1s core level spectrum after 

deposition of F4TCNQ on epitaxial graphene sheets. In similar work done by Koch et al., they 

assigned a peak at 397.8 eV to the anionic F4TCNQ peak on gold. The blue band (401.5 eV) likely 

has contributions from shake-up processes.40 This band has been reported in high resolution N 1s 
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core level spectra of TCNQ,37,39 with the shake-up peak in that case being due to the neutral TCNQ, 

and has also been accounted for in fits of N 1s spectra of F4TCNQ on surfaces.38,40 The green band 

(400.0 eV) is more difficult to assign, as most literature reports attribute it to neutral F4TCNQ. 

However, as can be seen from the IR spectra in Figure 6.4-1 and our previous work,31 there is 

clearly no indication of substantial neutral F4TCNQ left in these films. Therefore, the proposed 

assignment for this band is the CPX state of F4TCNQ. This assignment is justified based on its 

higher binding energy relative to the ICT state, expected with only a partial negative charge, 

although it is noted that any residual neutral state may not be resolvable within the resolution of 

the XPS instrument.  

As is clear from the N 1s XPS results in Figure 6.3-1, films of all dopant concentrations exhibit a 

continual loss of the ICT state with time in favor of the CPX. Interestingly, however, the time 

dependence of the growth of the CPX relative to the ICT with time (Figure 6.3-1c) differs from 

that observed in the FTIR data (Figure 2d) in that the CPX growth appears more pronounced in 

the XPS. The FTIR spectroscopy was done in transmission mode; thus, the spectra represent the 

average state of F4TCNQ throughout the 10-15 nm thickness of the film in contrast to the ~3-5 nm 

sampling depth for the N 1s XPS data. The XPS results therefore suggest that the enhancement of 

the CPX relative to the ICT starts at the outer surface of the film and moves inward before 

presumably attaining a more homogeneous distribution of ICT and CPX states throughout the film.  
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As a further check on the possible presence of neutral F4TCNQ in these films upon formation of 

the CPX state, we evaluated the UV-visible spectra for any evidence of neutral F4TCNQ. In the 

UV-visible spectrum, neutral F4TCNQ exhibits a strong absorption band at 390 nm whereas that 

of the ICT state is at 415 nm in these films as seen 

in Figure 6.3-3 . Although the Uv-visible spectra 

clearly show the loss of the ICT state band, no 

concomitant growth of a neutral F4TCNQ band 

is apparent. It is also noted that the π- π* neutral 

P3HT peak at ~2.2eV remains mostly unaffected 

with the dark inert storage but there is a slight 

change in the 0-0/0-1 vibronic peak ratio from 

0.78 to 0.74 visible in the 0.01 mole ratio spectra 

in Figure 6.3-3 with the 0-0 peak at at ~2.05eV. This subtle decrease in the aggregate peak ratio 

Figure 6.3-3: UV-Vis absorption spectra of F4TCN-doped rr-P3HT films of χF4TCNQ 0.01, 0.05, 0.09 and 0.13 

(normalized to neutral P3HT peak at 560 nm). a) Spectra acquired immediately after film fabrication, and b) spectra 

acquired after 10 weeks of dark inert storage on films used for conductivity measurements. 

0-1 

0-0 

0-1 

0-0 

Figure 6.3-2: UV-Vis data of 0.01 mole ratio 

F4TCNQ showing loss in F4TCNQ anions with a 

slight change in the 0-0/0-1 peak ratio of P3HT 
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of P3HT with time when stored in a dark and inert atmosphere along with loss of the anions 

indicates changes in the polymer backbone with time. Hence while the conversion of ICT to CPX 

charge transfer states is predominantly responsible for the loss in conductivity, the simultaneous 

changes in the P3HT microstructure could be the driving force for the conversion. 
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6.4 Energetic Considerations For Formation Of ICT Or CPX 

With knowledge that the CPX state forms at the expense of the ICT state, and that CPX formation 

has a small but measurable impact on conductivity of the films, it is important to further consider 

the driving force for this change. In our previous work, we postulated a local energetic driving 

force for charge state retention based on microstructure-electronic structure-property relationships.  

We observed the highest concentrations of CPX states with amorphous films that are harder to 
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Figure 6.4-1 Transmission FTIR spectra from 58 kDa rr-P3HT films in ν(C≡N) region at different times 

during storage in a dark, inert environment for a) χF4TCNQ 0.05 and b) χF4TCNQ 0.11; red fit bands due to 

ICT, green fit bands due CPX. c) Peak absorbance ratio of CPX to ICT b1u ν(C≡N) bands for films at 

initial time and after 6 weeks storage as a function of χF4TCNQ. d) Peak absorbance ratio of CPX to ICT b1u 

ν(C≡N) bands for four representative χF4TCNQ
 
with time. (Courtesy of Kristen E. Watts) 
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oxidize than rr-P3HT.31 While the exact structural locations of F4TCNQ giving rise to ICT and 

CPX are not yet known, formation of these two states can be described as occurring at two distinct 

sites within the P3HT, A and B, for the ICT and CPX states, respectively. The A sites represent 

those that enable the charge associated with F4TCNQ to contribute to high conductivity whereas 

the B sites are those that serve to localize the polaron, thus serving as trap sites leading to decreased 

conductivity. With the information in hand, it is currently unknown whether these sites can be 

directly and quantitatively related to P3HT microstructure. Following this line of reasoning, the 

formation of the ICT and CPX states can be described by the following equilibria, assuming that 

all processes are reversible: 

 F4TCNQA    ↔     F4TCNQ− ∙ ; Q1   =    
[F4TCNQ− ∙]

[F4TCNQA]
 6-2 

 
F4TCNQB    ↔     F4TCNQδ−  Q3   =    

[F4TCNQδ−]

[F4TCNQB]
 

6-3 

With the result from previous calculations by Jacobs et al. that the ICT state is -0.23 eV/molecule 

below the neutral F4TCNQ state,30 a value for Q1 of 7.7 x 103 is calculated. Formation of the CPX 

at the expense of the ICT with time indicates that the CPX must be the more energetically favorable 

state.  

To understand the driving force for CPX formation, one must consider the possible mechanisms 

for this process that would convert ICT to CPX. Three mechanisms that were considered include 

i) movement of F4TCNQ from a P3HT A site to a B site, ii) migration of the polaron from a P3HT 

A site to a P3HT B site, or iii) reorganization of P3HT A sites into P3HT B sites.  Regardless of 

specific mechanism, all of these possibilities can be considered in light of reactions (2) and (3) 
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above as being represented by an additional equilibrium that represents the mechanistic step 

necessary for conversion of the ICT to the CPX:  

 F4TCNQA    ↔     F4TCNQB  Q2   =  
[F4TCNQB]

[F4TCNQA]
 6-4 

Moreover, using this framework, a simple equilibrium analysis yields insight into the driving force 

for conversion of the ICT to the CPX state through stepwise equilibria: 

 
Q′   =    Q2  ∙   Q3   =    Q1  

[F4TCNQδ−]

[F4TCNQ− ∙]
 

6-5 

Simulated intensities calculated by Zhu et al. for the F4TCNQ anion radical  (the ICT state) and 

for charge transfer complexes between F4TCNQ and small oligothiophenes (the CPX state)29 

allow us to estimate that the molar absorptivity for the CPX state is a factor of three lower than 

that of the ICT state. Using this estimate yields the relationship 3A(CPX)/A(ICT) = [F4TCNQ−]/[ 

F4TCNQ−•], and the data in Figure 6.4-1 along with the value of Q1 from the earlier work noted 

above can be used to estimate the free energy change for CPX formation (GCPX) with time. This 

value is a function of χF4TCNQ as shown by the values in Table 1. These values, substantiated by 

the spectral results, indicate that CPX formation at the expense of ICT is slightly more favored for 

smaller χF4TCNQ. Assuming that the free energy change for ICT formation is in the vicinity of -0.23 

eV as noted above, the overall driving force for CPX formation from ICT is very small indeed, 

consistent with its very slow kinetics. A reaction coordinate diagram for this conversion with P3HT 

site A and B in mind is shown schematically in Figure 6.4-2. 
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Table 6-1 Free energy change for CPX Formation for 58 kDa rr-P3HT for different storage 

conditions.(Courtesy of Kristen E. Watts) 

χF4TCNQ 

3A(CPX)/ 

A(ICT) 

Q’ = Q2Q3 
GCPX 

(eV/molec) 

3A(CPX)/ 

A(ICT) 

Q’ = Q2Q3 
GCPX 

(eV/molec) 

3A(CPX)/ 

A(ICT) 

Q’ = Q2Q3 

GCPX 

(eV/molec) 

 Inert and Dark Ambient and Dark Ambient and Light 

0.17 0.48 3.70 x 103
 -0.21 4.82 3.71 x 104 -0.27 3.27 2.52 x 104 -0.26 

0.13 0.42 3.23 x 103 -0.20 5.85 4.51 x 104 -0.27 8.42 6.48 x 104 -0.28 

0.11 0.78 6.01 x 103 -0.22 - - - - - - 

0.096 1.02 7.85 x 103 -0.23 14.95 1.15 x 105 -0.30 6.98 5.37 x 104 -0.28 

0.076 1.53 1.18 x 104 -0.24 - - - - - - 

0.063 2.01 1.55 x 104 -0.24 - - - - - - 

0.050 2.16 1.66 x 104 -0.25 7.18 5.53 x 104 -0.28 8.75 6.74 x 104 -0.28 

0.031 2.07 1.59 x 103 -0.25 - - - - - - 

0.012 4.62 3.56 x 104 -0.27 4.85 3.73 x 104 -0.27 7.45 5.74 x 104 -0.28 
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Literature precedent supports all 

of the possible mechanisms 

described above. Rapid diffusion 

of F4TCNQ in rr-P3HT films has 

been observed,16,41 as have 

dopant-induced changes in film 

microstructure and morphology,42 

and chemical and photochemical 

reaction of P3HT with ambient 

gases.13,14,20,43–45,  Although more 

information about the state of 

P3HT in these films is needed 

before any more definitive conclusions can be reached, the results presented here clearly support 

an increase in CPX state population at the expense of ICT states in these films with time, leading 

to diminished semiconducting performance. 

Figure 6.4-2 Proposed reaction coordinate diagram with 

relevant energetic considerations for formation of ICT or CPX 

from neutral rr-P3HT and F4TCNQ assuming identical initial 

energy for P3HT site A or B. Dependence of initial state energy 

on χF4TCNQ expected. (Courtesy of Kristen E. Watts) 
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6.5  Effect Of Ambient Exposure. 

 We also investigated the impact of ambient exposure on CPX state formation.  Figure 6.5-1 a and 

b show representative FTIR spectra for 58 kDa rr-P3HT films stored under dark ambient 

conditions and under light-exposed ambient conditions, respectively. Figure 6.5-1 c and d show 

plots for A(CPX)/A(ICT) taken from the FTIR spectra with time. Overall, a greater amount of 
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Figure 6.5-1 Transmission FTIR spectra from 58 kDa rr-P3HT films in ν(C≡N) region at different times during 

storage for a) χF4TCNQ 0.05 in a dark ambient environment, and b) χF4TCNQ 0.05 in a light ambient environment. c) 

Peak absorbance ratio of CPX to ICT b1u ν(C≡N) bands for four representative χF4TCNQ
 
with time in dark ambient 

environment. d) Peak absorbance ratio of CPX to ICT b1u ν(C≡N) bands for four representative χF4TCNQ
 
with time in 

light ambient environment. (Courtesy of Kristen E. Watts) 
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CPX is formed for films stored in ambient compared with those stored in an inert environment. 

Based on the relatively minimal impact of light exposure on amount of CPX for the ambient light 

versus dark films, the primary effect of ambient storage in facilitating CPX formation would 

appear to come from ambient gases, primarily oxygen.  

 Conductivity results for films stored in ambient show more striking differences relative to 

those stored in an inert environment. In-plane conductivity values for light-exposed films stored 

in ambient shown in Figure 6.5-2A exhibit a rapid decrease over the first 2-3 weeks, beyond which 

the conductivity was lower than 10-7 S/cm and not measurable. The loss in conductivity for the 

χF4TCNQ 0.13 film is faster than that for the χF4TCNQ 0.09 film. This behavior may suggest that dopant 

concentration does not necessarily directly correlate to CPX formation in the ambient light stored 

system. This rapid loss in conductivity could be related to the growth of CPX states (Figure 6.5-1d) 

known to hinder charge transport23 changes in microstructure of the film, and/or a decrease in the 
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number of charge carriers due to 

photochemical degradation of P3HT or 

F4TCNQ. The UV-Vis data of the 

samples takes after ~10weeks in Figure 

6.5-2 show a complete loss in the P3HT 

spectra which points to the degradation of 

the whole system. This is corroborated by 

the fact that, the chemical stability of rr-

P3HT is known to be poor, with both 

photo- and thermal oxidation to form 

sulfones on the thiophene backbone. 

13,14,20,43–45, As seen in Figure 6.5-3, the pure P3HT undergoes a loss in conductivity by atleast 4 

orders of magnitude when stored in ambient condition for only a week while the samples stored in 

the dark and inert atmosphere only show a loss in conductivity by 1 order of magnitude in the same 

time. Hence while the formation of CPX in the doped rr-P3HT system creates trap-states leading 

to loss in conductivity in Figure 6.2-1, the poor stability of pure P3HT also needs to be kept in 

mind while understanding the stability mechanisms of the doped systems. Regardless, the time-

dependent decrease in conductivity described above in Figure 6.5-2 is clearly exacerbated by 

ambient exposure.   
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Figure 6.5-3 Conductivity of pure 58 kDa rr-P3HT during 

storage under dark inert conditions (black) and light ambient 
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168 

 

6.6 Conclusions 

This work further demonstrates that the co-existent charge transfer states in F4TCNQ-doped rr-

P3HT have direct implications on the functionality of the system.  While ICT is definitively the 

kinetically favored state, over time, an intersystem conversion from ICT to form a δ=0.7-0.8e CPX 

state occurs; a quasi-quantitative analysis suggests that CPX is inherently the slightly more 

thermodynamically favored state. We suggest the change could be associated with one or more of 

the following processes: i) movement of F4TCNQ from a P3HT A site to a B site, ii) migration of 

the polaron from a P3HT A site to a P3HT B site, or iii) reorganization of P3HT A sites into P3HT 

B sites.  We emphasize that regardless of specific mechanism, the change that occurs localizes the 

polaron, thereby preventing it from contributing to film conductivity. In other words, the once 

generated free carriers of the ICT states become non-functional due to their localization in trap 

sites (CPX). Of these mechanisms, the last is considered the most unlikely. At this time, we have 

insufficient information about the microstructure of these films with time to identify definitively 

the P3HT A and B sites and to distinguish between these three possibilities. Nonetheless, we can 

say with certainty that exposure to ambient conditions promotes formation of the CPX state, 

providing evidence for reaction chemistry between film components and the environment. 

Ultimately, migration to this partially-charged CPX state is responsible for the significant 

conductivity loss observed over time in doped films stored in ambient.  
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7 Thermal Degradation Of Doped P3HT 

7.1 Introduction 

The ability to modulate opto-electronic properties through synthesis combined with low-

cost printing approaches has motivated extensive investigations of organic semiconductor 

materials into a number of devices including organic photovoltaics, 1–5  field effect  6–9 and 

electrochemical transistors, 10–12 light emitting diodes,13,14 and thermoelectrics.15–17 While every 

device functions slightly differently, the fundamental requirements for commercialization of 

organic electronics are high electrical conductivity and long-term performance. Due to the low 

dielectric constant of organic semiconductors (ε~2-4), the predominant limitation to electrical 

conductivity is free carriers. As such a number of efforts have targeted the inclusion of p- or n-

type dopants to increase carrier density via charge transfer reactions.15,18,19  Yet stability continues 

to be a challenge due to the very nature of the charge carrier in an organic semiconductor; the 

polaron is a free radical that can be highly reactive. Often these reactions involve or are accelerated 

by reactive gas-phase species (O2, H2O, etc.) that exist either as impurities left from processing 

and/or undergo incursion through encapsulation layers during device operation.  Even the best 

encapsulation layers allow exposure to small amounts of these species on the order of tens of 

millions of molecules of H2O vapor and/or O2 cm-2 s-1 or more.  Added to this are additional 

thermal degradation effects, which can include morphological changes and/or burn-in effects of 

demixing or crystallization. This work investigates the thermal stability of a p-doped organic 

semiconductor, where elevated temperatures in the presence of ambient gases of different 

concentrations is used to imitate long-term operation conditions. 
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Herein we consider the model system of poly(3-heyxlthiophene) (P3HT) doped with 

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ).  This system provides the ideal 

platform to understand how conductivity changes under thermal stress, focusing on the 

interconnected effects of chemical stability and microstructural changes and leveraging the wealth 

of spectroscopic signatures. The nature of the charge transfer state can be easily tracked using FT-

IR spectroscopy while the intermolecular spacings can be tracked using grazing incidence wide-

angle x-ray scattering; absorbance spectroscopy in the visible can be used to complement both 

measurments. Specificallly, F4TCNQ-doped P3HT has been shown to follow a multi-mechanistic 

reaction pathway in doping. The preferred reaction pathway leads to the formation of the integer 

charge transfer state (ICT), yielding a one-electron transfer event and mobile charge carriers. The 

overlapping frontier molecular orbitals of the dopant and OSC, effectively acting as a localized 

charge trap.18 Our recent work emphasizes that both ICT and CPX states form simultaneously, 

with the intial ratio dependent on local electronic environment, as defined by microscture.20 In a 

follow-up study, we observed kinetic conversion of the ICT state to the CPX state with time using 

a combination of infrared and photoelectron spectroscopies and supported by a complete loss of 

film conductivity with increased CPX state concentration in chapter 6.21 Both the fraction and rate 

of conversion to the CPX state were detemined to be influenced by polymer molecular weight, 

dopant concentration, and storage conditions, with ambient storage conditions accelerating the 

conversion.  

We expound on this new evidence to now consdier the thermal stability of the F4TCNQ-

doped P3HT system.  As a somewhat predictable extension of the time-dependent work described 

above, we expanded our analysis to consider the effects of thermal annealing on charge transfer 

state and microstructure of doped P3HT films to better define our multi-phase model. However, 
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we note that post-processing thermal annealing is commonly used in organic electronics to alter 

in-plane crystallinity and morphology, thus a direct Arrhenius relationship cannot be expected. 

 Herein, using our proven combination of spectroscopic techniques, we observe changes in 

dopant-polymer interactions as a function of annealing temperature from two perspectives: 

structure-phase and chemical-phase relationships. This concept is presented using a given mole 

ratio of 0.096 and variable temperature annealing up to 120°C in three different oxygen partial 

pressure envirionments: ultralow (([O2] < 2 ppm ) , low (12 ppm < [O2] < 50ppm) and ambient 

([O2]~2*105 ppm). Other mole fractions of the ambient environment are given in the Appendix. 

The thermal annealing temperature choice was intentional to avoid the crytalline to liquidn 

crystalline state transition temperature of high molecular weight, regio-regular P3HT at 205-

220°C.22 This collective parameter space and multi-spectrosocpic approach allows for deduction 

of oxygen-concentration effects on the thermal degradation mechanism to explain losses in 

conductivity.  We specifically test the hypothesis that the presence of free carriers – polaron cation 

radicals - arising from the initial doping process yield diminished stability through increased 

reactivity of the radical. Using both XPS and FTIR, we evidentially demonstrate diminished in-

plane conductivity at higher temperatures is due to a combination of physical and electronic 

structural changes resulting from the protonation of the F4TCNQ.  This degradation pathway is 

shown to be dependent upon O2 concentration; specifically, we observed differences in 

HF4TCNQ- formation in three environments: <10 ppm (ultra-low), ~50 ppm (low), and 200K ppm 

(ambient) O2 concentrations.  

For clarity, this chapter is divided into presentation of results for undoped and doped P3HT, 

followed by mechanistic discussions when considereing the full system in context. 
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7.2 Conductivity Loss In Doped P3HT  

As has been established in chapters 5 and 6, F4TCNQ-doped P3HT yields the following:  

(1) an increase the number of charge carriers in the system; (2) formation of ICT and CPX states 

simultaneously with ICT being initially dominant; and (3) the intercalation of F4TCNQ- anions in 

the 010 in-plane direction of the 

crystalline regions of P3HT. As seen 

in Figure 7.2-1, the in-plane 

conductivity for a given amount of 

dopant i.e 0.09χF4TCNQ in P3HT  

changes by varying degrees of 

magnitude as the annealing 

temperature is increased in a given 

oxygen environment. Data for other 

mole ratios of the dopant are given in 

the Appendix. The largest change in 

conductivity ~103 is observed for the 

ambient annealing (blue); minimal conductivity loss, within the standard deviation of the 

measurement, is noted for the nitrogen glove box environment with [O2] < 1 ppm (black).  A slight 

increase in the oxygen environment to 12ppm < [O2] < 50 ppm leads to a decrease in conductivity 

by 1 order of magnitude, which is less than in ambient but significant.  

Figure 7.2-1 : In-plane conductivity loss in 0.09χF4TCNQ in P3HT 

when the sample was progressively heated for 5mins each at 60°C, 

80°C, 100°C and 120°C   in varying environments of oxygen. 
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As a control, the comparison to 

undoped P3HT is shown inFigure 7.2-2 

For the undoped system, all 3 oxygen 

environments yield a loss in decreased 

conductivity by a factor of 10-100 when 

annealed at 120°C, ending in 

conductivities between 10-5 and 10-6 S 

cm-1.  

A number of blended electron 

donor – acceptor molecules have shown 

increased photo-stability, relative to the neat materials, postulated to be due to differences in photo-

induced electron transfer between D-A materials relative to O2.
23–26. As discussed in Chapter 6, 

light and ambient aged P3HT demonstrated increased degradation relative to materials aged in the 

glove box and doped samples aged in similar conditions (Chapter 6, Figure 6-8). Hence the 

degradation of doped and undoped P3HT might not follow the same mechanisms due to any 

combination of the following: presence of carriers – i.e. polarons – alters the chemical reactivity; 

and/or the difference in the electronic environment due to the presence of carriers and/or 

microstructural changes.  Therefore, before we go further into the thermal degradation of doped 

P3HT, we first revisit the processes involved in the annealing of pure P3HT and its direct effect 

on microstructure and charge transport properties.  

Figure 7.2-2 In-plane conductivity loss in  undoped P3HT when 

the sample was progressively heated for 5mins each at 60°C, 

80°C, 100°C and 120°C   in varying environments of oxygen. 
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7.3 Thermal Degradation Of Undoped P3HT 

Polymeric semiconductors can be relatively classified as one of the three microstructures: 

semicrystalline, disordered aggregates or amorphous polymers, as in Figure 7.2-1. Semicrystalline 

polymers exhibit multiple microstructural components. Briefly, as shown in Figure 7-3A and B, 

regions of closely-packed lamellar structures (or crystallites) are interconnected via tie-molecules, 

which can transverse through amorphous domains. Charge transport in a semicrystalline and 

disordered aggregates of polymer can happen (1) along the tie-chains between crystalline domains 

through the amorphous regions; (2) along the polymer chain i.e intra-chain transport that can be 

either in the amorphous or in the crystalline domains and (3) inter-chain transport in the crystalline 

domains along the π-stacking direction or the alkyl chain direction as seen Figure 7.3-227 

Figure 7.2-1 Different microstructural possibilities for P3HT. Adapted from the work by Noreiga et. al 
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Macroscopic charge transport 

properties (i.e bulk conductivity and 

mobility measurements) are expected to 

occur predominantly in the crystallites and 

corresponding tie chains in the solid state. 

Increasing the carrier density through 

contact-injected carriers (i.e. in 

transistors) alters the number of states 

which contribute to the mobility edge.28,29 However, increasing carrier density through doping 

disrupts the original semicrystalline microstructure and in the presence of a high carrier density, 

mobilities cannot be measured using transistors. Moreover, it has been postulated that the transport 

through the disordered regions between the crystalline domains may be the limiting factor, and not 

just the local motion within the ordered regions as we see below.30–33 The temperature-dependent 

changes in otpo-electronic and microstructural changes are discussed below using UV-Vis and 

GIWAXS.  

Figure 7.3-2 Schematic of  the type of charge transport possible 

within the ordered region of the edge on P3HT microstructure 
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Microstructural changes with thermal annealing:  

The opto-electronic properties and electronic-vibronic structure as a function of oxygen 

environments is given in Figure 7.3-3. A thermochromic blue shift is noted for the higher oxygen 

environments, associated with a shift in the π-π* neutral P3HT absorbance peak from 2.22eV to 

2.28 eV (by ~60 meV) at 120°C with a loss in absorption strength, with the largest difference 

shown for the ambient sample. The slight loss in absorption strength is almost negligible for the 

ultra-low oxygen environment with no statistically discernable blue shift in Figure 7.3-3A. The 

loss in the absorbance intensity in the ambient conditions point towards a chemical change in the 

system – i.e. a loss of collective chromophores - while the shift in energy is indicative of structural 

change. 

The thermochromism of P3HT has been previously attributed to thermally-induced 

conformational changes34 that are summarized in Figure 7.3-4. This effect is similar to the changes 

in opto-electronic properties of the aggregates discussed for the electrochemical doping of P3HT 

in chapter 4. Briefly, upon annealing, the thiophene rings in the polymer chain deplanarize, which 

enhances twisting between the rings resulting in a shorter conjugation length (Figure 7.3-4A). This 

Figure 7.3-3 UV-Vis absorption spectra of undoped P3HT when the sample was progressively heated for 

5mins each at 60°C, 80°C, 100°C and 120°C in (A) a nitrogen glove box O2 < 2ppm (B) a Argon glove box 

2ppm < O2 < 50ppm and (C) ambient atmosphere. 

(A) 
(B) (C) 
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increase in disorder with temperature causes a nuclear rearrangement, increasing the strength of 

the higher vibronic transitions (0-1,0-2 etc), reflected in the UV-vis spectra: a blue shift is observed 

due to steric hinderance of the intra-chain charge transport along the polymer backbone 30,34,35. In 

Figure 7.3-4 A and B, the twists between the thiophene units yield an electronic-vibronic overlap 

along the nuclear coordinate, yielding a decrease in wave function overlap between the ground and 

excited state. The result is a decrease in the 0-0/0-1 ratio, coinciding with a blue shift (Figure 

7.3-3C).  

Taking the 0-0 peak at ~2.1eV and the 0-1 peak at ~2.24eV from Figure 7.3-4 C shows the 

change in the ratio with annealing. The maximum change in the ratio from 0.77 to 0.68, which is 

equivalent to an increase in exciton bandwidth from ~65 meV to ~100 meV, occurs for the ambient 

thermal annealing. We note that e no significant change occurs in the low and ultra-low oxygen 

environments, implying the highest conformational changes occur in the presence of oxygen. 

(B) 

Figure 7.3-4 (A) The 0-0/0-1 aggregate ratio of thermal annealing of P3HT in 7.3-3 and (B) pictorial representation 

of the twisting of thiophene rings observed in the ambient heating conditions with a smaller 0-0/0-1 ratio. (C) 

vertical vibronic transitions between the electronic ground state and excited state during the ambient heating from 

RT (black) to 120°C in blue 

(A) 
(C) 
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These conformational changes in the aggregates are known to cause shortening of the interacting 

conjugated segments affecting the intrachain transport as shown in Figure 7.3-4C.  

 Work by Pingel et al30 and Gierschner et al.36 showed a decrease in number of repeat units 

as P3HT was heated, decreasing the conjugation length for a high molecular weight polymer, using 

a direct relationship between the exciton bandwidth (W) and the number of repeat units in P3HT. 

Although we note this effect did not discuss the possibility of chemically-induced structural 

changes. Upon heating to 120°C, the interacting chain length was shown to shorten from 13 to 

11nm affecting the intra-chain charge transport. We note that these changes all occur without 
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evidence of the polaron peak, indicating a structural change that does not coincide with an increase 

in carrier density (i.e. oxygen doping is excluded). 

GIWAXS was performed as complementary analysis to the UV-vis, with the advantage 

that GIWAXS provides for intermolecular spacings of the crystallites – the second component of 

charge transport.  The out-of-plane and in-place one-dimension scattering pattern are shown in  

Figure 7.3-5A to D. The out-of-plane (100) d-spacing increased from 15.5 Å to 16.2 Å while the 

in-plane π stacking direction (010) d-spacing shows a small decrease from 3.79 Å to 3.76Å at 

Figure 7.3-5 (A) Out-of-plane (B) In-plane diffraction pattern of P3HT heated in ambient conditions from room 

temperature to 120°C. (C) shows the changes in 100 and 010 d-spacings with annealing temperature with (D) as 

a schematic of the same.  

(A) (B) 

(D) (C) 
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120°C. These changes corroborate and further quantify the aggregate inter-chain changes in 

ambient heating conditions discussed above. As was seen by the UV-Vis measurement which 

showed an increase in the exciton bandwidth which is directly associated with the decrease in the 

π stacking distances (010) while the increase in the disorder due to twists in the backbone cause 

an increase in the out-of-plane or alkyl chain direction, increase the 100 d-spacings37.  

Collectively, we note that these subtle conformational and microstructural differences in 

the thermal annealing of P3HT do not completely explain the conductivity loss seen across the 

three oxygen environments in Figure 7.2-2 if we assume transport purely through the crystalline 

domains.  

To further quantify the effect of the crystalline and amorphous domains in rr P3HT, rra 

P3HT was introduced into rr-P3HT in solution in varying amounts and then spin coated on the 

substrate. The UV-Vis data in Figure 7.3-6A  shows an increase in the high energy amorphous 

peak (as indicated by the arrow) with increase in rra P3HT in the system with simultaneous 

decrease in the % aggregation (Figure 7.3-6B), as obtained from the H-aggregate fitting using the 

model developed by Spano. However, the conductivity values shown in Figure 7.3-6C do not 

Figure 7.3-6 (A) UV-Vis absorbance spectra of increasing rra-P3HT in rr-P3HT (B) % aggregation values of the spectra in A 

using the H-aggregate model developed by Spano and Silva (C) Change in conductivity (red) and the 0-0/0-1 peak ratio as a 

function of change in %rra-P3HT 

(A) 
(B) (C) 
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change significantly with decreasing amount of crystalline regions (or increasing amorphous 

domains). This re-iterates our initial hypothesis that it is the well-connected (tie-chains) crystalline 

regions that are responsible for bulk of the charge transport irrespective of the amount of 

amorphous domains. However, at the 90% rra-P3HT, the conductivity falls below 10-6 S.cm-1 

which is the instrumental limit of measurement. At this point, the 0-0/0-1 ratio decreases below 

the values of 0.72 i.e causing enough conformational changes to effect the connectivity of the 

crystalline domains hindering conductivity. However, while the significant decrease in 0-0/0-1 

peak ratio explains the loss in conductivity in the 90% rra-P3HT system, it is not sufficient to 

explain the loss in conductivity seen with thermal annealing in Figure 7.2-2, implying, thermally 

induced chemical changes occur in the P3HT polymer as seen by the loss in absorption intensities 

discussed in more detail below 

Pingel et al used pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) and 

OFET mobility measurements to show that macroscopic transport is not actually determined by 

the local motion of charges in a crystalline region alone30. It is limited by the charge carriers 

crossing the disordered regions between the crystallites. Hence, even though the 010 spacing 

decreases by a small amount, it does not have any visible effect on the conductivity with 

temperature. Rather, we conclude that the ambient thermal annealing must be impacting the tie 

chains. It has been hypothesized that, there exists longer chains or tie molecules between these 

ordered crystallites that promote charge transport31,33,38. It is possible that as temperature increases, 

these connecting chains are affected with increase in disorder to cause a pronounced decrease in 
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the inter-grain charge 

carrier transport as is 

shown in Figure 7.3-7. 

However, the 

specifics of these 

temperature induced 

microstructural 

changes in the regions 

between the crystallites are difficult to assess quantitatively. That said, the conductivity values of 

doped P3HT in Figure 7.2-1 remain unchanged at temperatures of 120°C (black curve) in the ultra-

low environmental conditions. These observations together imply microstructure alone is not 

enough to explain the thermally induced loss in conductivity of the polymer but rather are 

reflective of thermally induced chemical changes occurring simultaneously.  

7.3.1 Chemical Degradation of P3HT 

Degradation of P3HT is established to proceed via a 

free radical-based mechanism, predominantly associated 

with photo-induced mechanism resulting in the formation of 

a reactive radical. However, residual catalysis and/or 

unquantified structural defects could also yield a radical  

defect. Specifically, the loss of a hydrogen on the alkyl chain 

(labeled α and β hydrogens in Figure 7-11) results in a hydrogen vacancy, most probably on the 

4th carbon on the ring; the resulting radical can be supported via the nearby p-orbitals on the 

Figure 7.3-8 labelled P3HT molecule 

Figure 7.3-7 Schematic of the proposed hypothesis for loss in connectivity 

between the crystalline domains (orange)  hindering charge transport in undoped 

P3HT. 
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conjugated ring.  The binding energies of the α-hydrogen (3.92eV) is weaker than the β-hydrogen 

atoms (4.41eV), indicating that the C-H bond on the α-hydrogen is easier to break for the formation 

of this free radical.39 However, the formation of this radical species can occur via (1) the hydrogen 

abstraction from the hexyl side chain of P3HT by the oxygen 40 or (2) through proton abstraction 

of the P3HT polaron in the presence of the superoxide.39 This formation of the reactive radical 

species can then undertake multiple reaction pathways, as described by Manceau et.al to form 

numerous oxidized species leading to side-chain and sulfur oxidation on the ring 25,41,42.We note 

that all reactions are expected to be accelerated by environmental factors like oxygen, water vapor 

and temperature.  

According to the work by Street et.al the P3HT radical formed in Scheme 7-1 by the loss 

in the alpha hydrogen from the alkyl chain can create localized defects by either (1) creating a 

hydrogen vacancy at the alpha C of the alkyl side chain or (2) attach to the carbon labelled 4 in 

Figure 7.3-8 in the conjugated polymer structure creating a CH2 defect.43 Either way, this 

formation of a localized defect can directly be connected to the conformational changes in the 

polymer backbone seen in the 0-0/0-1 absorbance intensity ratio when heated in ambient 

conditions. The formation of these localized defects due to chemical changes by hydrogen 

abstraction hinder the charge transport by affecting the tie chains connecting the crystalline regions 

as seen in Figure 7.3-7 by the dashed lines in orange. Regardless of the exact mechanism, when 

Scheme 7-1 : The photo reaction of P3HT to form a free radical due to the hydrogen 

vacancy that creates trap states which then reacts with water and oxygen to form 

termination products 
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we compare the full data set on undoped P3HT, several glaring features stand out.  The conjugation 

loss, the absorption intensity loss seen in the UV-Vis spectra in Figure 7.3-6C are all consistent 

with P3HT chemical degradation. Hence, we conclude that the loss in inter-grain microstructural 

charge transport coupled with chain scission of P3HT polymer, collectively leading to the observed 

loss in conductivity. We now look at the thermal degradation of F4TCNQ doped P3HT in varying 

oxygen environments starting with the ambient. 

7.4 Thermal Degradation Of Doped P3HT In Ambient Oxygen Environment 

First, we look at the samples 

annealed in ambient conditions, since it 

showed the largest change in 

conductivity with increasing 

temperature. UV-Vis spectroscopy was 

done on the 0.096 χF4TCNQ samples as 

they were progressively heated from 

room temperature, in a low oxygen 

environment, to 60 °C, 80 °C, 100 °C 

and 120 °C for 5 minutes to track the 

anion and polaron signatures as seen 

Figure 7.4-1. At room temperature, this 

doped P3HT film (maroon) has a neutral π - π* peak at ~2.45eV and the F4TCNQ- anion peaks 

centered at ~1.6 and ~1.4 eV. The UV-vis data shows onset of loss in the F4CTNQ anion peaks at 

temperature of ~100°C. Thermal stress in this doped 0.096 χF4TCNQ film shifts the 0-1 transition 

peak of P3HT from ~2.45 to ~2.35eV (by ~100meV).  Here we note the F4TCNQ- and the P3HT+ 

Figure 7.4-1 UV-VIS spectroscopy of doped rr-P3HT at a 

mole ratio of 0.096 F4TCNQ annealed at varying 

temperatures up to 120°C in ambient 
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polaron spectral signatures diminish and disappear at temperature > ~90°C. The neutral P3HT 0-1 

absorbance signature starts to increase in intensity simultaneously with an isosbestic points at ~1.9 

eV and ~2.9eV as the sample is annealed from room temperature to 120°C. The spectra at 120°C 

shows no anion or polaron peaks and is concluded to be predominantly de-doped rr-P3HT.  

Further, the de-doping process in Figure 7.4-1 has two isosbestic points indicating the presence of 

at least three species – the transformation between co-existent neutral and charged species. To 

further understand the transformations of these charged species, FTIR was done in the ambient 

atmosphere as will be discussed below. 

The calculated exciton bandwidth of the 

0.096 de-doped rr-P3HT at 120°C is ~190 meV 

with an aggregate fraction of ~55%. While the 

exciton bandwidth W is higher than the value of 

annealed pure P3HT (109 meV), indicating lower 

crystalline quality (more disorder).44 The  π - π* 

peak of the de-doped P3HT is at ~2.35eV i.e about 

70meV higher than the undoped P3HT ( 2.28eV) 

and no F4TCNQ- is obsered at 120°C. Additionally 

the P3HT signatures (both electronic and vibronic) 

are different from that of undoped P3HT.  We note 

however that the fraction of aggregation is very 

similar. These values are summarized in Table 7-1. 

Figure 7.4-2 schematically depicts the disorder left behind in the de-doped system, 

Figure 7.4-2 Schematic showing changes 

conformational changes in the P3HT (thiophene 

monomer in purple) backbone as it is doped then de-

doped. The green is the dopant F4TCNQ anion. The 

alkyl chains were removed for simplicity 
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7.4.1 Thermal annealing effect on the crystalline regions of doped P3HT 

As was discussed in the previous section, in most conjugated semi-crystalline polymers, 

charge transport is known to occur predominantly between the interconnected network of ordered 

(crystalline) regions, with no charge transport in the amorphous45. In-situ GIWAXS analysis was 

done on the 0.096 χF4TCNQ system to elucidate the effect of microstructure with annealing 

temperature. At this given doping mole ratio, the out of plane alkyl (100) d-spacing (Figure 7.4-3) 

of doped P3HT is 18.7Å (black) at room temperature with the π- π stacking (010) direction 

showing mixed phases at 3.9 Å (high q) and 3.6 Å (low q) where the F4TCNQ (Figure 7.4-3b) 

Table 7-1 UV-Vis spectra and d-spacing 

Property 0.096χF4TCNQ 

(RT) 

0.096χF4TCNQ de-

doped (120°C) 

Undoped 

P3HT (120°C) 

0-1 peak 

(eV) 

2.45 2.35 2.28 

%Agg - 55 57 

W 

(meV) 

- 190 109 

0-0/0-1 - 0.5 0.67 

100 d-

spacing (Å) 

18.7 16.7 16.2 

010 d-

spacing (Å) 

3.9 Å (high 

q) and 3.6 Å (low q) 

3.76 Å 3.76 Å 
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dopant molecule intercalates the P3HT microstructure 20,46–48. Figure 7.4-4 schematically shows 

the changes in the GIWAXS data as the annealing temperature increases. The alkyl spacing 

decreases to 16.7Å at 120°C (orange) is still higher than that of pure P3HT annealed to 120°C with 

an alkyl d-spacing of 16.2Å in purple. In the π -stacking direction, we detect a loss of the higher q 

(double peak) peak at temperatures greater than 90°C, resulting in equivalent 0k0 spacings of pure 

P3HT at 120°C (3.76 Å). We thus conclude taht the F4TCNQ molecule no longer resides in the π-

stacking domains of the crystallites of rr-P3HT.  

This absence of F4TCNQ- anion from the crystalline microstructure, coupled with the loss 

in polaron (charge carrier) signature and the differences in the aggregate ratio at 120°C in the UV-

Vis spectra in Figure 7.4-1 partially explain the loss in conductivity. Further, GIWAXS tells us 

that the F4TCNQ anions are not in the crystalline regions, but does not explain what happened to 

them upon thermal annealing. However, this does not explain why the conducticity values are still  

higher than that of pure P3HT when there are no visible charge carriers. Hence following the 

Figure 7.4-3(a) Out-of-plane (qz) 1D GIWAXS and (b) in-plane (qxy) 1D GIWAXS at a mole ratio of 0.096 
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electronically sensitive ICT and CPX signatures can help us identify the reason behind this 

retention in conductivity. 

7.4.2 Nature of charge transfer states of doped P3HT annealed in ambient 

As can be seen in the spectra at room temperature in Figure 7.4-5, and as was discussed in 

Chapter 5 and 6, co-processed P3HT-F4TCNQ form co-existent ICT (integral charge transfer) and 

CPX (partial charge transfer) states. We also showed that the conversion of ICT to CPX was 

responsible for the significant conductivity loss observed over time in doped films stored in an 

ambient environment. Hence it is important to consider the changes in the CT states of the doped 

polymer on thermal annealing to form a complete picture of the mechanism. 

The ICT peak at 2194 (red) starts broadening beyond 80°C with an initial increase in the 

CPX signature at 2202 (green) at this this temperature. However, beyond 80°C, the peak 

broadening is too wide to definitively attribute to ICT or CPX peak. This excessinve broadening 

Figure 7.4-4 The 100 vs 010 d-spacing changes obtained from Error! Reference source not found.. The dashed 

lines indicate the temperature the sample was heated upto. On the right is a schematic showing the 

microstructural changed in the graph 
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happens simultaneous with the loss in 

the F4TCNQ- anion peak in the UV-Vis 

data above (Figure 7.4-1) and the 

disappearance of the F4TCNQ mixed 

phases from the π stacking direction of 

the crystalline domains (Figure 7.4-3). 

Hence there is definitely a 

microstructural co-relation to this 

broadening at 120°C.  

Previous work done on 

understanding the thermal annealing 

effects induced in F4TCNQ doped 

P3HT films have primarily discussed 

rapid diffusion of  F4TCNQ through the polymer matrix followed by subsequent sublimation of 

neutral F4TCNQ dopant at temperatures generally above 150 °C.3,18,49,50 TGA analysis of pure 

F4TCNQ conducted by Gao et al revealed a 5% weight loss of F4TCNQ occurred at 256.8 °C, 

which is significantly higher than the temperature range studied in our experiment and others in 

the literature.51 However, in a doped system, F4TCNQ exists as a full or partial ion (F4TCNQ- or 

F4TCNQδ-) with no trace of the neutral state observed either in UV-Vis or FTIR spectroscopy 

above.52 Ions are substantially less volatile compared to their neutral counterparts, and would need 

to transition back to their neutral state before being sublimed.  

Alternatively, we propose that the charged F4TCNQ molecules are more chemically 

reactive. It is this chemical reactivity that previous research has failed to consider and what we 

Figure 7.4-5 (a) Fitted spectral series of a film of 0.096 χ
F4TCNQ

 

in rr-P3HT with five minutes at room temperature (top), five 

minutes at 80 °C (middle) and five minutes at 120 °C (bottom). 

The spectra are plotted normalized to  the ICT b1u at 2194 cm-

1. Fitted peaks in red correspond to ICT state, green to CPX, 

purple to HF4TCNQ-, and peaks in blue are unidentified. 

(Courtesy of Kristen E. Watts)  
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hypothesize to be a critical component of the thermally induced degradation phenomena being 

observed in our measurements so far. We readily note emergence of a peak at ~2183cm-1. This 

generally could imply that the F4TCNQ dopant in the system is undergoing a thermally induced 

chemical reaction with the oxygen or the P3HT, resulting in a non-optoelectronically active 

species, where non-optoelectronically active is defined by the visible region of the 

electromagenetic radiation spectrum. The assignment of this peak is attributed to HF4TCNQ-, 

which has been shown by Le et al to not have a spectral signature in visible region.  53,54 

  In order to test our hypothesis concerning chemical phenomena induced with heating, and 

to further confirm the retention of F4TCNQ in heated films of doped rr-P3HT, x-ray photoelectron 

spectroscopy (XPS) was conducted before and after the entirety of the heating experiment for three 

0.13 χF4TCNQ doped P3HT films. The XPS results, in Figure 7.4-6, add to the evidence that 

F4TCNQ is retained in the film in some form rather than being sublimed. Figure 7.4-6B shows the 

atomic percentage ratios of nitrogen relative to carbon, fluorine relative to carbon, and nitrogen 

relative to fluorine before and after the heating experiment. In this experiment, (1) there appears 

Figure 7.4-6 (A) example N 1s core level spectra for 0.13χF4TCNQ in rr-P3HT as measured by XPS before and 

after the heating experiment was conducted (B) Trend in atomic percentages (Courtesy of Kristen E. Watts) 
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to be a small loss of nitrogen with respect to both carbon and to fluorine and (2) the fluorine signal 

appears to be retained which points to the retention of F4TCNQ in the doped rr-P3HT film post 

exposure to 120 °C.  

However, the minor losses of the nitrogen signal relative to the fluorine suggest that there 

might be some chemical reaction occurring between the P3HT and the nitrile components of the 

F4TCNQ. In addition to the slight preferential loss of nitrogen, there is an obvious shift in the 

electronic environment of the N 1s to higher binding energies as can be seen in Figure 7.4-6A post 

heat treatment. In the pre-experiment spectrum, there is a dominant low binding energy peak at  

398.2eV which indicates the formation of ICT and the green peak at 400.0 eV we attribute to the 

CPX state of the F4TCNQ. The blue peak is attributed to a shake-up satellite, as has been described 

in previous literature.55–57 After the heating experiment is conducted, there is a decrease in intensity 

of the low binding energy peak at 398.2eV in the N 1s core level spectra and a subsequent increase 

in the 400eV peaks suggesting the loss in the anion form of F4TCNQ. 

Hence, as the doped P3HT system is heated in ambient oxygen environment from room 

temperature to 120°C we see (1) a loss in conductivity by 2 orders of magnitude coupled with (2) 

loss in the F4TCNQ- anion features and emergence of unidentified C≡N peak  and (3) the diffusion 

of the dopant molecules out of the crystalline regions of P3HT with increase disorder. This 

information together points towards a thermally induced chemical reaction in ambient environment 

occurring most probably in the amorphous domains of the rr-P3HT to dissociate the F4TCNQ- 

anion to another form. To further probe this system and discern the mechanism, we repeat these 

experiments in lower oxygen environments since the loss in conductivity varied as a function of 

oxygen in Figure 7.2-1. 
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7.5 Thermal Degradation In Low Oxygen Environment (12 ppm < [O2] < 50ppm) 

The same experimental procedure 

described above was repeated in a 

significantly low oxygen environment. As 

the sample is heated, we see a progressive 

loss in the anion signatures with a 

maximum loss at 120°C with no formation 

of neutral F4TCNQ in Figure 7.5-1. The 

spectra at 120°C also shows a shift in the π-

π* neutral P3HT peak from ~2.4eV to 

2.24eV implying a change in the doping 

state and/or microstructure of the P3HT 

polymer with thermal stress as discussed 

earlier. However, unlike the ambient heating, where the F4TCNQ anion features disappear beyond 

80°C, here there is a retention of anions up to 100°C. Even at the 120°C, there is a presence of a 

discernible polaronic broad feature with the presence of the F4TCNQ anions. This is in line with 

the conductivity changes in  Figure 7.2-1 where the  conductivity at 120°C is higher for the low 

oxygen environment heating. The 0-0/0-1 aggregate ratio in this case was 0.77 which gives an 

exciton bandwidth W of ~ 70meV (40 meV less than that of pure P3HT at 109meV). However, 

quantification of the aggregation is more ambiguous, as exciton-vibronic transition assignments 

required  the assumption of a C=C vibrational energy of 0.18eV, which would change for the 

doped P3HT.  

 

Figure 7.5-1 UV-Vis absorption spectra of 0.09χF4TCNQ in 

P3HT when the sample was progressively heated for 5mins 

each at 60°C, 80°C, 100°C and 120°C   in a nitrogen glove 

box  < O2 < 2ppm showing minimal loss in F4TCNQ 

radical anion peak.  
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As earlier, the nature of the charge transfer state of the doped system was assessed using 

FTIR spectroscopy. As can be seen in Figure 7.5-2 these films exhibited a growth in a band at 

2188 cm-1 beginning after only 5 minutes of 60 °C exposure. As the temperature was increased, 

the ICT state band at 2194 cm-1 decreased until the film was almost entirely converted to 2188 cm-

1  (purple) corroborating the loss in anion peaks in the UV-Vis data in Figure 7.5-1. The nature of 

this charge transfer state can be assessed in part by the energy positions, which are between the 

ICT state (F4TCNQ•-) at 2194 cm-1 and the dianion (F4TCNQ-2) 58 at 2166 cm-1. Briefly, Le et al 

have summarized the alkalinity of the different reduced states of F4TCNQ in solution via 

electrochemistry and UV-vis spectroscopy as described in part by 7-1 to 7-3.53,54  

 

Figure 7.5-2(a) Fitted FTIR spectral series of a film of 0.096 χ
F4TCNQ

 after casting and five minute anneal at room 

temperature (top), after exposure to 5 minutes at 60 °C followed by 5 minutes at 80 °C (middle), and after exposure to 5 

minutes at 100 °C followed by 5 minutes at 120 °C in argon glovebox.  The red fitted peaks correspond to the ICT state, 

the green fit peaks correspond to the CPX, the purple peaks correspond to HF
4
TCNQ

-
 and the cyan peaks are unknown. 

(b) Trends in ν(C≡N)
b1u

 band areas for ICT (red), CPX (green) and HF
4
TCNQ

-
 (purple) relative to ν(CH

2
)

ip
 at 2852 cm

-1
. 

(Courtesy of Kristen E. Watts) 
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Scheme 7-2 : Reduced states of F4TCNQ  

 𝐹4𝑇𝐶𝑁𝑄 + 𝑒− ↔ [𝐹4𝑇𝐶𝑁𝑄]•− 7-1 

 
[𝐹4𝑇𝐶𝑁𝑄]•− + 𝑒− ↔ [𝐹4𝑇𝐶𝑁𝑄]2− or 

[𝐹4𝑇𝐶𝑁𝑄]•− + HA ↔ [H𝐹4𝑇𝐶𝑁𝑄]•+𝐴− 
7-2 

 
[𝑭𝟒𝑻𝑪𝑵𝑸]𝟐− + 𝑯𝑨 ↔ [𝑯𝑭𝟒𝑻𝑪𝑵𝑸]− + 𝑨− or 

2[H𝐹4𝑇𝐶𝑁𝑄]• ↔ [H2𝐹4𝑇𝐶𝑁Q] + F4TCNQ 
7-3 

 

Using equations 7-37-1,7-2 and  7-3, Le et al demonstrated a rapid proton transfer 

mechanism that induces the formation of HF4TCNQ- from F4TCNQ-2 (Keq = 3 x 103; kf = 1 x 1010) 

in the presence of a relatively strong proton donor, which in our case could be the mobile hydrogen 

vacancy on P3HT.53 Their spectroelectrochemical experiment was replicated by our collaborators 

(K.E. Watts et al) using vibrational spectroscopy. The key identifying bands for this HF4TCNQ- 

in the ν(C≡N) region of the IR are 2183 cm-1 (b1u) and 2153 cm-1 (b2u), which correlate well to 

those observed in the highest temperature exposed films in Figure 7.5-2.59 Hence the thermally 

induced species in the FTIR seen in both the ambient and the low oxygen environment is identified 

to be HF4TCNQ-(purple).  
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XPS done on the sample pre and post-treatment shows loss of the ICT state. Figure 7.5-3 

A shows that after heating, the fitted band at 400.0 eV in the N 1s core level spectrum is now 

dominant over the 398.2 eV. However, though the ICT is lost, it is important to note that the 

conductivity is only reduced by one order of magnitude and is still above that of undoped rr-P3HT. 

This suggests that the HF4TCNQ- has sufficient charge to stabilize and retain the polaron.  We 

note that in the XPS above,  (1) there appears to be a small loss of nitrogen with respect to carbon 

but not fluorine unlike in the ambient heating in Figure 7.4-6 and (2) the fluorine signal appears to 

be retained as in the ambient.  Hence, the complete conversion of F4TCNQ anion to the new 

species of HF4TCNQ is corroborated by the XPS measurements unlike the ambient where the 

broad peaks in the FTIR and loss of the Nitrogen with respect to carbon pointed towards possible 

loss in F4TCNQ in the sample. 

 

Figure 7.5-3(a) N 1s XPS core level series of a film of 0.096 χF4TCNQ at room temperature (top) and after 

the entirety of the heating experiment under low oxygen concentration conditions (bottom) (b) Comparison 

of the atomic ratio of N wrt F, F wrt C, and N wrt C before and after heating experiment (Courtesy of 

Kristen E. Watts) 
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All the spectral signatures that are used in understanding the thermal degradation process 

henceforth are summarized in Table 7-2. The differences in the spectral signatures in the 

spectroscopies in the two oxygen environments point towards the critical role that concentration 

of oxygen plays in the stability of doped P3HT. 

Before we look to discern the mechanisms further, the thermal annealing experiment was 

repeated in an even lower oxygen environment which should retain even more of the charge 

carriers since there was hardly any conductivity loss observed. 

Table 7-2 

UV-Vis FTIR 

P3HT F4TCNQ 
Charge-Transfer state (C≡N 

stretching) 

0-1 0-0 polaron Anion ICT CPX HF4TCNQ- 

2.22eV 2.05eV 
Broad band centered 

at ~1.5eV 

1.4eV and 

1.6eV 

2194 

cm-1 

2202 

cm-1 
2183 cm-1 
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7.6 Thermal Degradation In Ultra-Low Oxygen Environment ([O2] < 2 ppm) 

In the ultra-low oxygen 

environment, the polaron signature 

can be observed by the wide band 

feature centered at ~1.5eV, over 

which the F4TCNQ•- peaks are 

visible at 1.4 and 1.6eV. As the 

sample is annealed in a nitrogen 

glove box with oxygen content of 

less than 2ppm, we observe a slight 

loss in the polaron and anion peak 

with the largest loss at 120°C. The 

strong presence of the anion and 

polaron peaks suggest the presence 

of charge carriers even at high temperatures which retains the conductivity of the doped system in 

Figure 7.2-1.  

The finer structure can also be resolved in Figure 7.6-1, with initial connections to 

microstructure. Here we note that the aggregates are only slightly affected with increasing 

annealing temperature, with a change in the 0-0/0-1 absorbance ratio going from 0.93 to 0.96 is 

not statistically significant in the context of sample variability. This implies minimal change in 

microstructure of the P3HT aggregate domains with thermal stress in a low oxygen environment 

for this oxygen partial pressure. We also note no shift in energy of the neutral P3HT transition at 

2.24 eV indicating no change in the doping state of the P3HT molecule corroborating the stability 

Figure 7.6-1 UV-Vis absorption spectra of 0.09χF4TCNQ in P3HT 

when the sample was progressively heated for 5mins each at 60°C, 

80°C, 100°C and 120°C   in a nitrogen glove box O2 < 2ppm 

showing minimal loss in F4TCNQ radical anion peak. 
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in conductivity of the system when heated in the low oxygen environment.  Comparisons will be 

expounded in the Discussion section.  

The degree and nature of the charge transfer states of this system were discerned using 

FTIR vibrational spectroscopy. The representative FTIR data of the ν(C≡N) region can be seen in 

Figure 7.6-2. At room temperature, there is the characteristic co-existence of ICT and CPX states 

that have been previously described for F4TCNQ-doped P3HT films as in the two sections above.20 

After exposing the film to moderate amounts of heat from room temperature to 120°C there is an 

apparent loss of the CPX state.  The previously identified HF4TCNQ- band is seen to co-exist with 

the ICT in Figure 7.6-2 after heating the doped film at 120°C. This is unlike in the low oxygen 

environment which saw a complete conversion. The XPS analysis ( Figure 7.6-3) is very similar 

Figure 7.6-2 (a) Fitted FTIR spectral series of a film of 0.096 χF4TCNQ after casting and five minute anneal at room 

temperature (top), after exposure to 5 minutes at 60 °C followed by 5 minutes at 80 °C (middle), and after exposure 

to 5 minutes at 100 °C followed by 5 minutes at 120 °C all in N2 glovebox ([O2] < 2 ppm).  The red fitted peaks 

correspond to the ICT state, the green fit peaks correspond to the CPX, the purple peaks correspond to HF4TCNQ- 

and the cyan peaks are unknown. (b) Trends in ν(C≡N)b1u band areas for ICT (red), CPX (green) and HF4TCNQ- 

(purple) relative to ν(CH2)ip at 2852 cm-1. (Courtesy of Kristen E. Watts) 



204 

 

to that of the low environment heating of the system showing no significant loss in the nitrogen 

with respect to fluorine and carbon unlike its ambient counterpart.  

 

7.7 Discussion  

 

Table 7-3 

Oxygen 

Environment 

~Conductivity 

loss = σRT-σ120 

(S.cm-1) 

F4TCNQ 

anion in UV-

Vis 

π-π* 

peak  

Charge transfer 

states present at 

120°C 

Loss in 

nitrogen 

Ambient 10-2 
Complete 

loss at 80°C 

2.45 to 

~2.35eV 

Presence of 

HF4TCNQ- is 

possible 

Visible 

loss in 

XPS 

Low Oxygen 10-1 

Slight 

retention at 

120 °C 

~2.4eV 

to 

2.24eV 

Complete 

conversion to 

HF4TCNQ- from 

ICT 

No 

Ultra-low 

oxygen 
0 

No 

significant 

loss 120°C 

No 

change 

Co-existent of 

HF4TCNQ- and 

ICT 

No 

Figure 7.6-3(a) N 1s XPS core level series of a film of 0.096 χF4TCNQ at room temperature (top) and after the entirety of 

the heating experiment under ultra low oxygen conditions (bottom) (b) Comparison of the atomic ratio of N wrt F, F wrt 

C, and N wrt C before and after heating experiment under low oxygen conditions (Courtesy of Kristen E. Watts) 
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Table 7-3 summarized the results discussed so far showing that loss in the ICT state and 

the F4TCNQ•- anion is the primary reason for loss in conductivity as seen in Figure 7.7-1 where 

the loss in conductivity follows the same trend as the loss in the anions. However, it is not clear 

(1) what happens to these anions, (2) what the presence of HF4TCNQ- means in the system and 

(3) how the heterogenous microstructure of P3HT plays a role in its formation. It is also interesting 

to note that we see a complete conversion to HF4TCNQ- in low oxygen environment while, it is 

co-existence with ICT in the ultra-low oxygen environment implies different mechanisms of 

formation dependent on the oxygen content and the microstructure of doped P3HT. Further, while 

comparing the three different oxygen environments, it is noted that increase in oxygen 

concentration promotes the loss of F4TCNQ•- anions (or ICT) at lower temperatures. 

The loss in F4TCNQ•-  anion 

peak in UV-vis (Figure 7.7-1) 

corroborated the formation of 

HF4TCNQ- at the expense of this 

F4TCNQ•- in all the three oxygen 

environments when heated up to 120°C. 

In the ultra-low oxygen environment 

(black curve in Figure 7.7-1)   we see the 

minimum loss of the F4TCNQ•- in the 

UV-Vis and the existence of both the 

ICT and the HF4TCNQ- peak in the 

FTIR. In the low oxygen environment we see a higher loss in the F4TCNQ•- peak in the UV-VIS 

Figure 7.7-1 Normalised F4TCNQ- anion peak in the three 

different oxygen environments from the UV-Vis in the previous 

sections 
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( red curve in  Figure 7.7-1) and a complete conversion to HF4TCNQ- in the FTIR in Figure 7.5-2.  

This points to the fact that the HF4TCNQ- is formed from the F4TCNQ•- radical anion as 

discussed earlier.  

Figure 7.7-2 summarizes the end products from the results discussed in the previous 

sections starting with a doped P3HT system i.e F4TCNQ•- anion and the [P3HT]•+ polaron. As 

seen, the three heating environments have different end products and hence the mechanism will 

have direct dependence on the oxygen concentrations. Only the ultra-low oxygen environment 

retains the polaronic signatures of P3HT while they are no longer visible in the low and ambient 

oxygen environments. Keeping these changes in mind, further work needs to be done on 

understanding the exact mechanism of chemical degradation in varying oxygen environments. 

The more specific question then becomes: under the different oxygen concentrations, what 

is the source of the hydrogen for the formation of HF4TCNQ-? Previous work on the 

spectroelectrochemistry of solution phase F4TCNQ showed that HF4TCNQ- could be induced 

Figure 7.7-2 An overall depiction of the end products as seen in the three sections above at 120°C starting 

from the doped P3HT state at room temperature 
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from F4TCNQ•- in the presence of weak proton donors in acetonitrile, such as water. However, 

from the discussions above, a discernible conversion to HF4TCNQ- was seen only in the inert 

atmospheric environments and hence we ignore the interaction with water for the low and ultra-

low oxygen environment heating.  

We discussed in the previous section 7.3.1, that photo and thermo oxidation of P3HT in 

the presence of oxygen forms a reactive radical by hydrogen abstraction from the alpha carbon on 

the alkyl chain of the polymer. The doped P3HT system however , starts with a F4TCNQ radical 

anion (ie F4TCNQ•-) and P3HT radical polaron (P3HT•+) formed by the chemical doping of the 

system (ignoring the CPX states). Hence we hypothesize that it is the hydrogen from the P3HT 

polaron that serves as the 

hydrogen source for this 

reaction based on the 

well-known reactivity of 

this site creating trap 

states to reduce the 

conductivity. 39,41–43  We 

believe that it is the ICT 

state of F4TCNQ (ie 

F4TCNQ•-) that engages 

in a chemical reaction 

with the hydrogens on the 

alpha carbon of the alkyl 

side chains on the P3HT polaron to form HF4TCNQ-.  The energetic overlap between the rr P3HT, 

Figure 7.7-3 Estimated DOS of rr-P3HT, Hydrogen vacancy (VH) and the 

various F4TCNQ species  
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the known location of the hydrogen vacancy, and the relative states of F4TNCQ is shown in Figure 

7.7-3, derived using an estimation of 0.2 eV for the FWHM of the F4TNCQ species.    

Regardless of precise mechanism, this incorporation of oxygen as possible diffusing dopant 

molecule with the F4TCNQ dopant also diffusing in the polymer matrix, follows with the 

observation of the temperature dependence of these reactions. The end products defined in the 

ambient heating experiment point to an added decomposition of P3HT chemically as described by 

Manceau et al. and microstructurally as discussed in the section above showing ambient heating 

of P3HT.  

7.7.1 Microstructural changes with the formation of HF4TCNQ- 

Figure 7.4-4 in the thermal 

degradation of the doped P3HT shows the out 

of plane and in plane d-spacing changes of the 

0.096 χF4TCNQ (black) and undoped P3HT 

(purple) at varying temperatures. It is clear 

from this figure that heating the doped system 

in ambient has an opposite effect on the 

crystalline d-spacings especially in the 100 

out of plane direction, where undoped P3HT 

increases in size while doped P3HT decreases 

as the dopant anion is pushed out of the crystalline regions. This is an interesting observation which 

points us to consider the different microstructural environments of P3HT and their direct effect on 

the charge transfer states of the system especially with the new H4TCNQ- species in the system at 

Figure 7.7-4 (a) UV-Vis spectra of the final state of the 

doped P3HT at 120°C.and  
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high temperature values. However, our GIWAXS data was taken only for the ambient heating part 

of the experimental series. 

The recent work by Jacobs et al showed that two different polymorphs of doped P3HT 

form two different charge transfer states60. In particular the more compact structure  with an out-

of-plane d-spacing of 13.57 Å was shown to form pure CPX states and the more commonly seen 

larger structure with a d-spacing of ~19.1 Å at a dopant concentration of 0.13 moles forming the 

dominant ICT states. Their experimental data were supported by plane wave DFT calculations 

showing 2 different microstructures of P3HT controlling the degree of charge transfer. These two 

different microstructural forms of P3HT have been studies in details before where in the more 

compact structure is formed when the side chains of P3HT interlink in the 100 plane unlike the 

larger form II structure61,62 We hypothesize that the formation of HF4TCNQ- band in our system 

is controlled by the microstructure of P3HT which is different from both the microstructures 

described earlier. Thus, we propose a third effective “polymorph” with (100) plane d-spacing of 

16.7Å and 010 d-spacing of 3.76 Å and a different twist in the polymer side chain compared to the 

other two forms. This would require a more computational approach using specific plane wave 

DFT calculations to estimate the geometrical changes caused by twists in the backbones for the 

different P3HT forms. 

 Further, as is seen in the Figure 7.7-4, the third polymer arising from thermal annealing 

has different opto-electronic properties. The P3HT π-π* is at the highest energy value of 2.35eV 

in the ambient heating while it is at ~2.24eV for both the controlled environments with subtle 

differences in microstructure of the underlying P3HT matrix. This shows that the dedoped P3HT 

state is different in the three environments. Figure 7.7-1 above tracks the F4TCNQ- anion peak in 

the three environments which can directly co-relate to the changes in conductivity in Figure 7.2-1 
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i.e loss in the anions leads to loss in the conductivity. However, as we have seen, this mechanism 

is not straight forward and involves the formation of new HF4TCNQ- species whose assignment 

of energy levels are being actively looked at, to understand its direct affect on the conductivity and 

doping of P3HT. 

Hase et al showed that the loss of mixed-phase peak (high-q) in the π-stacking direction 

occurs at a temperature of 80°C with changes in the 100 d-spacings occurring only after this 

temperature. Their system was annealed in a N2 glove box environment which is equivalent to our 

low and moderate oxygen heating63. Figure 7.7-5 summarizes the anticipated changes in the 

crystalline regions as the system was annealed merging our data from the ambient to the GIWAXS 

changes seen in the work by Hase et.al. They used GIWAXS and FTIR to hypothesize that 

F4TCNQ exists both in the alkyl chains and in the π-stacking direction of the doped P3HT edge 

on motif. As the temperature was increased the F4TCNQ- from the π-stacking direction left the 

crystalline domains first, followed by the F4TCNQ- in the alkyl chain direction at 100°C followed 

by sublimation of F4TCNQ from the entire system beyond this temperature. While they did have 

a unknown peak in their FTIR spectra at these higher temperatures, a peak assignment to 

HF4TCNQ- was not done. Now, with the knowledge of the presence of this new species i.e 

HF4TCNQ-, at temperatures above 90°C, which is due to the alpha hydrogen from the alkyl chain 

in the P3HT, we hypothesize that it is the formation of this [P3HT-H]+ that leads to steric hindrance 

in the 100 direction causing the increased d-spacing at 120°C i.e leaving a shell of crystalline P3HT 
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behind in its de-doped. Thus, our work clearly shows the chemical-electronic-microstructure 

properties of the HF4TNCQ- in the presence of rr-P3HT.   

Figure 7.7-5 Approximate changes in the crystalline structure of doped P3HT pre and post heat treatment in 

the three oxygen environments, the low and ultra-low changes are hypothesized using the known observation 

about the ambient changes.. 
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Finally, we consider the collective effect on electrical conductivity. From the thermal 

annealing of undoped P3HT, it is the inter-grain charge transport and the number of charge carriers 

in the system that causes a loss in conductivity while it is the culmination of the entire 

heterogeneous microstructural landscape of the polymer that controls the charge transfer state in 

the system. Figure 7.7-6 summarizes the results from the chemical and microstructural changes 

leading to the loss in conductivity. Hence with thermal annealing of the system we see a switch in 

charge transfer state as the microstructure of the P3HT matrix changes to accommodate the 

diffusing dopant molecule both F4TCNQ and oxygen in some cases. From the data and techniques 

used so far, it is difficult to quantify the inter-grain the microstructural changes in P3HT and hence 

we need an even wider set of sensitive tools that can resolve the microstructure and charge transfer 

states both spatially and temporally. 

Figure 7.7-6 An overall microstructural depiction of the end products as seen in the three sections above at 120°C starting 

from the doped P3HT state at room temperature with the polymer matrix. 
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Hence, with annealing temperature, we postulate we see a change in the P3HT 

microstructure to accommodate for (1) the diffusion of F4TCNQ molecules out of the 010 

crystalline domains, where in the 010 d-spacing returns to that of undoped P3HT and (2) the 

simultaneous formation of HF4TCNQ- from the alpha hydrogen of the alkyl chain which directly 

affects the 100 d-spacing that does not return to the undoped P3HT but is different from that of the  

doped P3HT values forming ICT. These results together imply that there are at least 3 different 

forms of P3HT involved in the doping and de-doping process i.e that of (1) a H-aggregated pure 

P3HT at lower doping ratios before the F4TCNQ enters the 010 crystalline plane which is known 

to support the formation of ICT states, (2) mixed phase P3HT at higher doping ratios with the 

F4TCNQ in the crystalline domain and, (3) Thermally de-doped form with the removal of the 

alpha hydrogen from its alkyl chain that supports the formation of HF4TCNQ- which would be 

Figure 7.7-7 (A) Structure-phase diagram of polymorphs of doped and de-doped P3HT formed using the GIWAXS d-

spacings and the changes in the 0-0/0-1 absorbance peaks (B) A chemical-phase diagram of doped and de-doped P3HT 

formed using the FTIR peaks. Both the diagrams are based on the ambient heating experiment  
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directly connected to the oxygen in the environment. This can be summarized using an 

approximate phase diagram in Figure 7.7-7 

7.8 Conclusions 

We have shown that increased heating of a film of F4TCNQ-doped rr-P3HT induces a 

thermally activated reaction between the ICT state of F4TCNQ (F4TCNQ•-) and the polaron of 

P3HT (P3HT•+) to form HF4TCNQ- and [P3HT-H]+ that is most likely mediated through the 

hydrogen abstraction from the alkyl chain of P3HT. This removal of the alpha hydrogen and the 

formation of [P3HT-H]+ is directly connected to the higher 100 d-spacing of the edge-on P3HT 

motif and the reduction in conductivity of the doped films in the moderate and ambient oxygen 

environments. We have shown that F4TCNQ is retained in the film and not sublimated through 

before and after heating analysis via XPS, which show no significant loss of F4TCNQ relevant 

signals in the core level spectra. The microstructure of the P3HT edge on motif is significantly 

different when HF4TCNQ- is formed and could be one of the factors controlling the formation of 

this species. These findings show the importance of understanding stabilities of the active layer 

independent of devices. It also points to the need for more sensitive instrumentation that can 

resolve changes in the heterogenous landscape of the polymer matrix spatially and temporally at 

every length scale to maximize the understanding of the different chemical- electronic and 

microstructural phenomena that can ultimately impact device performance. 
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8 Conclusions And Outlook  

8.1 Conclusions 

The work presented in this dissertation aimed at a better understanding of the doping and 

degradation mechanisms in organic semiconductor polymers. Specifically, electrochemical and 

chemical doping of poly-3-hexyl thiophene (P3HT) and its lifetime and thermal stability. A 

combination of scattering, spectroscopy, electrical and electro-chemical measurement tools 

spanning different lengthscales were used to connect the role of the changing complex 

microstructure to the charge transport and chemistry in the organic polymeric system.  

First, electrochemically doped P3HT was investigated to establish the strong co-relation of 

microstructe-electronic structure of the polymer on the kinetics of electron transfer at the 

polymer/electrolyte interface. The electrodeposited e-P3HT (amorphous) and regioregular rr-

P3HT (semi-crystalline) were used as the model system of electrodes with the well-known redox 

mediator ferrocene. This system was used to predict the kinetics of electron transfer events at the 

polymer/electrolyte interface using the Marcus-Gerischer model. This model was then used to 

predict that (1) e-P3HT electrode demonstrated kinetic selectivity for Fc oxidation while (2) the 

rr-P3HT electrode exhibited quasi-reversible behavior i.e the anodic wave is larger than the 

cathodic wave. From this observation of the rr-P3HT electrode, we hypothesized that the 4% of 

electronic density of states of the rr-P3HT that overlaps with the DOS of the ferrocene are able to 

reduce Fc+. This 4% of electronic states are infact the sub-populations in the crystalline domains 

that are easier to oxidize causing conformational changes and are spatially dispersed over the entire 

electrode area. Hence, our results indicate that despite the same chemical composition, the kinetic 

behavior is highly dependent on microstructure-electronic structure property relationships that 
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cannot be ignored in future polymer electrode design. Further work on the electrochemical doping 

of rr-P3HT electrodes was done to establish an inter-system mechanism that is governed by a 

combination of oxidation potential-microstructure connections. Using a combination of GIWAXS, 

cyclic voltammetry, in-situ conductivity and spectro-electrochemistry we demonstrated that the 

two sub-populations of the rr-P3HT microstructure (amorphous and crystalline) are electronically 

resolvable and interact to increase carrier density above a critical carrier density of ~1020 cm-3. 

Adding to the DOS design criteria above, we showed that conductivity is not purely described by 

this DOS but follows the electrochemically stimulated conformational relaxation of the polymeric 

structure preceding the volumetric swelling.  

Second the chemical doping mechanism was probed using a combination of scattering, 

UV-Vis and FTIR spectroscopy coupled with conductivity and DOS measurements. This work 

added to the existing understanding of doping in regiorandom (amorphous) and regioregular 

(semicrystalline) P3HT and F4TCNQ, in that they form co-existent charge transfer states (ICT and 

CPX). While ICT state provided free charge carriers, the formation of CPX states corresponds to 

trap states that hinder the charge transport. In a co-processed rr-P3HT system, we showed that 

there is a higher probability for ICT states to reside in crystalline regions of rr-P3HT, while CPX 

states are more likely in amorphous regions. Our results thus suggest a multi-phase model in which 

the local charge transfer mechanism and subsequent charge retention is defined by the electronic 

driving force, a factor that is governed by local microstructure of the polymer matrix. 

Last, the thermal and lifetime degradation of the doped rr-P3HT polymer was studied to 

better understand the stability of the multi-phase model of chemical doping described previously. 

With time, the doped rrP3HT saw an increase in CPX state population at the expense of ICT states 

in these films leading to diminished semiconducting performance in both ambient and inert 
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atmospheres. The exposure to ambient conditions promoted the formation of the CPX state with a 

faster decay in conductivity values, providing evidence for reaction chemistry between the doped 

film components and the environment. We further showed that while ICT is definitively the 

kinetically favored state, a quasi-quantitative analysis suggests that CPX is inherently slightly 

more thermodynamically favored. Thermal degradation of this doped P3HT system in three 

different oxygen environments showed the different reaction chemistries occurring simultaneously 

with changes in microstructure.  

8.2 Outlook 

In this work we showed that doping and degradation of organic semiconductor polymers 

is a complex process closely associated with inter-connected microstructural, electronic and 

chemical changes happening simultaneously. The varying length-scales of heterogenous energetic 

landscape need to be resolved by more sophisticated instrumentation that can help identify the 

precise position of the charge transfer states in the microstructure to push their stability limits. We 

established a set of design rules and mechanisms for the OSC rr-P3HT, these established rules 

need to be used to understand new polymeric systems in both p and n type doping to push the field 

of organic electronics further. In line with this approach, we saw that the chemical degradation in 

P3HT occurs at the alpha hydrogen of the alkyl chain, hence the next logical step would be to 

check our hypothesis with a polymer that does not contain that particular hydrogen for example 

polythiophene that carries a polar tetraethylene glycol side chains (denoted p(g42T-T)) 
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Appendix 1 GIWAXS Data Analysis 

Following is the standard procedure to install the required software packages on Igor and analyze 

GIWAXS data:  

Install Nika 

1. Download Nika from https://usaxs.xray.aps.anl.gov/software/nika using the instructions for 

Igor 6.37 which includes downloading the universal installer and IgorCode.zip 

• If this does not work use the following dropbox link to download the IgorCode.zip 

fromhttps://www.dropbox.com/s/3hy6ww8afa6sgzv/IgorCode.zip?dl=1 

2. The .zip file has three important folders: User procedures, Igor procedures, Igor extensions PC 

(this is for windows operating system). Make sure all the files in each folder are copied into 

the ‘Igor pro folder’ under ‘wavemetric’ with the same names.  Keep folder structure same as 

the zip file. 

3. Restart Igor 6.37. In the ‘macros’ menu select ‘Load Nika 2D SAS macros’. A new menu ‘SAS 

2D’ should appear in Igor. 

Install WAXStools 

4. Download WAXStool from https://www-ssrl.slac.stanford.edu/toneygroup/waxstools-

software 

5. This zipfile named “2017-03-01_waxstools.zip” also has an easy to follow user manual and an 

installation guide along with four igor macros: ‘SO_GIWAXS_loader.ipf’ should be extracted 

to thee “igor procedures” folder and the other three .ipf files to the ‘user procedures’ 

https://usaxs.xray.aps.anl.gov/software/nika
https://www.dropbox.com/s/3hy6ww8afa6sgzv/IgorCode.zip?dl=1
https://www-ssrl.slac.stanford.edu/toneygroup/waxstools-software
https://www-ssrl.slac.stanford.edu/toneygroup/waxstools-software
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6. Restart Igor 6.37. In the ‘macros’ menu select ‘load WAXStools’. Click macros again and then 

click compile. A new menu called WAXStools should appear. 

7. Make sure there are two new menus on igor now: both SAS 2D and WAXStools. 

Calibration  

8. The user manual on WAXStools is easy to follow and has step by step procedure to 

calibratedata using Lab6(i.e convert pixels to q-space) and import polymer data. 

9. Average only data with the same incident angle. While saving the image after averaging make 

sure the name of the file is not too long, this could create problems while using WAXStools. 

Ideally name the file with atleast the incident angle and keep it under 15 characters if possible. 

Example filename could be ‘P3HT_0P12’. Special characters like . or – create issues while 

analyzing data.   

10. Always make sure the current folder ‘SavedImages’ is active on the Data Browser. 

Data Analysis 

11. Next, open ‘WAXStools’ and make sure to click ‘Read from Nika’ which brings all the 

parameters that were calibrated into the WAXStools macros. Double check that the Bcx, Bcy, 

detector distance, BL energy values etc on ‘Main 2D to 1D conversion’ panel and the 

‘WAXStools’ panel match. 

12. Click on ‘Read data folder’ in WAXStools. The averaged image from the Nika in step 9 should 

appear in the box. 

13. In the ‘raw to qz(qxy)’ panel make sure to enter the right incident angle that was used while 

acquiring the data at the synchrotron. 
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14. The q-range of 2 and resolution of 0.0015 are standard but can be changed if needed. 

15. Click ‘convert raw to qz qxy’. A new file with the extension _qzqxy appears in the WAXStools 

box i.e in this case ‘P3HT_0P12_qzqxy’ 

16. If the name of the file is too long an automated name ‘corrimg’ will appear instead of the 

_qzqxy extension. If this happens, just shorten the name of the stored file. 

17. The 2D image can be plotted as is or can be logged and then plotted. In most polymers, a 

logged image usually shows better scattering peaks. 

18. The 2D image is then reduced to a 1-D scattering image by integrating a desired region. In the 

case of pure P3HT as seen in Figure A 1a 0-15˚cake slice is used to interpret the out-of-plane 

parameters while a 75-

90˚cake slice is used to 

interpret the in-plane 

parameters. Using a 15˚ cake 

slice helps improve the 

signal to noise ratio. 

19. If you have multiple data sets which require the same analysis, the best procedure is to conver 

all the data first into _qzqxy format following steps 11- 17. Then select all the _qzqxy files by 

clicking on shift + the filename.  

20. Click on the box ‘qz(qxy) to chi(q)’. Chi is the angle between the qz and qxy plane in the 2D 

detector image as labelled in Error! Reference source not found.. For out-of-plane d-

spacings enter ‘0’ under ‘start chi’ and ‘15’ under end chi. 

Figure A 1 Scheme of conversion from reciprocal space to real space 

crystal structure parameters in the out-of-plane direction. 
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21. Click convert ‘qx qxy to chiq’. A file name with an extension _chiq appears in the  WAXStools 

menu 

22. Then click ‘Integrate chiq to IvsQ’. A file name with an extension _IvsQ appears in the  

WAXStools menu 

23. Click on the ‘plot’ sub menu. While the filename with the extension _IvsQ is selected, click 

on ‘Plot IvsQ’ to get the 1D scattering profile in Figure A 1. 

24. This is then fit to a guassian using the ‘Multi peak fit’ tool under the ‘Analysis’ menu on Igor. 

While the graph that needs to be analysed is selected, click on ‘start new multi-peak fit’. 

25. The Guassian fit gives the location of the peak which is the qz value that is then converted to 

the d100 spacing ( here 1.56nm) in Error! Reference source not found. using equation 2-9 

in chapter 2. 

Appendix 2 GISAXS 

GISAXS data analysis uses the macros Irena for fitting data. Irena is already on the Igor procedures 

if Nika was installed right. To run Irena, the macros needs to be compiled on the macros tab in 

Igor. Click macros, click ‘Load USAXS and Irena’, a third tab should be visible called SAS. Under 

SAS, click Unified fit 

1. Macros – Load Irena and SAS 2D 

2. Nika is used for calibration using AgBeh following the same procedure as in GIWAXS 

calibration – check the Nika reduction word document 

3. After calibration – line profile is created from a data file of Q vs I of the measured sample 
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4. In the main 2D to 1D conversion panel, select atleast 3 data sets and then select Ave and 

display sel files. Now we have an image as seen below.. 

5. In the LineProf tab, select Use, path type – GI Horizontal Line in Figure A 2Select - create 

1D graph, store data in Igor experiment, Export data as ASCII, Use input name for output, 

overwrite existing data if exists, 

6. Feed in valued for distance from center and width, you should then see a horizontal line on 

the figure created in step and a Line Profile Preview tab open as in Figure A 2Increase the 

width of the line if required, place the lineprofile as close to the yoneda peak as possible 

7. Make sure the sample name is not too large, change sample name in the Main 2D to 1D 

panel if requires  

8. Select Use Q and log X axis in the Line Profile Preview tab and save data 

9. LineoutDisplayPlot_Q appears 

10. Open Unified Fit from the SAS2D tab in the top menu bar 

11. In the unified fit tab- select QRS and select data fldr with the name _GI_HLp_0.1 

Figure A 2 Creating a line profile from the image 
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12. Make sure the x-wave is qx or qy and not q 

13. Then click graph data. 

14. Two graphs : Ivs Q and I Q4 vs Q plots appear.  

15. The variables in the unified fit tab are then used to fit these plots to extract the value of Rg 

and G 

16. For polymers, we only need to work with level 1 on the tab and make sure the value P lies 

between 2 and 4 

17. In the LogLogPlot on the top right in Figure A 3, place cursor A and B in the low q region 

and use  fit Fit Rg/G between cursors in the unified fit tab (Guinier)  

18.  Then place cursor A and B in the high q regions and Fit P/B between cursors the unified 

fit tab (Porod) 

19. Using these two tabs on the unified fit tab, a complete fit is obtained as was shown in 

Chapter 2 

 

Figure A 3 Using the unified fit to fit the I vs Q plot 
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Appendix 3 Other Mole Ratio Data For rr-P3HT Heated In Ambient 
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Figure A 4 In plane Conductivity as the doped rr-P3HT is heated in ambient 
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GIWAXS data for ambient heating  

 

Figure A 61 D GIWAXS data of the ambient heating of 5vol% F4TCNQ out-of-plane (left) and in-plane (right) 

 

 

Figure A 5 1 D GIWAXS data of the ambient heating of 2vol% F4TCNQ out-of-plane (left) and in-plane (right) 
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Figure A 7: 1 D GIWAXS data of the ambient heating of 8vol% F4TCNQ out-of-plane (left) and in-plane (right) 

 

 

 

 

Figure A 81D GIWAXS data of the ambient heating of 10vol% F4TCNQ out-of-plane (left) and in-plane (right) 
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Figure A 91D GIWAXS data of the ambient heating of 12vol% F4TCNQ out-of-plane (left) and in-plane (right) 

 

 

 

Figure A 10: 1 D GIWAXS data of the ambient heating of 20vol% F4TCNQ out-of-plane (left) and in-plane (right) 
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vol% Mole 

Ratio 

Temperature d(100) d(010) d(010) 

  
°C Å Å Å     

low q high q 

0 0 RT 15.545 3.795 
 

  
60 15.731 3.774 

 

  
80 15.98 3.765 

 

  
90 16.02 3.768 

 

  
120 16.227 3.761 

 

  
60 

   

      

2 0.012 RT 15.783 3.72 
 

  
60 16.316 3.744 

 

  
80 16.356 3.751 

 

  
90 16.316 3.756 

 

  
120 16.411 3.767 

 

  
60 15.942 3.757 

 

      

5 0.03 RT 16.797 3.685 
 

  
60 17.075 3.685 

 

  
80 17.152 3.732 

 

  
90 17.039 3.747 

 

  
120 16.787 3.789 

 

  
60 16.371 3.768 

 

      

8 0.05 RT 17.596 4.267 3.757   
60 17.07 4.25 3.67   
80 17.036 4.238 3.682   
90 16.861 3.731 3.731   
120 16.59 3.749 3.749       

10 0.06 RT 17.887 3.853 3.587   
60 17.563 3.868 

 

  
80 17.316 3.895 3.65   
90 17.058 3.677 

 

  
120 16.524 3.752 

 

  
60 16.001 3.743 

 

      

12 0.07 RT 18.078 3.869 3.595   
60 18.249 3.912 3.648   
80 17.825 3.911 3.663   
90 17.636 3.941 3.702   
120 17.092 3.782 

 

  
60 16.559 3.77 
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15 0.097 RT 18.657 3.881 3.593   
60 18.4 3.892 3.633   
80 17.626 3.891 3.653   
90 17.329 3.685 

 

  
120 16.805 3.767 

 

  
60 

 
3.754 

 

      

20 0.13 RT 19.141 3.835 3.552   
60 18.33 3.83 3.565   
80 -- 

  

  
90 17.974 3.833 3.582   
120 16.964 3.688 

 

      

 

 

 

 

 

 

Figure A 11 UV-Vis absorption data of ambient heating on mole ratios 0.05, 0.13 and 0.17 from left to 

right 
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Appendix 4 All Mole Ratio Heating rra-P3HT In Ambient 

 

 

 

 

 

 

 

 

 

 

Figure A 12 UV-Vis data of doped rra P3HT heated in ambient 
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Appendix 5 Small Molecule Color Analysis  

Figure A 13 UV-Vis absorptance (FA) spectra taken over a period of 11 days for (a) SMCN (b) SMPy 

and (c) SMBA. (d) CIE L*a*b* coordinate system representation of the UV-Vis for four molecules 

including SMRh. ( as a part of work published in Watts, K. E.; Nguyen, T.; Villers, B. J. T. de; Neelamraju, 

B.; Anderson, M. A.; Braunecker, W. A.; Ferguson, A. J.; Larsen, R. E.; Larson, B. W.; Owczarczyk, Z. 

R.; et al. Stability of Push–Pull Small Molecule Donors for Organic Photovoltaics: Spectroscopic 

Degradation of Acceptor Endcaps on Benzo[1,2-b:4,5-B′]Dithiophene Cores. J. Mater. Chem. A 2019, 7 

(34), 19984–19995. https://doi.org/10.1039/C9TA06310B.) 

 


