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Abstract 

Molecular doping is a method used to increase the charge carrier concentration within organic 

semiconductors to increase their conductivity. In an analogue to atomistic doping of inorganic 

semiconductors, in which an atom of the host material is replaced by an atom with one more or 

one fewer electron, molecular doping introduces larger molecules that react with the 

semiconducting backbone, typically by a redox reaction, which either introduces a hole or electron 

into the semiconducting system. A large class of organic semiconductors are conjugated polymers, 

which self-assemble into aggregate domains of higher order, where charge carriers can more easily 

hop interchain in their journey across the material. However, the analogue to atomistic doping 

breaks when considering the frequency of impurities: for efficient introduction of charge carriers, 

impurities are added in a ratio on the order of 10-3 to 10-6 to the host material, whereas molecular 

dopants, and hence impurities, are typically introduced on the order of 10-1. This high frequency 

of impurities threatens to disrupt features that lead to high mobility of charge carriers, such as 

polymer “tie” chains that connect domains of high mobility through domains of low mobility. 

There are methods that can minimize the damage of dopant to the underlying structure, such as the 

method of dopant introduction, as well as optimizing the amount of dopant to increase charge 

concentration without overwhelming the polymer with impurities.  

In Chapter 2, we study one such method of dopant introduction, vapor sequential doping, and 

how it introduces charge carriers while impacting the conjugated polymer structure, for the 

archetypical polymer-dopant pairing of poly(3-hexylthiophene-2,5-diyl) (P3HT) and 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ). We find that the aggregate domains of 

polymer are doped first and are responsible for the rapid rise in conductivity over six orders of 

magnitude, whereas the less mobile amorphous domains are doped second, and only increase the 
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conductivity within an order of magnitude. In chapter 3, we investigate using weaker dopants with 

a similar chemical structure to F4TCNQ, and how changing the dopant strength changes the 

interplay between polymer structure and the vapor doping process. We find that the dopant strength 

in relation to the electron affinity of the aggregate and amorphous domains of the polymer 

determines whether the dopant is capable of effectively doping that domain, with our weakest 

dopant (TCNQ) not able to effectively dope either domain. Chapter 4 details a study using poly(3- 

(methoxyethoxyethoxymethyl)thiophene, which has the same backbone as P3HT but polar 

sidechains that allow for the solvation of ions for ionic transport. Using thermal treatments 

identified from the differential scanning calorimetry of this material, we see that we are able to 

control the local and long-range order both by the thermal treatment of the film as well as the 

addition of LiTFSI salt. Due to this material’s promise as a dual ionic and electronic conductor, 

we find that for this material that the best ionic and electronic conduction comes when the material 

is annealed just below its aggregate domain melting transition, leading to the largest aggregate 

domains with good alignment between the domains.
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Chapter 1: Introduction 

1.1 Application of polymer semiconductors 

Semiconductors are the fundamental building block of modern electronics. Their usage powers 

all kinds of devices that we are used to using day to day, notably computing, digital memory, light 

emitting diodes (LEDs), and photovoltaics. Their connection to computing power leads to packing 

more and more as densely as possible on microprocessors, and famously the rate of this density 

increase is referred to as Moore’s law. Electrical conductivity is defined as a material’s ability to 

conduct an electrical current and is linearly proportional to the material’s concentration of charge 

carriers (n) and the ease at which a charge carrier can move throughout the material, or mobility 

(µ). Semiconductors are defined as materials with an energy gap between states filled by electrons 

(the valence band) and those without (the conduction band), known as a band gap, that isn’t too 

wide. Another way to define the bandgap is the difference between the state with the highest energy 

that has electrons is known as the highest occupied molecular orbital, or HOMO, and the state with 

the lowest energy without electrons is known as the lowest unoccupied molecular orbital, or 

LUMO. Metals have a bandgap in metals is so small that ambient energy at room temperature can 

bridge the gap, whereas insulators have a width is too large to easily overcome for charge transport 

(typically defined as 3 to 4 eV).1,2 

Most transistors are made from inorganic materials, such as silicon and gallium arsenide, which 

have defined the market since the first truly mass-producible and compact transistor was invented 

in 1959. However, despite the longevity of their dominance, there remains some challenges for 

inorganic transistors that appear inherent to the technology. Firstly, they remain energy-intensive 

to produce, requiring high temperatures, which makes them less attractive for large-area 
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applications that desire low cost. Secondly, the ability to tune their band gaps for displays and 

lighting remains difficult.3 

Organic semiconductors offer solutions to these inorganic shortcomings, along with adding a 

whole host of other beneficial properties. The synthesis methods of organic materials already 

allows for chemical tailoring of properties, leading to optimization of electronic properties such as 

the band gap and charge carrier mobility, as well as properties aiding ease of processing and 

viability of commercial use such as their solubility, toxicity, and biocompatibility.4–7 Organic 

semiconductors also can exhibit properties that inorganic semiconductors cannot, notably their 

mechanical flexibility, their relative light weight, and the ability to be processed at low 

temperatures and at high throughput.8 Briefly, let’s touch on some of the applications that organic 

semiconductors have been developed for. 

 

Figure 1. Examples of applications of organic semiconductors. 

(A) A mockup of a flexible OLED display within a car by Samsung, 2020.9 (B) Flexible screen 

driven by a matrix of 1.2 million organic field effect transistors on a OTFT.10 (C) An organic solar 
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(Figure 1. Examples of applications continued) cell module with six interconnected solar cells, 

developed by Fraunhofer.11 (D) An illustration of potential applications of organic thermoelectrics, 

including a heat-harvesting watch, health monitors, and toys.12 

 

1.1.1 Organic light-emitting diodes (OLEDs) 

Light-emitting diodes (LEDs) are semiconductor light sources that emit light when a current 

is flowed through it. This light comes from when electrons in the semiconductor recombine with 

holes and release photons, and the color of the light corresponds to the band gap width.13 LEDs 

are often used for electronic displays, and are ideal for portable applications due to their low power 

consumption that results in high brightness. OLEDs are an attractive target due to the potential for 

plastic-based flexible displays that are lighter and more durable than conventional displays.8 

OLEDs have already established themselves as a viable technology, appearing in contemporary 

smart phones and televisions.14 

1.1.2 Organic thin-film transistors 

Thin-film transistors (TFT) are a particular type of transistor where the transistor is thin relative 

to the plane of the device, and is grown on a supporting and non-conducting substrate, such as 

glass.15 The traditional use of the TFT is in liquid-crystal displays, where a separate transistor is 

used for each pixel on the display, allowing for fast refreshing of pixels on the display with reduced 

cross-talk between pixels. Traditionally, TFTs have been made from amorphous or polycrystalline 

silicon, but there are advantages that making TFTs out of organic semiconductors (OTFTs) would 

give. Utilizing OTFTs as the back-plane material for OLEDs, displays can be created with low-

cost and high-throughput printing-based manufacturing that would enable flexible, or even 

stretchable, displays, sensors, and other electronics.16–18 

 1.1.3 Organic photovoltaics 



- 4 - 
 

Photovoltaics is the conversion of photons (light) into electricity in semiconductors. This is 

just the reverse process seen in OLEDs, which turn electricity into light. Photovoltaic materials 

are commonly seen commercially within solar panels, which quite literally take sunlight and turn 

it into electricity for use elsewhere in the electric grid. Although organic photovoltaics were among 

the first applications thought of for polymer materials exhibiting metallic electrical transport in 

1977, silicon photovoltaics have become very cheap in the intervening years, making development 

of organic photovoltaics for commercial use difficult.19 There are also difficulties in reaching the 

efficiency and lifetime of silicon-based photovoltaics. Regardless, there remain excitement 

towards organic solar cells utilizing organic semiconductors, due to their light weight, flexibility, 

and transparency.20 

 1.1.4 Organic thermoelectrics 

Instead of operating with light to electricity or vice-versa, thermoelectrics operate with the 

Seebeck effect, which relates how heat can generate electricity (or vice-versa). In specific, a 

conductor or semiconductor exposed to a temperature gradient accumulates charge carriers via the 

diffusion from the hot to cold end being balanced by an internal electric field, which results in a 

potential difference over the material. The relation between the voltage difference generated by 

the temperature gradient for a specific material is known as its Seebeck coefficient (α). In practical 

terms, thermoelectrics provide a way to harvest waste heat for electricity, or to use electricity to 

cool or heat. The current state-of-the art thermoelectrics utilize inorganic materials, such as 

bismuth telluride, which are highly toxic and expensive to make, and are thus relegated to highly 

niche uses (such as scientific equipment in our own lab).21 Like the other organic semiconducting 

technologies, organic thermoelectrics hope to make use of some of the benchmarks of organic 

materials: abundant, cheap to process, flexible, biocompatible, and tunable.21,22 In particular, our 
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own lab has used the tunability of organic semiconductors to make materials with a gradient in α 

to increase the efficiency of organic thermoelectrics for power generation.23 

1.2 Conjugated Polymers 

1.2.1 Conjugation 

Conjugated systems are a class of organic materials characterized by a molecular structure 

alternating between single and double bonds.25 To understand how conjugated systems lead to 

mobile charge carriers travelling down a conjugated backbone, we need to take a brief diversion 

into molecular orbital theory. Orbitals are a representation of where electrons have a high 

probability of being, and when drawn as a 3D shape, the bounds of the shape are typically a 

representation of a surface of equal probability (e.g. there is a 1% chance the electron would be on 

the shape’s surface) and everything within this shape is more probable. Single bonds between two 

different atoms are made up of a single σ bond, whereas double bonds are made up of a σ and a π 

bond. The orbital for a π bond is a linear combination of the “p⊥” atomic orbitals, which look like 

dumbbells that are perpendicular to the internuclear axis between the two bonded atoms (see 

Figure 2 for a representation). In conjugated systems, more than one p⊥ can overlap, leading to 

delocalization of the electrons within the p orbitals. Figure 2 shows a Benzene molecule, which 

has six p orbitals that combine to allow delocalization of the electrons above and below the plane 

of the aromatic ring. 
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Figure 2. Benzene as an example of a conjugated molecule.  
Reproduced from Vladsinger with license CC BY-NC-SA 3.0. 

 

1.2.2 Conjugated polymers are semiconductors 

Conjugated polymers are molecules with conjugated systems on their backbones. When this 

conjugated system is maintained over the course of a polymer backbone, electrons can be 

delocalized over the whole backbone, given that there is good overlap between p orbitals of 

neighboring atoms. In other words, conjugated polymers provide a high charge carrier mobility 

throughout their backbone.  

There are many polymer chemistries that provide a conjugated system, and thus a wide catalog 

of conjugated polymers. A small sample of these building blocks and some examples relevant to 

the content to this dissertation can be seen within Figure 3. 
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Figure 3. Chemical structure of conjugated polymers. 

Reproduced from Kroon et al.21 

 

A double bond creates both a π bonding orbital and a π* anti-bonding orbital. The π-orbital 

contains two electrons, and the π*-orbital is empty. The energy gap between these two orbitals is 

fundamentally a bandgap. As conjugated monomers are lengthened into oligomers and finally 

polymers, orbital interactions between the constituent atoms lead to an energy level splitting of the 

π- and π*-orbitals, as seen within Figure 4. From the π orbitals, the valence band emerges, topped 

by the highest occupied molecular orbital, and from the π* orbitals come the conduction band, 

bordered by the lowest unoccupied molecular orbital.21 
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Figure 4. Evolution of the bandgap as the repeat unit number increases. 

This image is made with the conjugated unit thiophene in mind, and as the number of repeat units 

increases, the band gap closes. This is illustrated by the red-shift in absorption of a polythiophene 

(P3HT) in chloroform. Reproduced from Kroon et al.21 

 

1.3 Conjugated polymer structure and its relation to conduction 

There is a strong connection between the microstructure of the polymer and the polymer 

material’s electrical performance. Conjugated polymers, themselves, sit in an uneasy middle area 

between crystalline and amorphous materials. They feature a sequence of repeat units that, in 

theory, can order. For conjugated polymers with a rigid backbone and high molecular weight, 

which this dissertation focuses on, the microstructure exhibits continuous variation in its order 
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parameters, switching between semi-ordered aggregate domains and the amorphous, “spaghetti-

like” regions that surround them. In the language that we have used so far in this dissertation, the 

bandgap within the aggregate domains is lessened due to the electron delocalization across 

adjacent chain segments, and thus the majority of charge transport occurs within the aggregate 

domains. 

Aggregate domains can be described as lamellae of co-facial stacks of polymer segments, 

which form due to strong π-orbital overlap between neighboring chains. Again returning to our 

understanding of orbitals as where electrons are most likely to be, these π-orbital overlaps allow 

for the transfer of charge carriers such as electrons or holes (the lack of electrons) interchain. This 

phenomenon is called π-π stacking, and the π-π stacking distance is key to providing fast interchain 

charge transport; any decrease of this distance leads to significant improvements in mobility. 

Amorphous domains lack this π-π stacking, and hence have poor interchain charge carrier mobility. 

Therefore, any ability to connect aggregate domains together would allow for efficient transport 

of a charge carrier throughout the material. This concept is known as a tie chain, which is a single 

polymer backbone that participates within multiple aggregate domains, and therefore can 

efficiently bridge the amorphous domains and permit efficient transport of charge carriers over 

hundreds of microns of a material, rather than just the tens of nanometers of a single aggregate 

domain.26 This tie chain phenomenon only occurs if there are chains that are long enough to 

participate in multiple aggregate domains, and thus molecular weight of the polymer becomes an 

important parameter. Molecular weight, in general, shows a strong increase in charge carrier 

mobility, but reaches a plateau; for poly(3-hexylthiophene-2,5-diyl) (P3HT), this crossover in 

behavior occurs around 25 kg mol-1.27 
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The focus so far for this section has been on local order, or order on the scale of a few chains 

making up an amorphous or aggregate domain. However, we must also consider the orientation of 

multiple aggregate domains over the length of the material. Polymer aggregates can be randomly 

oriented with respect to the orientation of the conjugated backbone, or they can display a tendency 

or preference. This preference tends to be represented by the relation of the orientation of the 

polymer backbones in the aggregates to the substrate, whether it’s parallel (face-on), perpendicular 

(edge-on), or somewhere in between (Figure 5). Due to interchain transport favorably conducting 

in the direction of the π-π stacking, the mobility of charge carriers in-plane and out-of-plane is 

anisotropic. This is relevant for devices that need to transport charge carriers in a specific direction, 

such as a solar cell. A preferential face-on orientation is preferred in this case, due to a need to 

transport generated charge carriers in the out-of-plane direction.28 

 
Figure 5. Face-on and edge-on orientation for P3HT aggregates.  

The π-π stacking direction lying out-of-plane (face-on) or in-plane (edge-on). Reproduced from 

Kroon et al.21 

 

1.4 Molecular doping of conjugated polymers 

1.4.1 Doping of inorganic and organic materials 
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Doping is a technique that aims to increase the charge carrier concentration of a material to 

make the material more conductive. This technique is typically thought of through the lens of 

inorganic semiconductors, such as Si, where doping occurs by replacing a host atom by an impurity 

atom at a concentration of 10-6 to 10-3.3,24 N-type doping occurs when the impurity has one extra 

electron, such as a phosphorous impurity in silicon, and the electron is the charge carrier. P-type 

doping when the opposite occurs, and an impurity with one fewer electron is introduced, such as 

boron in silicon, and holes become the charge carrier. Due to the covalent interaction between the 

impurity and host atoms and the high dielectric constant of the host material, the doping efficiency 

(that is how many impurities successfully introduce a charge carrier) is high. Due to this high 

efficiency, only a low concentration of impurities needs to be introduced. This leads to a very low 

modification to a structure and hence its mobility, and the increase in conductivity due to doping 

is proportional to the increase in charge carrier concentration. 

Doping within organic semiconductors, however, cannot operate in the same way. There is 

currently no synthetic equivalent to being able to remove one monomer out of thousands in order 

to introduce charge carriers. Introducing an atom such as a halide or alkali metal as a dopant in the 

material to react with the polymer to create charge carriers resulted in loosely bonded materials 

that diffused, resulting in instability in doping efficiency.29,30 Hence, larger molecular dopants have 

been used to dope conjugated polymers. These dopants typically react via redox reaction with the 

polymer backbone to introduce (n-type) or take (p-type) an electron from the polymer backbone. 

Charge carriers, by nature, are of the opposite charge of the ion that is created by the reaction, and 

hence feel a Coulombic attraction to recombine and to not be mobile; screening that is present in 

inorganic semiconductors is much weaker in polymers due to a low dielectric constant. The size 

of the molecular dopant, sterically hindering its ability to get too close to the polymer backbone, 
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helps lead to better mobility of the charge carrier away from its parent ion. There is a long catalog 

of different molecular dopants of varying strengths, which can be seen for p-type doping in Figure 

6. 

 
Figure 6. Molecular structure of several p-type and n-type dopants with varying strength.  

Reproduced from Zhao et al.22 
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Figure 7. Model of p-type and n-type doping of pentacene by F4TCNQ (p-type doping) and [Ru(t-

but-terpy)2]0 (n-type doping).  

In order to introduce a hole/take an electron from pentacene, F4TCNQ’s LUMO must be lower in 

energy relative to pentacene’s HOMO. Similarly, for [Ru(t-but-terpy)2]0 to introduce an electron 

to pentacene, its HOMO must be higher in energy relative to pentacene’s LUMO. Reproduced 

from Harada et al.31 

 

From an energy-level perspective, the dopant must either have a LUMO deep enough to extract 

an electron from the polymer HOMO, or have a HOMO high enough to give an electron to the 

polymer LUMO.32 This concept is known as a HOMO-LUMO overlap, and is shown in Figure 7. 

This process creates a negative (radical anion) or positive (radical cation) polaron on the 

conjugated polymer backbone, which are delocalized over several repeat units, and can lead to 

bipolarons at higher doping levels (see Figure 8). This process in general is called an “ion-pair 

formation”, named after the ionized dopant and ionized repeat unit pairing post-doping, and for 

this process the degree of charge transfer is equal to 1. 
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Figure 8. Schematic of n-type doping of a conjugated polymer.  

An electron transfer from polymer to dopant leads the formation of a polaron. Reproduced from 

Xiong et al.33 

 

However, this is not the only way a charge transfer can occur between molecular dopant and 

polymer. If the degree of charge transfer is less than 1, then a charge transfer complex (CTX) 

occurs. This reaction does not require a good HOMO-LUMO overlap, and instead results in a 

hybridization of the HOMO of the dopant and the LUMO of the polymer for the n-type doping 

(and vice versa for p-type doping).32 This is roughly the analogue of a covalent bond formed 

between the linear combination of orbitals. This is already unideal, since this results in fewer 

charge carriers than in the ion pair case (integer charge transfer), and in P3HT and other similar 

molecules, requires the dopant migrate into the π-π stacking, disrupting the morphology of the 

conjugated polymer aggregate. 

There is also the topic of doping efficiency, which was touched upon earlier in a discussion of 

the attraction of the created charge carrier and the parent ion and was also touched upon in the 
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discussion of charge transfer complexes. The efficiency of molecular dopants in conjugated 

polymers is much lower than that of an atomistic dopant in inorganic semiconductors. Not all 

dopants that infiltrate the film necessarily create charge carriers, not all dopants that create charge 

carriers create mobile charge carriers, and not all dopants that create mobile charge carriers create 

a whole charge. At very low doping levels, most charge carriers go towards filling charge traps in 

the system, which render them non-mobile.34 The ability of the dopant to actually diffuse into and 

react with the dopant is a non-trivial aspect of efficiency, since the presence of dopant is sterically 

hindered in the aggregate domain; charge transfer complexes require specific placement of the 

dopant orbitals relative to the polymer backbone orbitals, and integer charge transfer still requires 

the dopant to be close enough to react.35,36  

 1.4.2 The interplay of molecular doping and polymer microstructure 

The introduction of large molecular dopants to create charge carriers in a polymer 

semiconductor will cause modification of the material structure just by the definition of adding 

new components. Conjugated polymers, selected specifically for their ability to aggregate and have 

domains of high charge carrier mobility, may have that structure tested by the introduction of 

molecular dopants. There remains an underlying irony for the diffusion of dopants into the 

polymer: dopants interacting with the amorphous phase will find more space to diffuse into and 

therefore may disrupt the polymer’s existing microstructure less, but the charge carriers created 

have low mobility, having little to no impact on the material’s conductivity. For dopants to have a 

real impact, they must diffuse into the tightly packed aggregates, which have high mobility, but 

also are more susceptible to disruption. Within P3HT, dopants diffusing into the aggregate 

domains align themselves within the alkyl stacks, between neighboring polymer backbones, but 

on the sample plane as both backbones.37 However, as referenced earlier, dopants that are in a 



- 16 - 
 

charge transfer complex with P3HT slip into the π-π stacking, whose distance is crucial for 

interchain transport, and thus charge carrier mobility for the material as a whole.38 An example of 

this interaction is provided in Figure 9. 

 
Figure 9. Diffusion and infiltration of dopants into conjugated polymer film.  

Dopants can find themselves diffusing into the amorphous or aggregate domains within the 

polymer microstructure. Within the aggregate domain, however, large molecular dopants will 

disrupt the ordering of the conjugated backbone. Charge carriers, in this case holes, are introduced 

by the reaction of the dopant with the polymer backbone and must be able to travel both intrachain 

and interchain to conduct efficiently from aggregate domain to aggregate domain. 

 

The method of molecular doping plays a large role in whether the microstructure of conjugated 

polymers, specifically picked for higher mobility, is disrupted. The most prominent of these 

methods are displayed in Figure 10. Mixed-solution doping is seen as a convenient way to 

introduce the polymer and dopant, as the polymer and dopant solutions are mixed directly and co-

deposited on a substrate via a coating method. The method itself is easy to do, control, and is low-

cost, which makes it attractive as a method that could be scaled up for industry.22 However, it has 

been shown that mixed-solution doping causes several problems that lead to poor conductivity. 

Firstly, polymers and dopants often have differing solubility in the same solvent. This causes for 

polymers and dopants to self-aggregate, causing for poor mixing of polymer and dopant.39 

Secondly, too much dopant could be introduced into the film, which will cause phase separation 
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and poor microstructure for doping.40 Thirdly, many polymers show reduced solubility when 

doped, which causes them to crash out of solution and negatively affect the film microstructure.41 

An alternate method that has shown better preservation of underlying polymer microstructure 

is known as sequential doping. This method casts the polymer film on substrate before introducing 

dopant, allowing for the polymer to self-assemble into microstructures conducive for good charge 

carrier mobility before introducing dopant. Sequential doping is done either one of two ways: 

solution sequential doping, where the dopant is introduced into the film by a solutional orthogonal 

to the underlying polymer, and vapor sequential doping, which sublimes the dopant and allows it 

to diffuse into the polymer as vapor. Jacobs et al., comparing mixed solution doping to solution 

sequential doping of P3HT with a p-type dopant (F4TCNQ), found that mixed solution doping 

may cause disconnection of aggregates (i.e. a lack of tie chains) in the polymer film, increasing 

trapped charge carriers.42 They also found that choice of solvent for the dopant was integral to 

improving performance of the sequential doping method: they found that doping from acetonitrile 

preserved the underlying structure better, whereas chlorobenzene swelled the aggregate domains 

and allowed too much dopant in, increasing the π-π stacking distance and lowering the interchain 

transport, reducing mobility. Patel et al. similarly compared vapor sequential doping to mixed 

solution doping, this time for PBTTT with two different dopants of varying strength (F2TCNQ 

and F4TCNQ), and found that although the local order was similar between the two methods, that 

vapor doping allowed for better alignment of aggregate domains, leading to better mobility.43 
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Figure 10. Comparison of molecular doping methods.  

(A) Mixed doping blends solutions of polymer with dopant and co-deposits them as a film. 

Sequential doping introduces dopant post-deposition of the polymer film, whether through 

deposition in an orthogonal solvent or via sublimation and vapor infiltration. Adapted from Zhao 

et al.22 (B) Thin films created from mixed solution and sequential doping methods. Reproduced 

from Scholes et al.44 (C) Comparison of conductivity between mixed solution and molecular 

doping methods. Adapted from Jacobs et al.42 

 

1.5 Probing the molecular doping of conjugated polymers 

Many techniques and tools are used to give insight into the polymer structure, and how it is 

affected by processing. Here, we focus on a select few that are utilized more heavily within this 

dissertation. 
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1.5.1 UV-Vis-NIR absorption spectroscopy 

Absorption spectroscopy is the method of passing a spectrum of light through a material and 

measuring which wavelengths of light were absorbed and by how much. Absorption occurs when 

the energy of a photon in a spectrum matches the energy difference between two quantum 

mechanical states of the material, whether this is electronic, rotational, or vibrational. For light in 

the ultraviolet (UV), visible (Vis), or near-infrared (NIR), these transitions tend to be of the 

electronic variety. 

With conjugated polymers, the Spano model, named after its creator Frank C. Spano, models 

how order and disorder affect the absorption spectra for conjugated polymers.45,46 A basic view of 

the breakdown between peaks attributed to the polymer aggregates and amorphous polymers can 

be seen within Figure 11. We can track the ratio of aggregate absorption versus amorphous 

absorption to gain insight into the ratio of each in the film. The ratio of the individual aggregate 

peaks can also be analyzed to provide information about the conjugation length, or a measure of 

how long the polymer backbone can extend straight out undisturbed, which plays a role in the 

delocalization of charge carriers within the system. A deeper look into this analysis can be found 

in the appendices to chapter 2 or 3 when applied to our own P3HT thin film system. 
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Figure 11. Breakdown of UV-Vis-NIR absorption of P3HT. 

(A) An absorption spectra of thin film P3HT. (B) A breakdown of the spectra shown in (A). The 

lower energy peaks are shown as a collection of peaks attributed to the aggregate domain (red), 

whereas a broader single peak is attributed to the amorphous domain (blue). 

 

One other set of analyses is dependent on the absorption of the charged conjugated polymer, 

which is red-shifted from the neutral peak. Figure 12 shows an example of the conjugated polymer 

P3HT being doped, in (A) by electrochemical methods, and in (B) by the molecular dopant 

F4TCNQ. (B) shows us the growth of two sets of peaks as doping occurs: one at 0.5 eV, which is 

the first polaronic peak, and one at 1.5 eV, which includes both a broader second polaronic peak 

along with sharper peaks from the anionic dopant. (A) shows us this same transition, but without 

the dopant; therefore, the peak shown as growing at 800 nm (1.5 eV) is that second polaronic peak. 

Based upon the ratio of the first polaronic polymer absorption to the neutral polymer absorption 

(2.3 eV), we can make an estimation of the number of total sites versus the number of sites doped 

(i.e. how much of the polymer is doped).47 
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Figure 12. Evolution of P3HT absorption from doping. 

(A) Electrochemical doping of P3HT by Nightingale et al., which show the second polaronic peak 

without the characteristic peaks of dopant anion.48 (B) Absorption of P3HT-F4TCNQ doped at 

various concentrations of dopant, which shows the evolution of the P3HT absorption as it’s 

molecularly doped. 

 

1.5.2 (Resonance) Raman spectroscopy 

Raman scattering is the inelastic scattering of light. This means that when a monochromatic 

light source is incident upon a sample, the frequency of the light will be adjusted down or up. This 

is due to the changes in polarizability of the sample in question and is characteristic of the material. 

The modes typically being excited that change the polarization of the material are vibrational 

modes.49 

 In particular, this dissertation is interested in the application of Raman called “Resonance 

Raman Spectroscopy”. This method takes advantage of a coupling between the electronic and 

vibrational transitions, which enhances the vibrational mode specifically on the group of atoms 

responsible for the electronic transition.50 The intensities of certain Raman bands may be greatly 

increased, up to six magnitudes. In practice, this allows us to select specific wavelengths/energies 
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for our excitation lasers to select out which features in our material that we wish to study in more 

detail. For our conjugated polymers, our electronic absorption modes are well characterized by the 

UV-Vis-NIR absorption. This means that, like explained in the previous section, we can select for 

lasers with energies that could preferentially probe the neutral or charged parts of the polymer, or 

even more specifically within the neutral polymer peak, the amorphous or aggregate domains. This 

kind of insight is important into understanding how different treatments and processes affect the 

polymer and its structure. 

 Most of the Raman Resonance analysis used in this dissertation comes from the foundation 

that a paper by Nightingale et al. produced detailing how the conjugated polymer P3HT responded 

to being charged.48 In their experiments, they used electrochemical doping, or applying a voltage 

to induce doping in the material, by utilizing an in situ cyclic voltammetry setup for both UV-Vis-

NIR and Raman spectroscopy. Using what previous literature has stated about the nature of the 

resulting peaks in UV-Vis-NIR and to a lesser degree in Raman spectroscopy, they were able to 

assign identities and relationships to peaks that prove helpful in determining the microstructure of 

the material. We used this analysis in our own, vapor doped P3HT, as well as apply it to 

P3MEEMT (with the same conjugated, polythiophene backbone as P3HT) that was thermally 

treated, in order to better understand how these treatments affected the amorphous and aggregate 

domains separately. 
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Figure 13. Raman spectroscopy with a 473 nm excitation laser of P3HT being charged 

electrochemically in situ. 

Reproduced from Nightingale et al.48 

 

 
Figure 14. Raman spectroscopy with a 785 nm excitation laser of P3HT being charged 

electrochemically in situ. 

Reproduced from Nightingale et al.48 

 

Figure 13 details Raman spectroscopy of P3HT when using a 473 nm excitation wavelength, 

which aligns with the amorphous absorption of the neutral P3HT peak as seen in the Spano model 

fit in Figure 11. Similarly, Figure 14 details Raman spectroscopy when using a 785 nm excitation 

wavelength, which aligns with the second polaron peak, and hence the charged polymer. Using 

either excitation wavelength, the main peak displayed ~1450 cm-1 is attributed to the symmetric 
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C=C intraring vibrational mode, and the peak displayed ~1380 cm-1 is attributed to the C-C 

intraring vibrational mode. In general, peaks attributed to the same vibrational mode but with a 

lower Raman shift (i.e. lower wavenumber) are from parts of the polymer that are more rigid.51 

Using previous peak attribution for neutral amorphous, neutral aggregate, charged amorphous, and 

charged aggregate P3HT, they show how the amorphous and aggregate domains change as the 

film is electrochemically doped.51–53 By tracking the changes in these peaks in terms of location, 

width, and size, we can make detailed assessments on how our processings (in the case of this 

dissertation, vapor doping or thermally treating) affect our material. 

 1.5.3 Grazing incidence wide-angle X-ray scattering 

Grazing incidence wide-angle X-ray scattering (GIWAXS) is a method for characterizing the 

ordered domains of conjugated polymers. These experiments often require high flux and photon 

collimation, and thus are typically performed at synchrotrons. Due to the nature of scattering 

showing high intensity over periodic elements, GIWAXS is often used to measure characteristic 

length scales of the ordered domains. By taking a “linecut” of the scattering, or a cross-section of 

the 2D scattering image plotting scattering intensity versus the radius from (0,0) on the image, the 

peaks of scattering intensity which mark these characteristic lengths can be converted from the 

reciprocal space of scattering into real space by using the equation 𝑑𝑑 = 2𝜋𝜋
𝑞𝑞

. 

 For conjugated polymers, two important characteristic lengths are the alkyl stacking and 

the π-π stacking distance, as seen in Figure 15. The alkyl stacking distance describes the 

periodicity between individual chains in the plane of the polymer backbone, and π-π stacking 

distance describes the distance between individual chains out of the plane of the polymer backbone 

(i.e. the principal direction that charge carriers hop interchain). 
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Figure 15. Characteristic lengths of conjugated polymers. 

Displayed here for P3HT, the alkyl stacking distance (around 16 Å for P3HT) is in plane of the 

polymer backbones, whereas the π-π stacking distance goes through the plane of the polymer 

backbones (around 3.6 Å for P3HT). 

 

GIWAXS can also shed light on longer-range order phenomena, such as alignment of ordered 

domains and size of ordered domains. Figure 16 displays 2D GIWAXS scattering of aggregate 

domains with differing amounts of alignment between domains. Domains whose plane of 

conjugated backbones is perpendicular to the substrate are “edge-on”, and their alkyl stacking 

peaks appear in the vertical, qz direction. Domains whose conjugated backbone plane are parallel 

to the substrate are known as “face-on”, and their alkyl stacking peaks appear in the horizontal, qxy 
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direction. When aggregate domains in a film are well ordered relative to each other, the spread of 

intensities is much more condensed. 

 
Figure 16. Overview of GIWAXS technique. 

(Top) Schematic view of GIWAXS. (Bottom) Example of aggregate domain alignment as shown 

by GIWAXS. Reproduced from Rivnay et al.54 

 

The average domain size can be estimated from the full-width-half-max (FWHM) of the alkyl 

stacking reflection peaks (labeled (100), (200), (300) in Miller Indices in Figure 17). Plotting the 

FWHM of each peak vs the first value of their Miller index description (i.e. 1, 2, 3) and fitting a 

line to find the y-intercept, the average grain size can be calculated as the reciprocal of this y-

intercept (2π/q). 
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1.6 Objectives of our study on the interplay of polymer structure and vapor 

molecular doping 

Our goal for this dissertation was to study how the polymer structure, both local and long-

range, affected how vapor molecular doping progressed, as well as how the progress of vapor 

molecular doping affected the polymer structure in turn. In Chapter 2, we show how we structured 

a study of these phenomena, starting with the well documented polymer-dopant pairing of poly(3-

hexylthiophene-2,5-diyl) (P3HT) and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ). We constructed an in situ conductivity apparatus which allowed for simultaneous 

vapor doping and conductivity measurements with control of the rate of doping and the 

temperature of the polymer film. We then use the guidance of the in situ σ experiments to use 

scattering and spectroscopic techniques to characterize how the process of P3HT being vapor 

doped by F4TNQ affects the polymer structure as doping progresses. This chapter is written up in 

a manuscript form that is in revision for publication in a journal, under the title “Probing the 

evolution of conductivity and structural changes in vapor-F4TCNQ doped P3HT”. 

 After successfully showing how this set of characterizations gave insight into the vapor 

doping process of a well-known pairing, we decided in Chapter 3 to study how dopant strength 

changed what we knew about how the polymer and dopant interacted during the vapor doping 

process. To this end, we used F4TCNQ’s weaker cousins, FNTCNQ (N = 0, 1, 2), which had 

similar molecular structure, but different HOMO-LUMO overlap with P3HT. Using our battery of 

tests, we found that we could predict how the dopant’s strength relative to the polymer’s electron 

affinity in the amorphous and aggregate domains would result in charging of these domains, and 

how these domains would change due to the presence of charge carriers and dopant. 



- 28 - 
 

 Lastly, we tried extending our set of analyses towards poly(3- 

(methoxyethoxyethoxymethyl)thiophene (P3MEEMT), which has the same backbone as P3HT, 

but polar sidechains with oligoethylene oxide for the purpose of solvating ions for ionic transport. 

P3MEEMT is a target for mixed electronic-ionic conductivity. We therefore studied the effect of 

blending LiTFSI salt with P3MEEMT on the structure of the polymer. We found, in combination 

with the thermal transitions that differential scanning calorimetry indicated that P3MEEMT had, 

that thermally treating P3MEEMT above these thermal transitions with and without salt had a 

drastic effect on the resulting polymer structure on both a local and long-range level. We also 

found that the ionic and electronic conductivity both improved with a thermal treatment that 

increased the aggregate domain size and edge-on alignment. 
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Chapter 2: Probing the evolution of conductivity and structural changes in 

vapor-F4TCNQ doped P3HT 

2.1 Abstract 

Vapor molecular doping has been shown to exhibit high conductivity (σ) for conjugated 

polymer semiconductors, but our understanding on the vapor molecular doping process is still low 

due to the high complexity of the interaction. Here, we develop an in situ conductivity method to 

measure σ during the process of vapor doping, which allows for further insight on how the polymer 

material changes when exposed to gradually higher concentration of dopant. These results were 

then compared to films doped to times throughout the doping process, which were taken to study 

their spectroscopy and microscopy. We find that the timing for the maximum σ of our films 

corresponds heavily to a saturation of effects from vapor doping, including charge concentration 

and ordered structural changes, while indicating that changes in disordered phases continue to 

occur past this time. We posit that the instability of the polymer σ past the maximum seen in in 

situ conductivity measurements is due to the changes in the disordered phases. We also believe in 

the power of this methodology for more novel polymer-dopant pairings, and the ability of findings 

from similar studies to find polymer chemistries and structures that are conducive to high, stable 

conductivities. 

2.2 Introduction 

Pushing the current limits of electronic conductivity in organic semiconductors is intimately 

linked to the method of doping. Recently, sequential doping has emerged as an effective method 

in controlling doping level and ultimately achieving high electronic conductivity.1–3 The sequential 

doping method involves taking a pre-cast film and subsequently infiltrating dopant molecules 

through mass actions either using dopant vapor or dopant in solution. The ability to achieve high 
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conductivity through this method is related to the resiliency of the host materials to accept a high 

quantity of dopant molecules (10-30 mol%) while maintaining the underlying morphology that 

promotes efficient charge mobility.4–7  

Consequently, leveraging sequential doping is of both technological and fundamental 

significance. Relative to inorganic semiconductors, organic materials are low-cost to produce and 

use earth-abundant materials.4,5 Accessible properties such as their light weight, flexibility, and 

tunability enable forward-thinking technologies such as curved displays, wearable energy 

harvesting, and thin, flexible solar cells.8–11 The sequential doping method allows for unique and 

powerful processing strategies, such as the functionally graded doping design for polymer 

thermoelectrics shown by Ma et al.12 This doping method has also been used to make comparisons 

between the charge transfer mechanisms of conductive polymers.13 Here, we focus on 

investigating the vapor doping methodology and its mechanisms. 

Electronic conductivity (σ) is directly proportional to the charge carrier concentration (n) and 

mobility (µ). Molecular dopants are introduced into underlying polymeric material to increase n, 

yet this may disrupt the high µ that conjugated polymers are selected for.14,15 The complicated 

interplay between the polymer and dopant directs these two crucial properties. Multiple factors 

play into this interaction. One such factor is the chemical reaction between the polymer and dopant. 

The process of introducing charges into the system occurs through a redox reaction. This can take 

the form of an integer charge transfer, which, for the case of the conjugated polymer – small 

molecular dopant system, places the dopant between the polymer sidechains, or a charge transfer 

complex (introducing only a fractional charge), which situates the dopant between the backbones 

of the neighboring polymer chains (within the π- π stacking).16–19 A major factor that determines 

the type and efficiency of the charge transfer is the relation between the electronic structures of 
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the polymer and dopant, in particular their HOMO-LUMO overlap.20–23 For example, planar 

molecular dopants such as F4TCNQ, F2TCNQ, F1TCNQ, and TCNQ only differ by the number 

of fluorine atoms substituted in place of hydrogen, yet these dopants’ LUMO differ by a range of 

0.8 eV, which has a significant effect on the effectiveness of the dopant.24  

As noted earlier, many of these properties are controlled by the method by which the dopant is 

introduced into the polymeric material.25,26 Jacobs et al., to our knowledge, first demonstrated the 

difference between mixing dopant and polymer in solution before casting the polymer as a film 

(labeled “mixed solution”) and casting the polymer as a film before depositing the dopant on top 

in an orthogonal solution (known as “sequential solution doping”).1 Hynynen et al. use sequential 

vapor doping to show that sequential doping produces higher σ to similar materials doped via the 

mixed solution method at the same dopant concentration.27 This effect has been shown through 

multiple studies to be due to the sequential solution doping method preserving the underlying 

morphology of the polymer, and in some recent studies, shown to further order the amorphous 

fractions of the film, leading to higher charge carrier mobility.1,28–30 

Insights about the structural effects of molecular doping provide a view into the delicate 

balance in the interaction between dopant and polymer. This intricate interplay is demonstrated by 

increased ordering in more amorphous regimes and a growth in long-range order at optimal doping 

concentrations, while too much dopant will start to disorder the backbone π-π overlap necessary 

for efficient interchain backbone conduction.3,31 

The complexity of the interactions involved in sequential vapor doping make an exact 

understanding of the molecular doping mechanism difficult. Dependence of the sequential vapor 

doping mechanism on film temperature also remains unclear, with proposed changes around the 

glass transition temperature of the conjugated backbone.29,31,32 While  previous studies have 
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contributed to a deeper understanding on the sequential vapor doping process, a few targeted 

characterizations for further elucidation of the structure-transport properties of vapor doped 

semiconducting polymers remain. First, what is the instantaneous progression of σ with increasing 

dopant concentration during vapor doping? Second, what is the role of the film temperature on the 

dynamics of vapor doping? Lastly, what is the evolution of the segregation of dopants between 

ordered, crystalline domains and disordered, amorphous domains at different doping levels? 

To address these questions, we investigate the structure-transport properties of the archetypical 

conjugated polymer-dopant pairing, P3HT:F4TCNQ. Unique to our study are in situ measurements 

of σ while vapor doping using a custom-fabricated doping apparatus. This approach provides a 

granular understanding of the evolution of electronic conduction properties as a function of dopant 

concentration. From this understanding, we probe what effect the temperature of the polymer film 

has on the dynamics of molecular doping, and we compare the shape of the σ curve to the evolution 

of the disordered and ordered regimes of the polymer. Our work elucidates how the in situ 

conductivity curve, when considered with targeted physical and electronic characterization, further 

develops molecular doping as a path to electronic polymeric materials. 

2.3 Results and Discussion 

2.3.1 Neat P3HT thin film fabrication and properties 

Thin films of P3HT were fabricated through a spin coating method (see Methods section for 

details). A single processing condition was applied in this study to ensure consistent properties of 

pre-cast films for vapor doping. In short, thin films were spin coated from a chlorobenzene solution 

and subsequently heated at 100 °C to drive out residual solvent. The resultant P3HT thin films had 

a thickness of 48 ± 5 nm based on AFM. In Figure 25 we show the UV-vis-NIR spectrum of the 

neat P3HT thin film. Analysis of the spectrum using the Spano model revealed the degree of 
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aggregation is 37%; this result is discussed in detail in the supporting information.33,34 

Additionally, a cyclic voltammetry measurement, as seen in Figure 26, indicates that the onset 

potential is 0.093 V vs Fc/Fc+ and, thus an ionization energy of -5.10 eV. F4TCNQ’s reported 

electron affinity is reported as around -5.2 eV, leading to efficient integer charge transfer.21 

2.3.2 Apparatus for controlled vapor-doping experiments 

We constructed a doping chamber and sample holder for the purpose of controlled vapor 

doping and in situ conductivity measurements of a polymer thin film sample held at a constant 

temperature (Figure 17, see Figure 27 for 3D rendering). More detailed descriptions and 

procedures are located in the Methods section and the Supporting information. The following 

summarizes the pertinent features of the apparatus. 

 
Figure 17. Cross section of apparatus for vapor doping experiments.  

Metal doping chamber houses glass insert with alumina crucible and F4TCNQ pellet within. 

F4TCNQ pellet is vaporized by heating the metal doping chamber to a desired temperature on a 

hot plate, whose temperature in monitored by a thermocouple in the base. The sample is 

simultaneously measured and held stable by the metal contact probes, and a thermoelectric holds 

the temperature of the sample to a set constant from 0 °C to 70 °C. All vapor doping experiments 

were performed in an argon glovebox.  
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The sample holder has a thermoelectric module (Peltier) for active temperature control of the 

thin film sample (Tfilm). The thermoelectric module, coupled with a water-cooling heat sink, 

permitted a stable operational range from 0 °C to 70 °C. This temperature was measured using a 

thermistor that was thermally connected to the sample substrate, and thus ensured stable 

temperature measurement and control of the sample directly. Two stainless-steel probes allowed 

for electrical contact with the sample during vapor doping.  

The doping chamber was designed for controlled sublimation of dopant by heating at the 

ambient pressure of the glovebox. The chamber housing is made of stainless-steel metal, which is 

in constant thermal contact with the heating source (ceramic hotplate). A cylindrical glass insert is 

placed in the center of the doping chamber to house the dopant source, which is placed on the 

bottom as a pellet in an alumina crucible. A thermocouple is placed near the dopant source at the 

base of the metal chamber to monitor the dopant sublimation temperature (Tdopant), which was fixed 

to 200 °C in this study unless otherwise stated. 

 2.3.3 P3HT-F4TCNQ in situ conductivity 

To study vapor doping conductivity in situ, thin film P3HT (ca. 50 nm) was doped with 

F4TCNQ with Tfilm = 0, 30, and 70 °C. This range of temperatures is significant for probing the 

vapor doping process of P3HT above and below the Tg of the polymer backbone, which is known 

to be around 20 °C (dependent on the molecular weight and regioregularity).35 Another potential 

effect would rely on how quickly the diffusion into the polymer would occur; one hypothesis is 

that at higher Tfilm, the diffusion would occur more quickly and would accelerate the rise of σ. 

Using an interdigitated electrode device, the σ of the thin film can be tracked from its beginning 

to its end over six orders of magnitude. σ of P3HT was measured while doping with F4TCNQ up 

until 20 min, at which point all curves had established an equilibrium σ. 
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Representative curves at these three different Tfilm can be seen in Figure 18. A common pattern 

appears for all three temperatures, which looks similar to the standard relation between σ and 

dopant concentration published many times prior.3,30,36 The σ profile shows a significant rise upon 

the film’s first introduction to dopant, exponentially climbing around five orders of magnitude in 

around a minute, then slows to climbs linearly, and finally reaches a maximum electronic 

conductivity (σmax) within four minutes. Past this point, the magnitude of the σ drops, which 

previously has been attributed to the oversaturation of the dopant degrading the order of the 

polymer, which in turn reduces the mobility of the charge carriers in the material.27 

 
Figure 18. In situ conductivity curves of F4TCNQ-doped P3HT. 

The σ for P3HT over the course of doping with F4TCNQ is shown for three different Tfilm. The 

semilog plot shows that σ rises five orders of magnitude in around two minutes, and the linear inset 

details the form of the drop in σ past σmax. 
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A few comparisons stand out between the three Tfilm. The σmax and general trends are almost 

identical between runs at the different Tfilm. Tfilm = 0 °C reached a σmax about a minute faster than 

the films at Tfilm = 30 °C and Tfilm = 70 °C. We hypothesize that the difference in the timing of σmax 

(tmax) is attributed to the adsorption of vaporized dopant occurring more quickly due to the larger 

temperature gradient between dopant and film. Across five runs, σmax,0°C = 2.29 ± 0.29 S/cm, 

σmax,30°C = 2.38 ± 0.26 S/cm, and σmax,70°C = 1.34 ± 0.04 S/cm; this shows a trend of σ rising highest 

when Tfilm is the lowest, but in general σmax does not vary much from Tfilm to Tfilm. The lack of 

strong temperature dependence on the conductivity curve indicates that the dopant diffusion does 

not depend on the backbone Tg for fast diffusion, likely passing through the space provided by the 

alkyl sidechains. Post σmax, the films retain over 70% of their σmax once they stabilize out, which, 

in these experiments, did not differ consistently with Tfilm. 

In order to probe the universality of the σ profile, a few further in situ conductivity experiments 

were conducted using the P3HT-F4TCNQ system. In the first experiment, we reduced the 

sublimation temperature of the dopant (Tdopant) from 200 °C to 160 °C. We did this to test if a 

slower sublimation rate would change the trends of the in situ σ curve. Shown in Figure 19A, 

these doping curves at Tdopant = 160 °C showed a similar σmax to curves with Tdopant = 200 °C. When 

the doping curve for Tdopant = 160 °C was scaled by sublimation rate, its shape closely matched 

curves with the standard Tdopant = 200 °C, as seen in Figure 19B. 

In a second experiment, P3HT films were annealed to a temperature high enough to melt-

crystallize them (250 °C for 10 min, then slowly cooled), and then were subjected to an in situ 

conductivity experiment. We hypothesize that the higher and more stable σ is due to the melt-

crystallized P3HT having a higher fraction of crystalline domains. The overlap of the highest 

occupied molecular orbital (HOMO) of the aggregate-P3HT with the lowest unoccupied molecular 
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orbital (LUMO) of the F4TCNQ is stronger than that of the amorphous-P3HT HOMO with the 

F4TCNQ LUMO and should result in a higher number of charge carriers generated overall with 

better stability of the reaction between the dopant and polymer.37 

 

 
Figure 19. In situ σ curves for different dopant temperatures and processing methods.  

(A) F4TCNQ was set to 200 °C for the entirety of the F4TCNQ doping experiments shown in 

Figure 18. An experiment was conducted in order to test how lowering the dopant temperature, 

and hence the sublimation rate, would affect the conductivity curve. (C) All other samples were 

annealed below their recrystallization temperature. Experiments were conducted to see if 

recrystallizing the P3HT at 250 °C would result in different doping curves. 

 

 2.3.4 P3HT-F4TCNQ in situ conductivity “curtailed” experiments show difference in 

curve behavior pre and post tmax 

We conducted in situ conductivity experiments where the sample was taken from the dopant 

vapor at specific doping times. Samples were made by exposing them to dopant for intervals apart 

to explore how the shape of the doping curve was affected by when the sample was taken off (when 

the doping curve was “curtailed”). 

These curves were shown in Figure 20 at the same three Tfilm as the in situ conductivity 

experiments. Using the black curve as the non-curtailed sample (where the sample was not taken 
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off the dopant while being measured), the dotted lines indicate separate samples which were taken 

off at 50 s intervals from each other, from 50 s to 300 s. 

When comparing the shape of the in situ conductivity curve post curtailing for these samples, 

the samples curtailed before and after tmax show different behavior. For samples curtailed before 

(e.g. 50 s, 100 s), the drop in σ resolves quickly and retains most of the σ before curtailing. For 

samples curtailed closer to, and especially after tmax, relatively large reductions occur in σ (~80 to 

90% the pre-curtail σ) that take minutes to stabilize. We hypothesize from this transition that tmax 

represents a tipping point towards instability in σ, whether through a reduction in charge carriers 

or the mobility of those charge carriers. 

 
Figure 20. Stabilization of σ at 50 s intervals.  

Samples of F4TCNQ-doped P3HT were taken off the dopant (“curtailed”) at 50 s intervals as to 

replicate the conditions of samples that were taken off at that time for other experiments, such as 

UV-Vis, FTIR, Raman spectroscopy, and grazing incidence wide angle x-ray scattering. The 

dotted line indicates the shape of the σ curve when the sample is taken off at the beginning of the 

dotted line (i.e. the red dotted line was curtailed at 50 s). The solid line indicates the curve of σ 

when doping is not curtailed. 

 

 2.3.5 Absorption measurements of P3HT-F4TCNQ track fraction of doped sites to in 

situ conductivity curve 
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To gain further insight into the nature of the shape of the in situ doping curve, we used UV-

Vis-NIR and FTIR spectra to determine a relative measure of doping level and the doping 

mechanism. 

Figure 21A shows the UV-Vis-NIR absorption for a P3HT film doped in 50 s intervals, from 

neat to 300 s for Tfilm = 0 °C (Figure 28 shows the spectra for Tfilm = 30, 70 °C). The black curve, 

for the neat polymer, shows a peak at 2.3 eV that corresponds to the primary absorption peak for 

neutral P3HT. Upon doping, peaks at 0.5 and 1.5 eV appear, which correspond to allowed sub-gap 

transition bands in positive polarons, as well as peaks at 1.4 and 1.6 eV, which come from the 

F4TCNQ radical anion and is indicative of an integer charge transfer doping mechanism.30,38 

Murrey et al. utilize a parameter Θ, which they define as the fraction of doped P3HT sites over the 

total available P3HT sites. They linearly approximate this from the absorption using the equation 

 

𝛩𝛩 = 𝐴𝐴P
𝐴𝐴P+𝐴𝐴N

  (Equation 1) 

 

where AP is the integral of the polaron absorption peak fit at 0.5 eV and AN is the integral of 

the neutral P3HT absorption at 2.3 eV.39 We fit our spectra (using a fitting seen in Figure 29) to 

extract out the absorptions necessary to calculate Θ, and the evolution of Θ was plotted versus time 

doped in Figure 21B. 
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Figure 21. UV-Vis-NIR Absorption of P3HT and P3HT-F4TCNQ samples. 

(A) Representative absorption spectra of P3HT-F4TCNQ films doped to the levels shown in figure 

20 (0 s to 300 s at 50 s intervals), with sample temperature 0 °C. The peak at 0.5 eV is attributed 

to the polaron and the peak at 2.3 eV is attributed to the neutral P3HT. (B) Plotting the fraction of 

doped P3HT sites (Θ) versus the doping time. The value of Θ is correlated to charge carrier 

concentration. 

 

As the amount of time doped increases, the neutral P3HT peak at 2.3 eV is bleached while the 

peaks attributed to the doped material increases.40 It appears that the rise in Θ slows, then hits a 

maximum at the tmax in its corresponding in situ conductivity experiment (150 s or 200 s doped). 

After this maximum, Θ equilibrates or reduces slightly. All three Tfilm show similar values for Θ 

as well as the overall trend, which corresponds to their similarity for the in situ conductivity 

experiments. 

FTIR spectra were also taken for these same doping times. These spectra can determine the 

nature of the charge transfer between the dopant and polymer; a set of peaks Neelamraju et al. 

indicated integer charge transfer or charge transfer complex mechanisms, the latter of which is a 

partial charge sharing.16,17 These spectra can be seen in Figure 22. Peaks corresponding to integer 

charge transfer at 0.269 eV and 0.271 eV appear in the doped films; however, the presence of a 
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higher energy shoulder that indicates the presence of charge transfer complex formation appears 

in the 300 s doped P3HT in two of the temperatures. Previous studies have shown that the presence 

of charge transfer complexes, which have dopant between π-stacked backbones as opposed to the 

alkyl sidechain stacks, leads to a decrease in mobility.22 This presence of a small concentration of 

charge transfer complex at high doping concentration, past σmax, indicates that the drop in σ can be 

partly attributed to the decrease in mobility due to the formation of charge transfer complexes.41 

 
Figure 22. FTIR peak assignment and description.  

(A), (B), and (C) show FTIR data for P3HT on KBr plates, vapor doped by F4TCNQ with the 

same method used for the in situ conductivity, UV Vis, and Raman experiments. These plots show 

the region indicated by Neelamraju et al. for P3HT doped at 0, 30, and 70 °C respectively,17 peaks 

mostly attributed to integer charge transfer, with shoulder apparent in 250s and 300s doped 

showing emerging charge-transfer complex. These peaks are shown in (D), (E), and (F) for 0, 30, 

and 70 °C respectively. 

 

 2.3.6 Local molecular ordering of polymer closely correlates to σ 
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To provide more context to how the dopant situates and interacts with the ordered domains of 

the polymer film, we utilized grazing incidence wide angle x-ray scattering (GIWAXS). The 

molecular packing structure of P3HT is well documented, as well as its reaction to the infiltration 

of molecular dopant in both solution sequential and vapor sequential doping methods.27,30,40 

Qualities such as long-range ordering and the π-π stacking spacing are determinants on how 

efficiently charges can be conducted via inter- and intra-chain mechanisms; F4TCNQ has been 

shown to intercalate into the alkyl-stacking of the polymer during vapor doping, as well as reduce 

the π-π stacking spacing, increasing π-π orbital overlap and leading to better interchain 

conduction.42 

2D GIWAXS scattering images from these experiments can be seen in Figures 32, 33, and 34 

for Tfilm = 0, 30 and 70 °C respectively. 1D scattering profiles were obtained via radial integration 

of the 2D scattering images, which are displayed in Figure 23A, B & C. The strong features 

primarily seen in the qz direction that are equally spaced out correspond to the lamella-stacked side 

chains (h00). The broad ring that stretches both in and out of the plane of scattering is the (020) 

peak, which is associated with the π-π stacking direction. In our analysis, resolving the individual 

peaks further out in reciprocal-space is difficult, so the maximum scattering spacing was used as 

an estimate of the average spacing distance. The alkyl sidechain stacking distance and the π-π 

stacking distance are plotted versus doping time in Figures 23D & E, respectively. 
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Figure 23. Evolution of ordered structures over the course of doping.  

Grazing incidence wide angle x-ray scattering (GIWAXS) was conducted on P3HT vapor doped 

with F4TCNQ at 50 s intervals from 0 s to 300 s for all three sample temperatures. (A), (B), and 

(C) show the azimuthal linecuts of the scattering images, such as the ones seen in figure 32. (D) 

shows the evolution of the alkyl-stacking spacing, which are represented in the linecuts as the first 

three, equal spaced out peaks. The alkyl-stacking spacing appears to shift continuously until σmax 

is reached at around 200 s, at which point the spacing appears to slightly decrease. This is likely 

due to the presence of dopant in the sidechains, which increases as doping time increases. (E) 

shows the π- π stacking, which is represented by the broad peak originating around 1.6 Å-1 in the 

neat film. Similar to the alkyl stacking, the decrease in π-π stacking occurs similarly between all 

temperatures, which tails off as the film reaches σmax. This decrease in π-π stacking spacing has 

been described in literature as due to electrostatic attractive forces between charged backbones, 

and increases the overlap of π orbitals, which in turn increases the probability of intrachain hopping 

of charge carriers. 

 

Qualitatively, the scattering trends seen here are consistent to the reported results in literature. 

Upon doping, the sidechain/alkyl stacking and the π-π stacking distances do not drastically change; 
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the (h00) peaks’ position decreases in reciprocal space, corresponding to a larger spacing between 

the sidechains. This increase in the alkyl stacking distance increases at a higher rate from the onset 

of doping to 150 s, dependent on Tfilm, which corresponds to tmax in our in situ experiments. 

Quantitatively, for the P3HT-F4TCNQ with Tfilm = 0 °C, the alkyl stacking spacing (d100) changes 

from from 1.64 nm to 1.80 nm. Concurrently, the π-π stacking peak position increases in reciprocal 

space, indicating a decrease in packing spacing in the π-π direction. Although the spacing dropped 

quickly in the first 100 s of doping, the change in spacing slows down as the doping reaches σmax 

as seen in the in situ conductivity experiment. For the P3HT-F4TCNQ at Tfilm = 0 °C, the π-π 

stacking spacing reduced from d020 = 0.381 nm to 0.355 nm over the course of 300 s vapor doping. 

2.3.7 Resonance Raman spectroscopy of P3HT-F4TCNQ shows evolution of doping in 

ordered and amorphous domains 

Raman spectra are very sensitive to π-electrons due to their polarizability under 

photoexcitation.43,44 We use this phenomenon along with resonance Raman techniques to capture 

the evolution of various fractions of the polymer film. By using an excitation laser that matches 

the energy of the polaronic (charged) polymer, we can preferentially probe structural changes 

arising from these features.45 This can be executed using a 785 nm laser (1.58 eV) that lines up 

with the second polaronic absorption and dopant anion peaks (see Figure 29). 

The Raman spectra from the 785 nm excitation laser can be seen in Figure 21A. These spectra 

were obtained on P3HT-F4TCNQ films vapor doped in 50 s intervals, from neat to 300 s, at the 

three Tfilm as the in situ conductivity experiments. The spectra in these figures are focused on the 

1300 to 1600 cm-1 range, which features peaks that correspond to the C=C intraring vibration 

modes which are sensitive to the charging of the conjugated thiophene backbone. 
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Figure 24. Raman spectra and peak fitting for P3HT-F4TCNQ samples doped to different levels. 

(A) Raman measurements were conducted on P3HT-F4TCNQ films doped to the levels shown in 

figure 20 (0 s to 300 s at 50 s intervals), using an excitation wavelength of 785 nm. (B) Peak fittings 

were made according to the methodology introduced in ref. 43. (C, D, E) The peak areas from the 

fittings were taken, and ratios of integrated peak area fitted were calculated, for Tfilm = 0, 30, & 70 

°C respectively. The in situ σ curves for the respective Tfilm is overlayed for easier comparison. 

More detailed descriptions of the fitting methods are described prior to tables S1 through S4. 

 

To accurately track the relative concentration of certain fractions over the course of doping, 

the spectra were fit to peaks that were described by Nightingale et al. Peaks corresponding to the 

C=C intraring vibration of the neutral fractions were centered around 1455 cm-1, with a peak from 

the neutral, ordered domains around 1447 cm-1 and a peak from the neutral, disordered domains 

around 1462 cm-1. Changes in peak position and shape were attributed to changes in conjugation 

length (i.e., conformational order), with lower wavenumbers corresponding to longer conjugation 
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length (hence why the disordered polymer peak sits at a higher wavenumber than the ordered).43 

The peak widths and peak locations were given bounds to account for changes in the mean and 

distribution in conjugation lengths; these bounds were sourced from Nightingale et al.43 Due to 

the resonance of the charged domains of the film, we can also resolve the charged ordered and 

charged disordered domains of the films, whose peaks sit at roughly 1417 cm-1 and 1401 cm-1, 

respectively. These peaks were allowed to change in both peak width and position more widely, 

due to expected changes in the mean and standard deviation of conjugation lengths in the charged 

polymer as dopant infiltrated and interacted with the polymer film. A more detailed discussion of 

the fitting methodology, parameters, and data can be found alongside Tables S1 – S3 in the 

supporting information. 

The relative integrated peak area from the fits of the 785 nm excited Raman for Tfilm = 0, 30, 

and 70 °C is plotted in Figure 24C, D, and E respectively. The relative integrated peak area was 

obtained by dividing the integrated area of the peak in question by all the peaks attributed to the 

polymer in its spectrum’s fit; this was done in order to track the relative changes of each peak over 

the course of doping, dividing out the increase of the total absorption due to resonance with the 

polymeric polaron. 

Due to the presence of the dopant anion peak (1451 cm-1) over the neutral, ordered, and neutral, 

disordered peaks, we chose to focus our analysis primarily on the evolution of the charged, ordered 

and charged, disordered peaks. Comparing the ratio of charged peaks to neutral peaks (roughly 

correspondent to Θ in our UV-Vis-NIR analysis), the ratio is highest at tmax (~200 s), and decreases 

slightly from that maximum at higher doping times. However, the greatest increase in charged, 

ordered peak area comes from the step from the neat film to the 50 s doped film, whereas charged, 

disordered appears to increase steadily with time, with its maximum corresponding to tmax and the 
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highest ratio of charged to neutral peak area. The decrease in the ratio also appears to be primarily 

due to a loss in peak area for the charged, disordered peak, whereas the charged, ordered relative 

peak area stays relatively constant. 

To recontextualize, these results indicate that the dopant first preferentially infiltrates and 

reacts with the ordered domains, which are energetically more favorable to interact with than the 

disordered domains. This rapid reaction with the ordered domain also corresponds with the 

exponential rise in conductivity, over five orders of magnitude, for the first 50 s. The slower, linear 

rise of conductivity can be attributed to the increase in charge concentration in the disordered 

domains, and the final stabilization to a lower σ also can be attributed to a loss of charge 

concentration in the disordered domains. From what was seen previously in the FTIR, it is possible 

that the presence of a high concentration of dopant in the disordered domain promotes a charge 

transfer complex in that domain, lowering its charge concentration. 

These results show agreement with previous P3HT Raman literature. In a blend P3HT/PCBM 

film, Gao et al. show via 473 nm resonance Raman a broadening of the “aggregate P3HT” peak 

around 1450 cm-1 as F4TCNQ loading increases, which we would attribute to an increase in the 

charged ordered peak.18 Chew et al. corroborate this finding using a 532 nm excitation focusing 

on the neutral aggregates, claiming an increase in conjugation length of the neutral aggregates with 

the presence of F4TCNQ dopant.46 Lim et al. use an off-resonance laser wavelength of 633 nm 

that averages over the entire film, and show that both RR and RRa P3HT have a stiffening of the 

backbone with the presence of F4TCNQ.27 This phenomenon was shown to also exist in 

polythiophenes with polar sidechains by Ma et al., where P3MEET shows a lower conjugation 

length than P3HT, but similarly stiffens in the presence of dopant.47 



- 50 - 
 

2.4 Conclusion 

This study investigated vapor doping of P3HT with F4TCNQ in order to understand the 

evolution of conductivity in situ and the corresponding structural changes at the molecular level. 

The temporal profile of σ first exhibited a rapid exponential increase, followed by a short linear 

increase until reaching a σmax, and finally followed by a slow decay in σ. While the profile and 

range of σ are comparable for each Tfilm (0, 30, 70 °C) investigated, tmax was achieved the fastest 

at Tfilm = 0 °C where the temperature difference between the Tdopant and Tfilm was the largest. For 

in situ conductivity experiments where the sample was doped to a specific time, the decay and 

stabilization of σ was dependent on the proximity to tmax. Specifically, samples doped close to and 

after tmax demonstrated the largest decay in sigma. 

The characterization of the vapor doped P3HT thin films through UV-vis-NIR spectroscopy, 

FTIR spectroscopy, and GIWAXS provided complementary insight on the extent of doping. 

Analysis of the UV-vis-NIR spectra reveal the doping level (based on the fraction of doped sites, 

Ɵ), increases linearly until hitting a maximum near tmax in its corresponding in situ σ curve after 

which the doping level stabilized. Notably, analysis of the FTIR spectra indicated the formation of 

a small fraction of charge transfer complexes for doping times beyond tmax suggesting the decay 

in σ in this regime is partially arising from lower mobility charge carriers from charge transfer 

complexes. By monitoring d100 and d020 from the GIWAXS results showed the changes to these 

characteristic spacings from the infiltration of dopant anion in crystalline domains stabilizes near 

tmax of the in situ doping curve – consistent with the UV-vis-NIR data.   

Resonant Raman spectroscopy experiments provided deeper insights on the relative extent of 

doping within the crystalline (ordered) and amorphous (disordered) domains and their connection 

the in situ conductivity profile. Specifically, at 785 nm, the spectra revealed relative fraction of 
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neutral ordered, charged ordered, neutral disordered, charged disordered components in the thin 

films. At 50 s, doping preferentially occurred in the ordered domains leading to a larger relative 

charged ordered fraction while only a small fraction of charge is formed in the amorphous domains. 

As the doping time was increased, the propensity of doping was still in the ordered domains and 

accounts for the rapid rise in sigma until approaching tmax. In the context of the in-situ conductivity 

profile, this corresponded to the transition point where the conductivity changes linearly and 

reaches σmax. In this transition regime, the crystalline domains reached their saturated doping 

(charged) level and subsequent doping only occurred at sites in the disordered domains.      

This method of comparing these characterization techniques to the in situ/ex situ σ curves has 

been fruitful in providing more granular insight into the processes of vapor molecular doping. 

Going forward, this platform is readily available for use for more novel polymer-dopant 

combinations. Further insight into how different sidechains or functional groups on the backbone 

effects the in situ σ, and how this is reflected in further characterization, will help to realize 

materials with better stability and higher σ with better understanding on how the polymer chemistry 

and structure affect the molecular doping process. 

2.5 Experimental Methods 

2.5.1 Materials and sample preparation 

All substrates  used  for  Grazing  incidence  wide  angle  X-ray scattering (GIWAXS),  Raman  

spectroscopy, Atomic Force Microscopy (AFM)  and  UV-vis  absorption  spectroscopy in this 

study were cleaned by ultrasonication in acetone and 2-propanol for 15 minutes each. GIWAXS 

measurements were performed on films deposited on Si substrates with 1.5 nm of native SiO2.   

UV-vis absorption, Raman measurements, and AFM were performed on films deposited on top of 

quartz substrates.  Conductivity measurements were performed on films deposited on custom-
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fabricated interdigitated gold electrodes (IDEs), which in turn is on Si substrates with 1000 nm of 

thermally-grown SiO2. Solutions of 91% to 94% regioregular Poly(3-hexylthiophene-2,5-diyl) 

(RR-P3HT) (Rieke Metals) were prepared by dissolving P3HT in anhydrous chlorobenzene at 10 

mg/mL. The mixed solutions were shaken overnight before being spun onto the prepared 

substrates.  The substrates were spin coated with solution at 2000 rpm at 45 seconds, then at 3000 

rpm for 25 seconds. IDEs were cleaned of excess polymer with cotton swabs to reduce leakage 

current. 

 2.5.2 In situ conductivity setup 

For the in situ conductivity measurements, a specialized setup was fabricated for control and 

precision of measurement. A steady-state temperature is achieved using a thermoelectric module. 

The sample is held in place by two electrode probes, which allows for electrical contact with the 

sample during vapor doping. See figure 17 for a cross section of the setup, and figure 27 for a more 

detailed 3D rendering. 

 2.5.3 Vapor doping process 

Vapor doping of F4TCNQ was performed in an argon-filled glovebox. Approximately 5 mg 

of dopant was pressed into a pellet and placed in an aluminum oxide crucible (OD 6.8 mm x H 4 

mm from Government Scientific Source Inc.), which was in turn placed in a glass insert (diameter 

~ 5 cm, height ~ 4.5 cm). A stainless-steel container is then preheated to allow the chamber to 

reach the desired temperature, which is monitored by thermocouple, and the glass insert is placed 

inside the container, at which point the setup is allowed to stabilize in temperature. A Teflon cap 

is placed upon the opening of the glass insert to block dopant from polluting the glovebox. 

All samples used for doping were placed within the sample holder. Electrical contact was made 

to the sample through the sample holder, which was then routed via cables through the back of the 
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glovebox to a SP-200 Potentiostat. A voltage of 100 mV is applied to the sample, and the current 

through the sample is measured by the potentiostat every second. This data is converted from 

current to conductivity through the equation: 

𝜎𝜎𝐼𝐼𝐼𝐼𝐼𝐼 =
1
𝑅𝑅

𝑑𝑑
𝑙𝑙(𝑁𝑁 − 1)ℎ

 

where d = 8 μm is the separation distance between the electrode digits, l = 150 μm is the length 

of the digits, N = 80 is the number of electrodes and h is the thickness of the sample.48 

 2.5.4 UV-Vis-NIR 

UV-VIS-NIR spectra of neat P3HT and vapor-doped thin films on quartz substrates were 

obtained using the Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam Spectrophotometer housed 

in the Soft Matter Characterization Facility (SMCF) (Pritzker School of Molecular Engineering, 

University of Chicago). Measurements were taken within a wavelength range of 250 to 2480 nm. 

 2.5.5 FTIR & UV-Vis-NIR 

FTIR and UV-Vis-NIR spectra of neat P3HT and vapor-doped thin films were made upon KBr 

plates within the Shimadzu IRTracer-100 Fourier Transform Infrared Spectrometer and the 

Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam Spectrophotometer housed in the Soft Matter 

Characterization Facility (SMF) (Pritzker School of Molecular Engineering, University of 

Chicago). UV-Vis-NIR measurements were taken within a wavelength range of 250 to 2480 nm, 

and FTIR measurements were taken with a wavelength range of 0.05 to 0.5 nm. 

 2.5.6 Raman spectroscopy 

Raman spectroscopy experiments were performed under ambient conditions using the Horiba 

LabRAM HR Evolution NIR confocal Raman microscope housed in the Chicago Materials 

Research Center. Raman spectra of neat and doped P3HT thin films was collected using a 100× 

objective and a 785 nm wavelength laser. Laser power and was set to 10% for 785 nm lasers to 
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minimize local heating and material degradation. Spectra were taken between a wavenumber range 

of 1116 to 1771 cm-1. For deeper insight into the peak fitting methodology, a detailed discussion 

can be found alongside Tables 1 – 4 in the appendix. 

 2.5.7 Grazing incidence wide angle X-ray scattering (GIWAXS) 

GIWAXS experiments were conducted at the Advanced Photon Source (Argonne National 

Laboratory) at beamline 8-ID-E. The energy of the incident beam was at 10.91 keV, and a Pilatus 

1MF pixel array detector (pixel size = 172 µm) was used.49 The measurement time for one image 

was 10 seconds. All samples were placed and measured in a low vacuum chamber (10-3 mbar) to 

reduce the air scattering as well as to minimize beam radiation damage. There are multiple rows 

of inactive pixels between the detector modules when the images were collected at one position. 

To fill these inactive gaps, the detector was moved down to a pre-set new position along the vertical 

direction after each measurement. After the image was collected at the new spot, the data from 

these two detector positions were combined using the GIXSGUI package for MATLAB to fill the 

inactive gaps. The absence of artifacts in the combined image demonstrates that the scattering from 

the sample does not change during the exposure. The GIXSGUI package was also used to output 

the GIWAXS signals as intensity maps in (qr, qz) space, and take the linecuts along out-of-plane 

(qz) and in-plane directions (qr). GIWAXS images of thin films were taken at a grazing incident x-

ray angle of 0.14°, which is above the critical angle of the polymer film and below the critical 

angle of the silicon substrate. 

2.6 Appendix 

2.6.1 Spano model fit of neat P3HT 

The Spano model was used to make estimate of percent of aggregate versus amorphous 

fractions in the P3HT used in this study. The model dictates that the absorption spectra of P3HT 
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thin films in the ~2.0 eV to 3.0 eV range are comprised of low-energy π-stacking aggregate peaks 

and higher energy amorphous-fraction peaks. In order to determine the vibration bands for the 

aggregate portion, we utilize a Franck-Condon fit: 

𝐴𝐴aggregate  ∝  � �
𝑆𝑆𝑚𝑚

𝑚𝑚!�
× �1 −

𝑊𝑊𝑒𝑒−𝑆𝑆

2𝐸𝐸𝑝𝑝
�

𝑆𝑆𝑛𝑛
𝑛𝑛! (𝑛𝑛 −𝑚𝑚)

𝑛𝑛≠𝑚𝑚

�
2

𝑚𝑚=0

× 𝑒𝑒�𝐸𝐸−𝐸𝐸0−𝑚𝑚𝐸𝐸𝑝𝑝−
1
2𝑊𝑊𝑆𝑆𝑚𝑚𝑒𝑒−𝑆𝑆�

2

/2𝜎𝜎2 

Where A is the absorption of the aggregates as a function of photon energy, E; S is the Huang-

Rhys factor, which represents the overlap between individual vibrational states (we assume this to 

be 1 for this fit); m corresponds to different vibrational energy levels; Ep = 0.179 eV the energy of 

the C=C symmetric branch mode in P3HT; the three fitting parameters are: W, the exciton 

bandwidth; E0, the transition energy; and σ, the energetic disorder, which in this case is the 

Gaussian width of the absorption peaks. The peaks generated by this Franck-Condon fit can be 

seen in Figure 25B: the individual peaks are red with dotted lines, and the summation the solid 

red line, which appears to fit the shoulder from ~2.0 eV to 2.5 eV in the absorption well. The 

amorphous fraction was taken to be the higher energy region, obtained by subtracting the aggregate 

absorption calculated from the absorption from the experiment. The percent aggregate is calculated 

from this fit by taking the integrated area of the aggregate peaks to the amorphous peaks, and this 

was found for this fit to be roughly 37%. A Matlab fit program was used to perform the Spano fit 

as described by Dong et al.50 
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Figure 25. Pristine P3HT UV-Vis absorption fit with Spano model. 

(A) UV-Vis-NIR of neat P3HT thin film. (B) Spano model fit. 

 

2.6.2 Cyclic voltammetry of P3HT and F4TCNQ 

Cyclic voltammetry (CV) was performed using a Biologic SP200 potentiostat in as standard 

3-electrode configuration. Testing was performed in an anhydrous, degassed acetonitrile solution 

with a 0.1 M tetrabutylammonium hexafluorophosphate supporting electrolyte concentration at a 

scan rate of 0.1 V/s. A silver wire in 0.01 M AgNO3 and 0.1 M supporting electrolyte served as a 

reference electrode, and a platinum wire was used as a counter electrode. Ferrocene purified by 

sublimation was used as an internal standard. All experiments were performed in a dry argon glove 

box. F4TCNQ was dissolved directly in acetonitrile at 0.01 M concentration. P3HT was spin 

coated onto an ITO-coated glass slide according to the procedure described in the experimental 

methods section. Ionization energy (IE, HOMO) of the polymers and electron affinity (EA, 

LUMO) of the dopants were determined by comparison against the ferrocene couple (5.1 eV), as 

described here:  
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𝐼𝐼𝐼𝐼 = 𝑞𝑞�𝐸𝐸𝑜𝑜𝑜𝑜 + 5.1 − 𝐸𝐸𝐹𝐹,𝑜𝑜𝑜𝑜� 

𝐸𝐸𝐸𝐸 = 𝑞𝑞(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 + 5.1 − 𝐸𝐸𝐹𝐹,𝑟𝑟𝑟𝑟𝑟𝑟) 

where q is the fundamental charge of an electron, Ered is the reduction potential of F4TCNQ, 

and EF,red is the oxidation potential of ferrocene. Onset potentials were calculated by regressing 

the rising slope of the oxidation peak to the intersection point of the system background current. 

The linear regression and background current are seen straight lines in the CV plot for P3HT.  

F4TCNQ’s LUMO level was calculated by this method to be 5.25 eV, and the HOMO for P3HT 

was calculated by this method to be approximately 5.1 eV. 

 

Figure 26. (A) CV of F4TCNQ. (B) CV of P3HT. 
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2.6.3 Vapor doping setup and experimental details 

Figure 27. 3D renders of sample holder and doping chamber. 

For sample holder (11A): A- aluminum water-cooling block. B- Peltier thermoelectric module. 

C- Peltier module housing. D- thermally conductive adhesive. E- thermistor for monitoring sample 

temperature. F- copper heat spreader. G- thermally conductive adhesive.  H- silicon wafer sample 

base. I- retention ring with retaining electrode probes. For doping chamber (11B), a stainless steel 

chamber (left) jackets a quartz glass insert (right), which holds an alumina crucible with dopant 

pellet in a recess. A thermocouple in the base of the doping chamber measures the temperature of 

the doping chamber, allowing for control over the doping temperature. 

2.6.4 UV-Vis-NIR 
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Figure 28. Absorption of P3HT-F4TNQ at 30 °C and 70 °C. 

Absorption measurements were conducted on P3HT-F4TCNQ films doped to the levels shown in 

fig. 3 (0 s to 300 s at 50 s intervals). (A) shows the spectra for films doped with the film held at 30 

°C, and (B) at 70 °C. 

 

 

Figure 29. Fit of UV-Vis absorption.  
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(Figure 29. Fit of UV-Vis continued) Description of peaks adapted from Hynynen, Kiefer and 

Müller.51 F4TCNQ anion, polaron peaks 1 and 2 were taken from the same paper. The F4TCNQ 

neutral peak was obtained from our own absorption measurements on vapor-deposited F4TCNQ. 

The ratio between the fitted polaron 1 peak (labeled P1 here) and the polymer neutral peak 

(labeled polymer main peak here) is what is used in fig. 5 in the main manuscript. 

2.6.5 Raman spectroscopy and fitting 

 
Figure 30. Raman spectra of P3HT-F4TCNQ excited by 785 nm laser @ 0 and 70 °C.  

Raman spectra collected on P3HT doped to films doped with F4TCNQ from 0 s to 300 s at 50 s 

intervals. Films were doped at (A) 0 °C and (B) 70 °C, and excited by 785 nm laser. 
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Figure 31. Wider view of 785 nm excitation Raman peak fitting.  

A broader view of the peak fitting done for a 785 nm excitation Raman spectrum. Peaks colored 

in were used for the analysis seen for the bar graphs in figure 24. Grey peaks were included to fit 

the rest of the data and allow for accurate tracking of the peaks of main interest. 

 

Discussion of Raman spectrum deconvolution and analysis 

Our analysis centers on deconvolution of the main C=C stretching peaks in the region from 

1400 cm-1 to 1460 cm-1, which we attribute first to the work of Nightengale et al., but also point 

towards work by Degousée et al. and Dyson et al. as exemplary works utilizing this style of 

analysis.43,52,53 In particular, we utilize the fact that the C=C symmetric stretch shifts to shorter 
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wavelength for chains with a higher conjugation length. Although this order is probed at the level 

of a bond on an individual chain, domains in P3HT are such that there are crystalline domains with 

a higher proportion of long-conjugation length chains, and amorphous domains with a greater 

proportion of low conjugation length chains, and hence we take ratio of higher conjugation length 

chains to lower conjugation length chains as a measure of how ordered or disordered the material 

is as a whole. 

When we excite the film for Raman spectroscopy using a 785 nm laser, we preferentially excite 

the charged regions of the film, as this wavelength/energy corresponds to the P2 absorption in the 

UV Vis (as seen in fig. S6). This resonance strengthens the contribution to the Raman spectrum 

from the charged parts of the films and allows for deconvolution of the charged C=C stretching 

peak seen at a slightly lower wavenumber, around 1410 to 1420 cm-1, into charged ordered and 

charged disordered populations. The lower peak center wavenumber compared to the neutral 

portions of the film is due to a higher planarity of the polymer upon introduction of charge carriers 

into the system; the fact that the disordered charged phase has a peak centered around a lower 

wavenumber is due to a larger change in bond length locally around the charge carrier in the 

amorphous (disordered) domain than the ordered domain. 

When taken as a whole, we argue that fitting the C=C symmetric peak as deconvoluted into 

charged disordered (~1401 cm-1), charged ordered (~1420 cm-1), neutral ordered (~1447 cm-1), and 

neutral disordered (~1462 cm-1) Gaussian peaks allows us to track the evolution of doping within 

the ordered and amorphous phases of our polymer separately. We achieve this by fitting and 

tracking how these peaks change over the course of our timepoints, from the undoped film to films 

doped 300 s by F4TCNQ. 
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In order to accurately track the evolution of these peaks, we use the peak positions and FWHM 

suggested by Nightingale et al. for these modes, but set constraints of roughly ±3 cm-1 to ±5 cm-1, 

dependent on the variance in peak positions reported for P3HT by Nightingale et al. and Degousée 

et al. We believed that constraining the FWHM, rather than fixing, would also represent the 

changing population of conjugation lengths in the individual phases more accurately. The FWHM 

for all C=C modes were constrained between 0 and 50 cm-1, except for the charged disordered 

phase, which was constrained between 0 and 20 cm-1, to fit how these peaks were constrained prior 

by Degousée et al. 

F4TCNQ anion was also confirmed to have a peak present within the range that we were 

deconvolution for peaks, sharply resolved at around 1452 cm-1. This peak was fit in order to be 

able to accurately deconvolute those peaks resulting from the polymer and that of the dopant. 

The window of the Raman spectra that were fit roughly spanned from 1250 cm-1 to 1600 cm-

1. Gaussians with FWHM between 0 and 20 cm-1 that were given a constraint on location in a range 

of 20 cm-1 were fit in order to account for all Raman counts between the fit range and produce 

accurate fit data for the four main peaks, including the C-C stretching around 1380 cm-1. The peak 

locations and areas under the curve for the four C=C modes are included comprehensively in the 

tables below for this analysis, and can be seen in Figure 31 for an example fitting. 

P3HT-F4TCNQ excited by 785 nm 

Peak origin Peak Location (cm-1) FWHM (cm-1) 

Charged, disordered fraction 1399 - 1405 20 

Charged, ordered fraction 1415 - 1425 28 - 38 

Neutral, ordered fraction 1442 - 1447 22 

Dopant anion 1451 - 1453 5 - 8  

Neutral, disordered fraction 1455 - 1462 23 - 35 

Table 1. Approximate peak location and widths for Raman fits with both excitation lasers. 
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Peak locations for the ordered and disordered fractions of P3HT that were charged and neutral, 

listed in the table above, were used for the fits in the tables below as starting points. These peaks 

can be seen labeled in in Figure 21B & E. These peak locations and widths were sourced from a 

similar analysis done by Nightingale et al.43 

 

 

 

 

 

 

 

 

P3HT-F4TCNQ 0 °C 

  
Charged 

Disordered Charged Ordered Neutral Ordered Dopant Anion 
Neutral 

Disordered 
Time 
doped 

(s) 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

0 1399 849 1421 3124 1445 8804 N/A N/A 1455 7613 
50 1402 1426 1426 9282 1448 7418 1452 4452 1462 3716 

100 1401 3939 1418 17565 1448 11713 1452 12643 1462 4480 
150 1400 7501 1418 17240 1448 16607 1452 19226 1462 3946 
200 1401 11383 1418 20765 1448 16104 1452 15516 1462 3166 
250 1401 9412 1418 21027 1448 17768 1451 14431 1462 3748 
300 1401 8646 1418 21592 1448 17570 1451 13810 1462 3713 

Table 2. Fit of Raman spectra for P3HT-F4TCNQ excited by 785 nm at 0 °C 

P3HT-F4TCNQ 30 °C 

  
Charged 

Disordered 
Charged 
Ordered Neutral Ordered Dopant Anion 

Neutral 
Disordered 

Time 
doped 

(s) 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

0 1405 466 1424 1363 1445 5882 N/A N/A 1462 2779 
50 1401 1987 1421 6226 1448 7065 1452 5548 1462 2498 
100 1400 2810 1418 8212 1448 7446 1452 7534 1462 2027 
150 1401 4869 1418 12464 1448 8958 1451 7028 1462 2384 
200 1404 3800 1418 17375 1448 8986 1451 6460 1462 1786 
250 1401 4946 1418 15501 1448 11410 1451 7956 1462 2364 
300 1401 5380 1418 15484 1448 13116 1451 9815 1462 2434 

Table 3. Fit of Raman spectra for P3HT-F4TCNQ excited by 785 nm at 30 °C. 
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P3HT-F4TCNQ 70 °C 

  
Charged 

Disordered Charged Ordered Neutral Ordered Dopant Anion 
Neutral 

Disordered 
Time 
doped 

(s) 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

Peak 
location 
(cm-1) Area 

0 1399 849 1421 3124 1445 8804 N/A N/A 1455 7613 
50 1399 1900 1419 17045 1448 9123 1453 8345 1462 6847 

100 1401 2683 1419 16482 1448 8792 1452 9769 1462 4378 
150 1401 9834 1418 22668 1448 17533 1452 17262 1462 4892 
200 1403 11449 1419 20304 1448 15440 1452 15663 1462 3516 
250 1402 11606 1418 25765 1448 17284 1452 15923 1462 3971 
300 1401 8614 1418 20075 1448 17337 1452 12929 1462 3863 

Table 4. Fit of Raman spectra for P3HT-F4TCNQ excited by 785 nm at 70 °C. 

 2.6.6 Grazing incidence wide angle X-ray scattering (GIWAXS) data 

 
Figure 32. P3HT-F4TCNQ scattering, doped at 0 °C. 
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Figure 33. P3HT-F4TCNQ scattering, doped at 30 °C. 

 
Figure 34. P3HT-F4TCNQ scattering, doped at 70 °C. 
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Chapter 3: Impact of Doping Strength using Fluorinated TCNQ Derivatives 

on Conductivity and Structure of Vapor Doped P3HT 

3.1 Abstract 

Dopant selection within molecular doped polymer semiconductors has been shown to greatly 

affect the creation of charge carriers, based upon the ionization energy of the polymer relative to 

the electron affinity of the dopant for p-type dopants. However, how dopant strength controls the 

vapor molecular doping process is unclear. Here, we utilize an in situ conductivity method to track 

the σ as our polymer thin film is exposed to a gradually higher concentration of dopant, where our 

dopants are selected to have a similar physical profile and a spectrum of electron affinities. These 

in situ σ experiments were then compared to polymer thin film samples that were doped to 50 s 

interval timepoints, which were studied via microscopy and spectroscopy. We find that the 

proximity of the dopant’s electron affinity to the polymer’s aggregate and amorphous domains’ 

ionization energy determines the ability for the dopant to react and create charge carriers in the 

respective domains of the polymer film. We also note that the larger charge carrier concentration 

introduced by the strongest dopant reduces the π-π stacking distance, which is conducive to better 

electronic mobility, and hence conductivity. We also find that one dopant showed a process unique 

from the other dopants that was dependent on the temperature of the polymer film and was more 

dramatic at higher film temperatures. We posit that these results allow for better control on how 

the dopant interacts with the polymer. We also believe that this methodology highlights how the 

molecular doping process intricately depends on the relation between the polymer and dopant, and 

that similar studies with novel polymer-dopant pairings will help uncover polymer chemistries and 

polymer-dopant interactions that can control desired electronic properties. 
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3.2 Introduction 

Precise control of the electronic properties of conjugated polymer films is desired to promote 

their use within organic electronic devices. One such benchmark electronic property is 

conductivity (σ), which quantitatively can be calculated using the equation σ = nqμ, where n is the 

concentration of charge carriers, q is the charge of the charge carrier (in this case, just the charge 

of the electron), and μ is the mobility of the charge carrier. Qualitatively, this means that 

conductivity is dependent on the concentration of charge carriers and their ability to move 

throughout the system.  

Conjugated polymers recently have been a popular target of organic semiconductor studies due 

to their favorable properties for electronic conduction.1–10 Conjugation, which is defined by 

alternating single and double bonds along the molecular backbone, allows for a resonant, “quinoid” 

form which helps delocalize charge carriers intrachain. Conjugated backbones are also rigid (to 

which the quinoid form contributes), which encourages aggregation and ordering. Domains of high 

aggregation are surrounded by amorphous domains, which have poor μ, and must be bridged by a 

“tie chain” from one aggregate domain to another to maintain an efficient pathway for charge 

carriers throughout the system.11 In short, both short range, intra-domain order and long range, 

inter-domain order is important for conjugated polymers to maintain high μ. 

As for increasing charge carrier concentration within conjugated polymers, charge carriers are 

typically introduced by an interaction between the polymer backbone and a molecular dopant.12–

14 For p-type (positive charge carrier) doping, the offset between the highest occupied molecular 

orbital (HOMO) of the polymer and the lowest unoccupied molecular orbital (LUMO) drives the 

transfer of a charge from the polymer to the dopant, introducing a hole as the charge carrier within 

the system.15 Molecular doping is a delicate process. The efficiency of the charge transfer is 
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dependent on the concentration of dopant,16,17 and introducing high concentrations of molecular 

dopant may also introduce electronic roadblocks for the charge carriers it creates to move around 

the system.16,18–20 

There has been a lot of work attempting to control the molecular doping process to preserve or 

even enhance the μ of the charge carrier within the underlying polymer structure. One particularly 

powerful technique is known as sequential doping, which is the process of introducing the 

molecular dopant into an already-cast polymer film, which tends to preserve the polymer’s 

carefully-selected high-μ structure better than mixing the dopant and polymer together in solution 

(known as “solution doping”), and leads to higher σ.21–24 This has been achieved using a 

“sequential solution doping” method, where dopant in solution was placed on top of an already-

cast polymer thin film, and allowed to diffuse in,21 as well as via a “vapor sequential doping” 

method, where dopant was sublimated and diffused into the film in vapor form.3,25–28 Furthermore, 

there is evidence that vapor sequential doping induces order in previously more amorphous parts 

of the polymer, resulting in better μ in these previously low μ parts of the film.26 However, there 

remained untapped potential for granular control of the sequential doping process to tune for 

specific electronic properties. 

Using sequential doping, we have previously designed a study to better understand the 

interaction between polymer and dopant, both structurally and electronically, in order to control 

our final electronic properties. We wished to see how poly(3-hexylthiophene) (P3HT) is affected 

by the process of vapor doping with a molecular dopant, for which we used 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ). Using an in situ σ experiment to elucidate how 

electronic conduction properties changed granularly, we then took that understanding to probe how 

the change of σ reflected how F4TCNQ interacted with the aggregate and amorphous domains of 
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P3HT separately. As a result of this study, we felt that this suite of techniques was a powerful 

characterization tool that could be used to probe how the molecular doping process could be 

understood and controlled to produce optimal electronic properties. However, we also felt that 

there were outstanding questions. How would different dopants change the shape of the in situ σ 

curve? How does the strength of the dopant affect how the aggregate and amorphous regions of 

the polymer are interacted with? 

There have been also studies investigating how the interaction between the polymer and the 

molecular dopant drives the charge concentration, charge species, and even thermoelectric 

properties.29–32 Kiefer et al. showed that they could introduce more than one charge per dopant 

molecule, given clever choice of molecular dopant whose LUMO was much lower than the 

polymer’s HOMO, leading to a dianionic dopant.13 Patel et al. demonstrated that doping PBTTT, 

a conjugated polymer with a lower HOMO, demonstrated similar σ between doping with F4TCNQ 

and its weaker cousin F2TCNQ, but a stronger thermoelectric power factor for the weaker 

dopant.33 Recently, Dong et al. found that doping poly 3-(methoxyethoxyethoxy) thiophene 

(P3MEET) with tetracyanoquinodimethane  (TCNQ) and its fluorinated derivatives resulted in σ 

of the same magnitude due to good HOMO-LUMO overlap, whereas the higher HOMO poly(3-

(methoxyethoxyethoxymethyl)thiophene) (P3MEEMT) resulted in decreasing σ with increasing 

LUMO level.34 

This study aims to use F4TCNQ’s less-fluorinated cousins, TCNQ and its fluorinated 

derivatives (FNTCNQ, N = 1, 2, 4) to probe how dopant strength affects our structure-transport 

properties. As demonstrated with Dong et al. above, these organic dopants’ LUMO can be easily 

tuned by changing the number of Fluorine atoms.34,35  In combination with Raman & UV-Vis-NIR 

spectroscopy, and grazing incidence wide angle X-ray scattering (GIWAXS), we show how the in 
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situ σ curve’s shape and amplitude corresponds to the creation and location of charge carriers in 

the polymer thin film, and how the strength of the interaction between polymer and dopant drives 

these properties. 

3.3 Results and Discussion 

3.3.1 Neat P3HT thin film fabrication and properties 

Thin films of P3HT were fabricated through a spin coating method (see Methods section for 

details). A single processing condition was applied in this study to ensure consistent properties of 

pre-cast films for vapor doping: thin films were spin coated from a chlorobenzene solution and 

subsequently heated at 100 °C to drive out residual solvent. The resultant P3HT thin films had a 

thickness of 48 ± 5 nm based on AFM. In Figure 42A we show the UV-Vis-NIR spectrum of the 

neat P3HT thin film. Analysis of the spectrum using the Spano model revealed the degree of the 

crystalline order is 37%; this result is discussed in detail in the supporting information. 

Additionally, a cyclic voltammetry measurement, as seen in Figure 43, indicates that the onset 

potential of the aggregate domain is 0.09 V vs Fc/Fc+ and, thus an ionization energy of -5.11 eV, 

as well as amorphous domains with ionization energies of -5.30 eV and -5.52 eV. 

3.3.2 Molecular dopant characterization and comparison 

P3HT thin films in this study were vapor doped using the “apparatus for controlled vapor-

doping experiments” described in chapter 2. Dopants used in this study were 

tetracyanoquinodimethane (TCNQ) and its fluorinated derivatives, named for the number of 

fluorenes substituted for hydrogens (F1TCNQ, F2TCNQ, and F4TCNQ). We will describe these 

dopants collectively as “FNTCNQ” throughout this paper. These dopants were selected for their 

range of lowest-unoccupied molecular orbital (LUMO) energy levels. This was calculated using 

cyclic voltammetry to be -4.91, -5.01, -5.09, and -5.28 eV for TCNQ, F1TCNQ, F2TCNQ, and 
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F4TCNQ respectively. This range results in varying strengths of interaction with P3HT, which is 

driven by the overlap between the dopant LUMO and the polymer’s highest-occupied molecular 

orbital (HOMO), known as the HOMO-LUMO overlap. We conducted our own cyclic 

voltammetry (CV) measurements on dopant, whose results can be seen in Figure 35, and whose 

data can be seen directly in Figure 43. 

 
Figure 35. Polymer and dopant structure and energy levels.  

The polymer-dopant pairing used in this work is Poly(3-hexylthiophene-2,5-diyl) (P3HT) with 

tetracyanoquinondimethane (TCNQ) and its fluorinated derivatives (FNTCNQ), whose structures 

are displayed above. The electronic levels of the P3HT highest-occupied molecular orbital 

(HOMO) for both the crystalline/aggregate (c) and the amorphous (a) domains, and dopant lowest-

unoccupied molecular orbital (LUMO), calculated from CV seen in figure 43, are also shown. 

 

3.3.3 P3HT-FNTCNQ in situ conductivity highlights difference in strengths of dopants 

To characterize the process of vapor doping P3HT with FNTCNQ, we used an in situ 

conductivity (σ) measurement while utilizing our apparatus for controlled vapor doping 

experiments. The temperature of the polymer film, Tfilm, was held at 30 °C for all experiments, and 

Tdopant was held at temperatures that resulted in a similar sublimation rate as measured by 

thermogravimetric analysis, which can be seen in Figure 44. We used an interdigitated electrode 
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device to track the σ of the thin film over six orders of magnitude. For these experiments, σ was 

tracked for at least 20 minutes under positive dopant pressure, at which point all curves had 

established a stable trend.34 

 
Figure 36. In situ σ of FNTCNQ-doped P3HT.  

The σ for P3HT is shown during in situ σ experiments doping with FNTCNQ for Tfilm = 30 °C. (A) 

A semilog view of P3HT doped with all four dopants, which details the rapid rise of P3HT once 

dopant is introduced and starts diffusing into the film. (B-E) A linear view of the doping curve, 

which details the σmax and the drop of the σ post maximum. 

 

Representative curves for in situ σ using all four dopants can be seen in Figure 36. The 

magnitude of the σ appears to track well to the listed LUMO of the dopant. P3HT doped with 

F4TCNQ reaches ~1 S/cm, F2TCNQ ~10-2 S/cm, F1TCNQ ~5 × 10-3, and TCNQ ~10-6 (barely 

doping it at all from its  

 inherent σ). All three dopants, besides the almost completely non-reactive TCNQ, appear to 

have the same basic structure to the σ curve. There is a period of exponential increase in σ, which 

then leads to a linear rate of increase. As the maximum σ is reached (σmax), the rate slows, and then 

turns negative as the curve settles to a lower, final σ. Although the timing and exact shape of the 
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curve is dependent on the dopant, the main difference only appears to be the σmax that is reached, 

which is orders of magnitude different between dopants. To explain why these magnitudinal 

differences in σ appear, it’s worth looking more deeply into the HOMO-LUMO overlap concept 

when it comes to this polymer and these dopants. 

Although P3HT’s HOMO is calculated here as -5.11 eV, this most accurately describes those 

polymer chains within the aggregate domains of the polymer.36–38 Chains within some of the 

amorphous domains of the polymer can be described with a HOMO of -5.29 eV (there is a second 

type of amorphous domain with a HOMO of -5.52 eV, see Figure 43). This distinction is crucial. 

On its face, this indicates three different regimes of ability to interact with the polymer: able to 

conduct charge transfer with both amorphous and aggregate domains, able to conduct charge 

transfer with only the aggregate domains, and unable to conduct charge transfer with either. This 

method of analysis puts F4TCNQ into the first camp (albeit only a small fraction of the amorphous 

domain), F2TCNQ in the second, and F1TCNQ and TCNQ in the third. 

It is, however, worth noting that this is a rudimentary (yet still effective) way of describing the 

interaction between the P3HT thin film and FNTCNQ molecules. Previous studies have shown 

that the effective HOMO and LUMO of the polymer and dopant, respectively, is dependent on its 

surroundings. For the polymer, this manifests most clearly here in the different listed HOMO for 

the aggregate and amorphous domains; the surroundings of a thiophene unit that could interact 

with a dopant, whether it is tightly packed with other chains or around other disordered chains, 

affects whether it is energetically favorable to interact. The dopant, too, has a LUMO that is 

modified by being present in the film, rather than the controlled solution on which the CV is 

conducted. The main effect of this is that the HOMO and LUMO energy levels listed in Figure 35 

are suggestions rather than hard values. Only F2TCNQ theoretically should be able to have a 
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spontaneous charge transfer from P3HT’s aggregate domains but not the amorphous domains, but 

a smaller fraction of F1TCNQ should achieve a charge transfer than for F2TCNQ, due to the 

distribution of HOMOs around the value calculated via CV. 

This analysis describes the differences in σ as seen in the in situ σ experiments well. F2TCNQ 

and F1TCNQ’s σ are much closer in magnitude than F2TCNQ to F4TCNQ, or F1TCNQ to TCNQ. 

The change in LUMO by -0.08 eV between F2TCNQ and F1TCNQ places it above the listed value 

of P3HT, leading to a smaller fraction of actual charge transfer reactions for P3HT with F1TCNQ 

than to F2TCNQ. 

One other significant difference occurs between the dopants: the loss of σ after σmax is higher 

for F1TCNQ and F2TCNQ than F4TCNQ. When comparing multiple runs of each dopant, P3HT-

F4TCNQ retained ~70% of σmax, P3HT-F2TCNQ retained ~35%, and P3HT-F1TCNQ retained 

~30%. In order to better understand this instability, as well as relate individual doping times in in 

situ σ experiments to other characterization techniques, we also conducted in situ σ curtailed 

experiments, which show how σ for samples doped to certain doping times relaxes when its 

exposure to dopant is removed, and can be seen in Figure 36. These samples were removed from 

positive dopant pressure such that their doping times were 50 s apart, from 50 s to 300 s. The trends 

between the three dopants are similar: before σmax, the σ pre-curtail appears stable post-curtail. 

This changes as σmax is approached, as the drop in σ increases with doping time, with the most 

dramatic change in instability pre- and post-σmax. This result indicates that the instability in σ is 

due to a process that occurs more frequently as σmax is approach and surpassed, perhaps the 

disordering of aggregate domains and disruption of tie chains by the presence of molecular dopant 

that does not react with the polymer backbone. 
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Figure 37. Stabilization of σ at 50 s intervals.  

Samples of FNTCNQ-doped P3HT were removed from positive-dopant pressure, or curtailed, at 

50 s sample intervals, and its relaxation in σ was followed. This was done to replicate the 

conditions of samples that were doped to these specific 50 s intervals for other experiments, such 

as UV-Vis-NIR spectroscopy, Raman spectroscopy, and GIWAXS. The solid curve is the σ of the 

non-curtailed sample, as seen in figure 36. The dotted lines that extend from the solid curve are 

samples taken off the dopant when the dotted line starts. 

 

3.3.4 P3HT-FNTCNQ absorption measurements compare dopant strength and 

doping time to fraction of sites doped 

UV-Vis-NIR spectra are often used for molecularly doped conjugated polymers to track the 

concentration of charge carriers in the polymer thin film.16,21,39 We took advantage of this to 

compare the ratio of doped sites for P3HT doped with FNTCNQ. 
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Figure 38. UV-Vis-NIR Absorption of P3HT-FNTCNQ samples.  

Representative absorption spectra are shown for P3HT (A) -F1TCNQ, (B) -F2TCNQ, and (C) -

F4TCNQ, with samples doped in 50 s intervals from neat sample to 300 s doped, with sample 

temperature Tfilm = 30 °C. The peak at 0.5 eV is attributed to the charge carrier in the film (polaron), 

and the peak at 2.3 eV is attributed to neutral, undoped polymer. These spectra are fit, and the area 

of these two peaks are compared using the parameter Ɵ, which is proportional to the fraction of 

doped P3HT sites, or roughly charge carrier concentration. (D) plots this parameter Ɵ against 

doping time for all three reactive dopants. 

 

In Figure 38A, B, & C, we can see the progression of the absorption for P3HT doped with 

F1TCNQ, F2TCNQ, and F4TCNQ respectively, for samples doped to the same times as in the 

curtailed in situ σ experiments. As doping time increases, we can see for all three dopants the 
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emergence of peaks at 0.5 eV and 1.5 eV; these absorptions correspond to allowed sub-gap 

transitions for polaronic (i.e. charged) P3HT.40–42 The peaks at 1.4 and 1.6 eV come from the 

FNTCNQ radical anion, and are evidence of integer charge transfer between the dopant and 

polymer backbone.39 These experiments were also conducted on P3HT-TCNQ, whose spectra can 

be seen in Figure 45; these spectra showed no strong evidence of doping, as would be expected 

from the in situ σ experiment results. 

 In order to use these spectra to quantify the progression of sites being doped in the polymer 

thin film, we fit these spectra using the peaks shown in Figure 46, including fits of the main neutral 

P3HT peak at 2.3 eV, and the polaronic peak at 0.5 eV. We then follow a methodology of Murrey 

et al. to calculate the parameter Ɵ, which is an estimate of the fraction of doped P3HT sites over 

the total available P3HT sites.8 This is done by using the equation 

𝛩𝛩 = 𝐴𝐴P
𝐴𝐴P+𝐴𝐴N

  (Equation 1) 

where AP is the integral of the polaron absorption peak fit at 0.5 eV and AN is the integral of 

the neutral P3HT absorption at 2.3 eV. Lim et al. use a similar analysis, and note that the fraction 

of doped sites we use here is not a statement that this is a fraction of sites with a charge on it at all 

times, but instead a measurement of the fraction of P3HT monomers that are affected by the 

presence of a charge (throughout the charge carrier’s spatial extent).25  

All three reactive dopants show a similar shape, with slight differences in timing that 

correspond to the different timings in σmax seen in the in situ σ experiments. The number of sites 

doped appears to increase linearly with time until tmax, from which point the fraction of sites doped 

doesn’t appear to change significantly. The final value of the fraction of sites doped corresponds 

to the strength of the dopant. For Tfilm = 30 °C, ƟF1TCNQ = 20.9% ± 0.3%, ƟF2TCNQ = 21.6% ± 0.2%, 

ƟF4TCNQ = 54.3% ± 0.4%. Qualitatively, this means that less than half of the P3HT monomers in 
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the thin film are affected by the presence of a charge carrier in P3HT-F1TCNQ & -F2TNCQ 

relative to -F4TCNQ. This result indicates that the orders of magnitude difference in σ can’t be 

attributed just to a difference in charge carrier concentration, alone. 

3.3.5 Resonance Raman spectroscopy of P3HT-FNTCNQ shows dopant dependence 

of polymer ordering and charge location 

Resonance Raman spectroscopy continues to be a powerful tool for probing the amorphous 

and aggregate domains of conjugated polymers separately. Partially, this is due to the technique’s 

sensitivity to the highly-polarizable π-electrons along the conjugated backbone. However, Raman 

spectroscopy also can give spectra that are more sensitive to the aggregate or amorphous domains 

dependent on the excitation wavelength. If the excitation wavelength lines up with a particular 

feature in the sample’s absorption, the Raman spectra will primarily probe that feature. Since these 

excitation wavelengths are in the UV-Vis range, the resonances can be compared to the UV-Vis-

NIR peak breakdown in Figure 46. 

For this study, we focused on 473 nm (2.62 eV) and 532 nm (2.33 eV) excitation wavelengths, 

which are resonant with the amorphous and aggregate neutral P3HT, respectively. The 532 nm 

excitation wavelength Raman for P3HT-F1TCNQ, -  F2TCNQ, and -F4TCNQ can be seen in 

Figure 39A, B, and C. These spectra were obtained on films doped from 50 s to 300 s in 50 s 

intervals, and were focused in the 1300 to 1600 cm-1 region, which contains peaks attributed to C-

C and C=C intraring vibration modes.43 These peaks are sensitive both to their environment as 

well as the presence of charges, which allows for analysis into how these vibration modes change 

as dopant physically infiltrates the polymer film and creates charge carriers. Additionally, the 

strong peak ~1450 cm-1 seen in some of the spectra in Figure 39A & C are attributed to the neutral 

dopant, which is also resonant at 473 nm. 
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Figure 39. Raman spectra and peak fitting of P3HT-FNTCNQ samples.  

Raman measurements were conducted on P3HT-FNTCNQ films doped from 50 s to 300 s with 

samples at 50 s intervals. The 473 nm excitation spectra are shown for P3HT- (A) F1TCNQ, (B) 

F2TCNQ, and (C) F4TCNQ. (D) Peak fitting for 473 nm is shown, with peaks for C-C and C=C 

highlighted. (E) The location of the “charged” C=C peak is plotted against doping time for all three 

dopants. (F) The ratio of the C-C peak area versus the C=C peak area is plotted against doping 

time. More detailed descriptions of the fitting methods, along with similar plots for 532 nm 

excitation spectra, can be found in figures 48 and 49. 

 

Following an analysis described by Nightingale et al., we fit peaks in this range, including 

three attributed to the C-C intraring stretching mode (~1360, 1380, and 1390 cm-1) and three 

attributed to the C=C symmetric stretching mode (~1420, 1445, and 1465 cm-1). This peak fitting 

can be seen in Figure 39D. For the analysis from Nightingale et al., these three C=C symmetric 

stretching mode were labeled as from populations backbones that were charged, ordered, and 
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disordered, respectively.43 Bounds for peak location and width were taken from the Nightingale 

analysis and were given to allow for changes in the mean and distribution of conjugation lengths. 

We analyzed these peak fits in two ways to track the evolution of the film as dopant 

concentration increased. Firstly, we tracked the change in the location of the “charged” C=C 

symmetric peak. As the charged peak shifts to lower wavenumbers, more of the charged population 

can be attributed to charges in the amorphous portion of the film. Hence, by tracking how the 

charged peak’s location (which for this fit was bound between 1424 and 1418 cm-1) changes over 

time, we can track whether the charge carriers are being created preferentially in the aggregate or 

amorphous domains at different points in the doping curve. Our second analysis compared the 

peaks attributed to C-C versus that for C=C. This ratio is correlated with the coplanarity of the 

individual monomers on the backbone, or torsional order. 

These two analyses for all three dopants with an excitation wavelength of 473 nm are displayed 

in Figure 39E & F, with 532 nm excitation in Figure 48 and 49. Using the 473 excitation Raman, 

we can see that the location the charged C=C peak is fit to only appreciably changes with the 

P3HT-F4TCNQ samples. In the previous chapter, we reported that the charged, disordered fraction 

of the film reached a maximum at tmax (~200 s). This result agrees well with our analysis here, as 

the lowest charged peak location coincides with this time. Similarly, this analysis corroborates our 

previous claim that the F4TCNQ is capable of doping the amorphous domains, whereas F1TCNQ 

and F2TCNQ are too weak. 

Comparing the C-C area to C=C area ratio between dopants, the evolution of this ratio adheres 

well to the change in Ɵ seen from our UV-Vis-NIR analysis. The higher the concentration of 

charge carriers in our system, the more coplanar the monomeric units. This same result and trend 

is seen when doing this analysis on the 532 nm excitation Raman spectra, indicating that the 
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presence of charge carriers improves coplanarity in both amorphous and aggregate domains, a 

result that has been seen in previous P3HT vapor doping literature.4,26 

3.3.6 Packing structure of P3HT shows dopant independence in alkyl stacking, dopant 

dependence in π-π stacking 

We further examined the aggregate domains in P3HT and its changes when vapor doped by 

FNTCNQ by using grazing incidence wide angle X-ray scattering (GIWAXS). Although Raman 

already gives some insight into how the aggregate domain is affected by the presence of dopant, 

GIWAXS allows for more detailed analysis of how dopant packs into the aggregate domain, and 

how this affects ordering between the alkyl sidechain direction or through the plane of the 

backbone and alkyl stacking along the π-orbitals. The quality of this ordering are determinants on 

the mobility of charge carriers in the aggregate domains; in particular, the alignment of the π-

orbitals of multiple polymer backbones (the “π-π stacking”) facilitates interchain transport of 

charge carriers, which is necessary for efficient transport.44 

1D scattering profiles were obtained via azimuthal integration of the scattering image, and 

highly doped (300 s) profiles can be seen in Figure 39A (spectra from neat to 300 s doped for F1 

through F4TCNQ can be seen in Figure 40). These profiles feature (h00) peaks that correspond to 

the lamella-stacked sidechains, primarily seen in the qz direction, and a broader ring, a (020) peak, 

that appears at higher q values in both the qz and qxy directions that corresponds to the π-π stacking. 

Using the value of the maxima of these peaks, we calculate that the neat P3HT’s alkyl stacking 

spacing and π-π stacking spacing are 1.67 nm and 0.385 nm, which are similar to previously 

reported literature values.25,26,45 
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Figure 40. GIWAXS and analysis of characteristic stacking spacings of P3HT-FNTCNQ samples. 

(A) Azimuthal linecuts of 300 s doped P3HT with all four dopants. These linecuts were generated 

from the GIWAXS 2D scattering images, and a full progression of linecuts can be seen in figure 

50. (B) Alkyl stacking spacing and (C) π-π stacking spacing was extracted from the azimuthal 

linecuts for the neat sample, and samples doped from 50 s to 300 s. 

 

These values change when dopant is introduced into the system. We have seen in previous 

literature that when F4TCNQ is introduced into the P3HT thin film via vapor doping, that the alkyl 

stacking spacing grows due to the F4TCNQ molecular settling in between the alkyl stacks, and the 

π-π stacking spacing shrinks, which we believe to be due to a Coulombic attraction between the 

partially negatively charged backbone and the positive charge carriers on neighboring backbones. 

Extracting the alkyl stacking spacing from the azimuthal linecuts of the 300 s doped P3HT 

with all four of our dopants, we find that the alkyl stacking spacings are 1.67 nm, 1.83 nm, 1.83 

nm, and 1.80 nm, for TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ respectively. We attribute the 

slightly lower spacing for P3HT-F4TCNQ to the slightly lower spacing of the neat P3HT used for 

those measurements; otherwise, it appears that if the dopant is reactive with the aggregate portion 

of the film, it can infiltrate into the alkyl stacking and swells the alkyl stacking spacing by 1.6 Å. 

We can see how the alkyl stacking spacing changes as dopant concentration increases in Figure 

40B. Although the sublimation rate was controlled such that tmax is similar between the dopants, 
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P3HT-F4TCNQ reaches a maximum alkyl stacking spacing at around 100 s, which is faster than 

tmax, F2TCNQ reaches a maximum at 150 s (slightly before its tmax), and F1TCNQ at 200 s (at or 

past its tmax). This agrees with our understanding of how the strength of the dopant impacts where 

it is doping at which point in the doping curve: F4TCNQ dopes the aggregate domains within the 

first 100 s and switches to primarily doping the amorphous domain from then on, whereas 

F2TCNQ and F1TCNQ are only capable of doping the aggregate domains, and hence continue to 

affect the mean alkyl stacking spacing distance until around when it stops introducing new charge 

carriers altogether. 

When we do the same extraction for the π-π stacking spacing, we see that the final spacing, 

unlike the alkyl stacking spacing, is dopant strength dependent. This spacing is 0.385 nm, 0.372 

nm 0.376 nm, and 0.356 nm for TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ respectively. When 

following how this spacing evolves over the course of doping, we can see that it continues to shrink 

for all three reactive dopants until tmax. These results point towards two facts: one, that the 

shrinking of the mean π-π stacking spacing is sensitive to the concentration of charge carriers, and 

that it is sensitive to charge carriers both in the aggregate and amorphous regimes. Smaller π-π 

stacking spacing leads to better π orbital overlap between neighboring backbones, and hence better 

μ for the charge carriers in the material. We believe that this explains partially why that although 

our UV-Vis-NIR and Raman analyses pointed towards the charge carrier concentration being on 

the same order of magnitude for all three reactive dopants in this study, that the σ is orders of 

magnitude apart. 

3.3.7 P3HT-F1TCNQ in situ conductivity reveals film temperature dependence of 

conductivity curve 
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Our previous paper involving in situ σ showed that P3HT-F4TCNQ showed litte dependence 

on the temperature of the film between the temperatures we tested (Tfilm = 0 to 70 °C). We 

hypothesized that this may not be true for all dopants. Figure 41 shows in situ σ experiments with 

Tfilm = 0, 30, and 70 °C. We can see that for the high Tfilm experiment, the σ curve has different 

behavior post-σmax (which also occurs earlier than in other (Tfilm): instead of dropping to a final, 

stable σ, the curve instead drops, then rises again to a higher σ. This σfinal is a higher fraction of 

σmax than for lower Tfilm, but it results in a similar σfinal to the other curves. This phenomenon was 

not seen in P3HT-F4TCNQ or P3HT-F2TCNQ, but was also seen for the mostly non-reactive 

TCNQ doped P3HT (these curves can be seen in Figure 51D). Figure 41B shows the dependence 

of the P3HT-F1TCNQ in situ σ curve on Tfilm.  We can see that this curve shape is quicker and 

more dramatic at higher Tfilm, but the characteristic fall and rise is present in samples with Tfilm > 

20 °C. 

 
Figure 41. In situ σ of P3HT-F1TCNQ for different Tfilm.  

(A) In situ σ for P3HT-F1TCNQ at Tfilm = 0, 30, and 70 °C are plotted against each other. (B) The 

shape of the in situ σ for P3HT-F1TCNQ at Tfilm between 0 °C and 70 °C at 10 °C intervals are 

compared. 
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Because this phenomenon is only visible dynamically, we could only capture any extra 

information about this trend through our curtailed in situ σ experiments, which can be seen in 

Figure 51. This rise in σ occurs even after the P3HT thin film has been taken off positive pressure 

of dopant but occurs more quickly at higher doping times/dopant concentrations, and only starts 

occurring as the time doped approaches tmax (~100 s in these samples). Our other experiments on 

P3HT doped with F1TCNQ at Tfilm = 70 °C did not find any insight as to why the curve takes this 

shape. Our only hypothesis is that F1TCNQ’s lower reactivity combined with its lower sublimation 

temperature causes some form of recongifuration as the dopant concentration grows. Regardless, 

we believe that this is evidence that there remains more mysteries about the method in which the 

dopant infiltrates, reacts with, and settles within the conjugated polymer backbone, and that with 

clever (in situ) instrumentation, we may be able to better understand and control this process. 

3.4 Conclusion 

This study investigated vapor doping of P3HT with TCNQ and its fluorinated derivatives in 

order to probe how the evolution of conductivity (σ) in situ, and its corresponding structural 

changes, differed as the strength of the interaction between the polymer and dopant changed. 

TCNQ, whose interaction with both amorphous and aggregate P3HT is energetically unfavorable, 

F1TCNQ & F2TCNQ, which energetically can react with the aggregate P3HT, and F4TCNQ 

which has the ability to react with both amorphous and aggregate P3HT, were chosen for these 

experiments. All four dopants, regardless of strength of interaction, showed very similar in situ σ 

curves. All but TCNQ first exhibited a rapid exponential rise, and all exhibited a slower linear 

increase to a σmax, after which a final slow decay took the film to a final, stable σ. The relaxation 

of σ was tested by doping P3HT to a specific time, after which it was taken off the dopant. The 
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decay and stabilization of the σ for all three reactive dopants depended on the proximity of the 

time to tmax, where the decay was strongest close to and after tmax. 

These vapor doped P3HT thin films, doped to the times explored in the relaxation/decay 

experiments were characterized through UV-Vis-NIR spectroscopy, GIWAXS, and Raman 

spectroscopy. Analysis of the UV-Vis-NIR spectra provided insight on the doping level through 

the fraction of doped sites. For all three reactive dopants, the doping level increased linearly with 

doping time until hitting a maximum near tmax, at which point the doping level stabilized. This 

analysis also showed that P3HT-F4TCNQ had more than twice the number of doped sites than that 

of P3HT-F1TCNQ and F2TCNQ. Resonant Raman spectroscopy experiments allowed for more 

precise determination of doping within the aggregate and amorphous domains of the polymer, as 

well as how the presence of dopant affected the coplanarity of the individual monomeric units of 

the polymer backbone. The former analysis showed that the F4TCNQ, as expected, was capable 

of doping both amorphous and aggregate domains, whereas F1TCNQ and F2TCNQ preferentially 

charged only the aggregate domains. However, all three dopants were capable of inducing order 

within both the amorphous and aggregate domains, which likely is induced by the presence of 

charge carriers on the polymeric backbone. Analysis of the scattering from GIWAXS allowed for 

tracking of the alkyl stacking and π-π stacking spacing within the aggregate domains over the 

course of doping. The alkyl stacking spacing showed that the change in spacing was only 

dependent on whether the dopant could react with the aggregate domains; the π-π stacking spacing 

however shrunk in conjunction with the strength of the dopant, reaffirming that the π-π stacking 

spacing condenses due to the Coulombic attraction between the partially negatively charged 

polymer backbone and a neighboring backbone with a positive charge carrier. P3HT doped by 

F4TCNQ reached its maximum alkyl stacking spacing much quicker than tmax, whereas P3HT-
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F1TCNQ and -F2TCNQ stabilize around tmax, reinforcing the results from our Resonance Raman 

analysis that only the F4TCNQ finishes doping the aggregate domains and most growth in σ past 

this point comes from doping the amorphous domain. 

Some outstanding mysteries remain about the shape of the doping curve, which is highlighted 

by the shape of the doping curve for high Tfilm P3HT-F1TCNQ. These curves are characterized by 

a decay in σ post σmax, which then rises to a final σ that sits closer to σmax than films doped at a 

lower Tfilm. For P3HT-F1TCNQ, the transition between this different type of in situ σ and our 

standard curve appears to occur between Tfilm = 20 and 30 °C. P3HT-TCNQ also exhibits similar 

traits in its doping curves, but due to its low to non-existent doping of P3HT, it is difficult to probe.  

We believe that this is evidence that there is yet more information that can be gleaned about 

the interaction and infiltration of dopant into a conjugated polymer thin film from this combination 

of in situ σ measurements and this suite of characterization techniques. Through clever selection 

of polymer-dopant pairing and Tfilm, we have shown new insight on how to control the structure 

and σ of our materials. Further usage of these techniques with novel polymer-dopant pairings, 

different sidechains, and different functional groups on the backbone will help our understanding 

on how the polymer chemistry, polymer structure, and doping mechanism affect the molecular 

doping process. 

3.5 Experimental Methods 

3.5.1 Materials and sample preparation 

All substrates used for Grazing incidence wide angle X-ray scattering (GIWAXS), Raman 

spectroscopy, Atomic Force Microscopy (AFM) and UV-vis absorption  spectroscopy in this study 

were cleaned by ultrasonication in acetone and 2-propanol for 15 minutes each. GIWAXS 

measurements were performed on films deposited on Si substrates with 1.5 nm of native SiO2.   
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UV-vis absorption, Raman measurements, and AFM were performed on films deposited on top of 

quartz substrates.  Conductivity measurements were performed on films deposited on custom-

fabricated interdigitated gold electrodes (IDEs), which in turn is on Si substrates with 1000 nm of 

thermally-grown SiO2. Solutions of 91% to 94% regioregular Poly(3-hexylthiophene-2,5-diyl) 

(RR-P3HT) (Rieke Metals) were prepared by dissolving P3HT in anhydrous chlorobenzene at 10 

mg/mL. The mixed solutions were shaken overnight before being spun onto the prepared 

substrates.  The substrates were spin coated with solution at 2000 rpm at 45 seconds, then at 3000 

rpm for 25 seconds. IDEs were cleaned of excess polymer with cotton swabs to reduce leakage 

current. 

3.5.2 In situ conductivity setup 

For the in situ conductivity measurements, a specialized setup was fabricated for control and 

precision of measurement. A steady-state temperature is achieved using a thermoelectric module. 

The sample is held in place by two electrode probes, which allows for electrical contact with the 

sample during vapor doping. A more detailed description and visuals can be found in chapter 2. 

3.5.3 Vapor doping process 

Vapor doping of TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ was performed in an argon-filled 

glovebox. Approximately 5 mg of dopant was pressed into a pellet and placed in an aluminum 

oxide crucible (OD 6.8 mm x H 4 mm from Government Scientific Source Inc.), which was in turn 

placed in a glass insert (diameter ~ 5 cm, height ~ 4.5 cm). Crucibles were cleaned as necessary 

and were only used for a single dopant as to prevent cross-contamination. A stainless-steel 

container is then preheated to allow the chamber to reach the desired temperature, which is 

monitored by thermocouple, and the glass insert is placed inside the container, at which point the 
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setup is allowed to stabilize in temperature. A Teflon cap is placed upon the opening of the glass 

insert to block dopant from polluting the glovebox. 

All samples used for doping were placed within the sample holder. Electrical contact was made 

to the sample through the sample holder, which was then routed via cables through the back of the 

glovebox to a SP-200 Potentiostat. A voltage of 100 mV is applied to the sample, and the current 

through the sample is measured by the potentiostat every second. This data is converted from 

current to conductivity through the equation: 

𝜎𝜎𝐼𝐼𝐼𝐼𝐼𝐼 =
1
𝑅𝑅

𝑑𝑑
𝑙𝑙(𝑁𝑁 − 1)ℎ

 

where d = 8 μm is the separation distance between the electrode digits, l = 150 μm is the length 

of the digits, N = 80 is the number of electrodes and h is the thickness of the sample.46 

3.5.4 UV-Vis-NIR 

UV-VIS-NIR spectra of neat P3HT and vapor-doped thin films on quartz substrates were 

obtained using the Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam Spectrophotometer housed 

in the Soft Matter Characterization Facility (SMCF) (Pritzker School of Molecular Engineering, 

University of Chicago). Measurements were taken within a wavelength range of 250 to 2480 nm. 

3.5.5 Raman spectroscopy 

Raman spectroscopy experiments were performed under ambient conditions using the Horiba 

LabRAM HR Evolution NIR confocal Raman microscope housed in the Chicago Materials 

Research Center. Raman spectra of neat and doped P3HT thin films was collected using a 100× 

objective and 473 nm and 532 nm wavelength lasers. Laser power and was set to 1% for 473 nm, 

0.1% for 532 nm wavelength to minimize local heating and material degradation. Spectra were 

taken between a wavenumber range of 1149 to 1746 cm-1 for 473 nm excitation and 1229 to 1668 

cm-1 for 532 nm excitation laser. 
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3.5.6 Grazing incidence wide angle X-ray scattering (GIWAXS) 

GIWAXS experiments were conducted at the Advanced Photon Source (Argonne National 

Laboratory) at beamline 8-ID-E. The energy of the incident beam was at 10.91 keV, and a Pilatus 

1MF pixel array detector (pixel size = 172 µm) was used.47 The measurement time for one image 

was 10 seconds. All samples were placed and measured in a low vacuum chamber (10-3 mbar) to 

reduce the air scattering as well as to minimize beam radiation damage. There are multiple rows 

of inactive pixels between the detector modules when the images were collected at one position. 

To fill these inactive gaps, the detector was moved down to a pre-set new position along the vertical 

direction after each measurement. After the image was collected at the new spot, the data from 

these two detector positions were combined using the GIXSGUI package for MATLAB to fill the 

inactive gaps. The absence of artifacts in the combined image demonstrates that the scattering from 

the sample does not change during the exposure. The GIXSGUI package was also used to output 

the GIWAXS signals as intensity maps in (qr, qz) space, integrated angularly, and then linecut 

azimuthally. GIWAXS images of thin films were taken at a grazing incident x-ray angle of 0.14°, 

which is above the critical angle of the polymer film and below the critical angle of the silicon 

substrate. 

3.6 Appendix 

3.6.1 Spano model fit of neat P3HT 

The Spano model was used to make estimate of percent of aggregate versus amorphous 

fractions in the P3HT used in this study. The model dictates that the absorption spectra of P3HT 

thin films in the ~2.0 eV to 3.0 eV range are comprised of low-energy π-stacking aggregate peaks 

and higher energy amorphous-fraction peaks. In order to determine the vibration bands for the 

aggregate portion, we utilize a Franck-Condon fit: 
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Where A is the absorption of the aggregates as a function of photon energy, E; S is the Huang-

Rhys factor, which represents the overlap between individual vibrational states (we assume this to 

be 1 for this fit); m corresponds to different vibrational energy levels; Ep = 0.179 eV the energy of 

the C=C symmetric branch mode in P3HT; the three fitting parameters are: W, the exciton 

bandwidth; E0, the transition energy; and σ, the energetic disorder, which in this case is the 

Gaussian width of the absorption peaks. The peaks generated by this Franck-Condon fit can be 

seen in Figure 42B: the individual peaks are red with dotted lines, and the summation the solid 

red line, which appears to fit the shoulder from ~2.0 eV to 2.5 eV in the absorption well. The 

amorphous fraction was taken to be the higher energy region, obtained by subtracting the aggregate 

absorption calculated from the absorption from the experiment. The percent aggregate is calculated 

from this fit by taking the integrated area of the aggregate peaks to the amorphous peaks, and this 

was found for this fit to be roughly 37%. A Matlab fit program was used to perform the Spano fit 

as described by Dong et al.48 



- 96 - 
 

 
Figure 42. Pristine P3HT UV-Vis absorption fit with Spano model. 

(A) UV-Vis-NIR of neat P3HT thin film. (B) Spano model fit. 

3.6.2 Cyclic voltammetry of P3HT and FNTNQ 

Cyclic voltammetry (CV) was performed using a Biologic SP200 potentiostat in as standard 

3-electrode configuration. Testing was performed in an anhydrous, degassed acetonitrile solution 

with a 0.1 M tetrabutylammonium hexafluorophosphate supporting electrolyte concentration at a 

scan rate of 0.1 V/s. A silver wire in 0.01 M AgNO3 and 0.1 M supporting electrolyte served as a 

reference electrode, and a platinum wire was used as a counter electrode. Ferrocene purified by 

sublimation was used as an internal standard. All experiments were performed in a dry argon glove 

box. TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ were dissolved directly in acetonitrile at 0.01 M 

concentration. P3HT was spin coated onto an ITO-coated glass slide according to the procedure 

described in the experimental method section. Ionization energy (IE, HOMO) of the polymers and 

electron affinity (EA, LUMO) of the dopants were determined by comparison against the ferrocene 

couple (5.1 eV), as described here:  

𝐼𝐼𝐼𝐼 = 𝑞𝑞�𝐸𝐸𝑜𝑜𝑜𝑜 + 5.1 − 𝐸𝐸𝐹𝐹,𝑜𝑜𝑥𝑥� 
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𝐸𝐸𝐸𝐸 = 𝑞𝑞(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 + 5.1 − 𝐸𝐸𝐹𝐹,𝑟𝑟𝑟𝑟𝑟𝑟) 

where q is the fundamental charge of an electron, Ered is the reduction potential of F4TCNQ, 

and EF,red is the oxidation potential of ferrocene. Onset potentials were calculated by regressing 

the rising slope of the oxidation peak to the intersection point of the system background current. 

The linear regression and background current are seen straight lines in the CV plot for P3HT. The 

amorphous-P3HT HOMO was calculated by comparing the difference in voltage between the peak 

value of the aggregate P3HT and the amorphous-P3HT in the CV, and subtracting this from the 

calculated onset potential of the aggregate P3HT.49 From this method, the HOMO of aggregate 

P3HT was calculated to be -5.11 eV, the HOMO of the first population of amorphous P3HT to be 

-5.30 eV, and the second population of amorphous P3HT to be -5.53 eV. The LUMO level for 

TCNQ and its fluorinated derivates were calculated by this method to be -4.91, -5.01, -5.09. and -

5.28 eV for TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ respectively. 

 
Figure 43. Cyclic voltammetry of P3HT and dopants. 

(A) CV of P3HT. (B) CV of TCNQ, F1TCNQ, F2TCNQ, and F4TCNQ. 

 

3.6.3 Thermogravimetric analysis of dopant sublimation 
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5 mg pellets of F1TCNQ, F2TCNQ, and F4TCNQ were made in the same aluminum oxide 

crucibles that were used for the in situ σ experiments and placed on a thermogravimetric analysis 

pan (TGA). Using the rate of mass loss in TGA experiments, sublimation rates were calculated at 

temperatures from 160 °C to 200 °C at 10 °C intervals. In order to most closely compare our P3HT-

F1TCNQ and -F2TCNQ in situ σ experiments to those previously done on P3HT-F4TCNQ at 

Tdopant = 200 °C, which was shown here to have a sublimation rate of 3 μg/min, Tdopant was selected 

to be 180 °C (1.3 μg/min) and 160 °C (1. 6 μg/min) for F2TCNQ and F1TCNQ, respectively. 

Although we did not measure sublimation rate at these temperatures for TCNQ, we selected Tdopant 

= 140 °C, so that it would be a rate that was roughly equivalent to the rest based upon the trend. 

 
Figure 44. Sublimation rate of molecular dopants found by thermogravimetric analysis. 
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3.6.4 UV-Vis-NIR, FTIR spectroscopy 

 
Figure 45. UV-Vis-NIR of P3HT-FNTCNQ at Tfilm = 0 °C & 70 °C. 

Absorption measurements were conducted on P3HT-FNTCNQ films doped to the levels shown in 

fig. 3 (0 s to 300 s at 50 s intervals). (A) TCNQ, Tfilm = 0 °C (B) F1TCNQ, Tfilm = 0 °C (C) 

F1TCNQ, Tfilm = 70 °C (D) F2TCNQ, Tfilm = 0 °C (E) F2TCNQ, Tfilm = 70 °C (F) F4TCNQ, Tfilm 

= 0 °C (G) F4TCNQ, Tfilm = 70 °C. 
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Figure 46. Fit of UV-Vis absorption.  

Description of peaks adapted from Hynynen, Kiefer and Müller.50 F4TCNQ anion, polaron peaks 

1 and 2 were taken from the same paper. The F4TCNQ neutral peak was obtained from our own 

absorption measurements on vapor-deposited F4TCNQ. The ratio between the fitted polaron 1 

peak (labeled P1 here) and the polymer neutral peak (labeled polymer main peak here) is what is 

used in figure 38 in the main manuscript, and in figure 45. 
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3.6.5 Raman spectroscopy and fitting 

 
Figure 47. Raman spectra of P3HT-FNTCNQ excited by 473 nm laser @ 0 and 70 °C. 

Raman spectra with a 473 nm laser excitation collected on P3HT doped to films doped with 

FNTCNQ from 0 s to 300 s at 50 s intervals. (A) F1TCNQ, Tfilm = 0 °C (B) F1TCNQ, Tfilm = 70 

°C (C) F2TCNQ, Tfilm = 0 °C (D) F2TCNQ, Tfilm = 70 °C (E) F4TCNQ, Tfilm = 0 °C (F) F4TCNQ, 

Tfilm = 70 °C. 
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Figure 48. Raman spectra of P3HT-FNTCNQ excited by 532 nm laser @ 0, 30, and 70 °C.  

Raman spectra with a 532 nm laser excitation collected on P3HT doped to films doped with 

FNTCNQ from 0 s to 300 s at 50 s intervals. (A) F1TCNQ, Tfilm = 0 °C (B) F1TCNQ, Tfilm = 30 

°C (C) F1TCNQ, Tfilm = 70 °C (D) F2TCNQ, Tfilm = 0 °C (E) F2TCNQ, Tfilm = 30 °C (F) F2TCNQ, 

Tfilm = 70 °C (G) F4TCNQ, Tfilm = 0 °C (H) F4TCNQ, Tfilm = 30 °C (I) F4TCNQ, Tfilm = 70 °C. 
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3.6.6 Grazing incidence wide angle X-ray scattering (GIWAXS) data 

 
Figure 49. Azimuthal linecuts of GIWAXS of P3HT-FNTCNQ.  

Samples were P3HT films doped with FNTCNQ from 0 s to 300 s at 50 s intervals. Linecuts were 

normalized and spaced to show how the (100) and (020) peaks shift as doping time increased. (A) 

TCNQ, Tfilm = 0 °C (B) F1TCNQ, Tfilm = 0 °C (C) F2TCNQ, Tfilm = 0 °C (D) F4TCNQ, Tfilm = 0 

°C (E) F4TCNQ, Tfilm = 30 °C (F) F4TCNQ, Tfilm = 70 °C. 
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3.6.7 In situ σ experiments for Tfilm = 0 °C, 30 °C, 70 °C for all dopants 

 
Figure 50. In situ σ of P3HT-FNTCNQ for Tfilm = 0, 30, & 70 °C.  

(A) P3HT-F4TCNQ (B) P3HT-F2TCNQ (C) P3HT-F1TCNQ (D) P3HT-TCNQ. 
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Figure 51. In situ σ curtailed experiments of P3HT-FNTCNQ for Tfilm = 0 & 70 °C. 

(A) F1TCNQ, Tfilm = 0 °C (B) F1TCNQ, Tfilm = 70 °C (C) F2TCNQ, Tfilm = 0 °C (D) F2TCNQ, 

Tfilm = 70 °C (E) F4TCNQ, Tfilm = 0 °C (F) F4TCNQ, Tfilm = 70 °C. 
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Chapter 4: Control of amorphous and aggregate domains of P3MEEMT by 

addition of Li salt 

4.1 Abstract 

Simultaneously balancing ionic and electronic conduction in self-assembling conjugated 

polymers is challenging because of the insufficient understanding of the morphology-transport 

relationship. It is commonly believed that a well-ordered crystalline structure in a conjugated 

polymer is beneficial for electronic conduction while harmful for ionic conduction. Here we 

employ mixed ionic/electronic conducting [poly 2,5-dibromo-3-(methoxyethoxyethoxymethyl) 

thiophene] (P3MEEMT) as our model conjugated polymer and vary thermal processing conditions 

to control crystalline/amorphous domains in the polymer. P3MEEMT annealed at 180 °C shows 

stiffer aggregate domains, while P3MEEMT annealed at 135 °C shows stiffer amorphous domains 

compared to other thermal processed samples, as confirmed by resonance Raman spectroscopy. 

P3MEEMT annealed at 135 °C exhibits an edge-on orientation with largest coherence crystallite 

length and largest relative degree of crystallinity compared to other thermal processed P3MEEMT, 

as confirmed by grazing incidence wide angle X-ray scattering. Ionic conduction is enabled by 

blending P3MEEMT with lithium bis(trifluoromethanesulfonyl)-imide (LiTFSI) salts. The sample 

annealed at 135 °C shows the highest ionic conductivity among all other samples at all 

temperatures, while the quenched sample shows the lowest ionic conductivity at all temperatures. 

More specifically, the sample annealed at 135 °C has an ionic conductivity of 3.4 × 10-4 S/cm at 

100 °C, which is 1.7 times higher than the sample annealed at 180 °C, 2.1 times higher than the 

as-cast sample, and 3.6 times higher than the quenched sample. These results have profound 

implications for the understanding, design, and processing of high performance mixed 

ionic/electronic conducting conjugated polymers for organic electronics. 
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4.2 Introduction 

Conjugated polymers have been studied as candidates for organic electronic devices and 

energy applications, due to their mechanical flexibility, solution processability, and tunability of 

their electronic and optical properties via molecular design and synthesis.1–8 One such design 

choice is to introduce polar groups into the conjugated polymer sidechains, in particular 

oligoethylene glycol. Conjugated polythiophenes with oligoethylene glycol sidechains have been 

studied more intently recently due to their enhanced processability and thermal stability,9–14 but 

also have gotten attention as potential strong candidates for mixed ionic and electronic 

conductivity.15 Some novel applications for simultaneous electronic and ionic conducting include 

mechanical actuators, biosensors, and batteries.16–18  

Both ionic and electronic transport are strongly correlated to the morphology of the polymer. 

In conjugated polythiophenes, the polymer self-assembles into aggregate/crystalline domains, 

consisting of tightly packed conjugated backbones, surrounded by a disordered, amorphous 

matrix.19 For electronic transport, charge carriers must travel both intra and interchain, with 

interchain hopping most likely within the aggregate domains, and require transport through the 

amorphous domains via tie-chains which bridge aggregate domains together.19–22 Ionic transport 

in polythiophenes have only been reported on in a limited number of studies, but similarly focus 

on the polymer morphology as a crucial consideration. These studies focus on poly(3-

(methoxyethoxyethoxy)thiophene (P3MEET), poly(3- 

(methoxyethoxyethoxymethyl)thiophene (P3MEEMT), and polymers like P3MEEMT with 

reduced oxygen content.9,11,23 Ionic transport within polymers depends on the ability of the 

polymer to solvate the ion and transport it from solvation site to solvation site via segmental 

motion, which has been seen in polymers like polyethylene oxide to be more free within the 



- 112 - 
 

amorphous domains.24,25 Dong et al. showed a preference of the solvated ion to reside within the 

amorphous domains of P3MEET and P3MEEMT at higher salt concentrations.9 For Onorato et 

al., their investigation into oligoethylene glycol sidechain permutations and their effects on mixed 

conduction showed that increasing the oxygen distance from the backbone, which through their 

simulations showed improved ionic conductivity, improved backbone crystallinity, in turn 

improving electronic conductivity.23 

Polymer-based mixed conductors commonly come in a blended architecture where polymers 

individually with electronic and ionic conductivity are mixed.26,27 Some effective structures 

involve block co-polymers, which allow for individual phases of electronic and ionic conductivity 

to form while existing on the same polymer backbone, and multiphase homopolymers, where the 

electronic and ionic conduction components are separately mixed together.28–30 However, these 

blended architectures come with a highly complex phase-behavior, complicating the control of the 

morphology for best mixed conduction. Homopolymers with mixed ionic conduction, such as 

P3MEEMT, combine within themselves the rigid conjugated structure necessary for electronic 

conductivity and flexible sidechains that promote ionic conductivity, without losing simpler phase 

behavior. This simplicity allows for controlled thermal treatment of the polymer in order to 

promote more efficient charge mobility. For example, heating a conjugated polymer above the 

melting transition of their aggregate/crystalline domains and letting it cool down, or melt 

recrystallization, of the polymer can allow for better ordering of the conjugated polymer backbone, 

leading to a larger aggregate content.31–34  

We want to utilize thermal processing to control the aggregate and amorphous domain structure 

in our polymer and optimize it to improve our electronic and ionic conductivity. To that end, in 

this work, we report on a series of thermal treatments of P3MEEMT, which shows multiple thermal 
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transitions. By adding lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) to P3MEEMT thin 

films, we show via absorption measurements that this salt addition modifies the resulting polymer 

microstructure post-thermal treatment: the annealing processes resulted in more rigid and ordered 

films, whereas the quenched film further disordered the microstructure. Structural characterization 

of P3MEEMT thin film blended with LiTFSI gave further insight into how the ordered and 

amorphous domains separately were affected by the thermal treatments. Lastly, we measure ionic 

conductivity and electronic conductivity for the samples to provide context on how the amorphous 

and aggregate domain structure help or hinder the conduction of charge carriers. Surprisingly, 

increased ordering in both the amorphous and aggregate domains, along with long range 

aggregate-domain alignment, are beneficial for both types of conductivity. It is our belief that this 

study highlights how careful thermal treatment of polymer films can open new, accessible methods 

to optimize mixed ionic and electronic conduction for conjugated polymers. 

4.3 Results and Discussion 

4.3.1 Differential scanning calorimetry reveals multiple thermal transitions 

To rationally design thermal processing conditions, we employ differential scanning 

calorimetry (DSC) to investigate thermal behaviors of P3MEEMT. P3MEEMT was first heated to 

220 °C to remove any residual thermal history and kept isothermal at 220 °C for 2 minutes. Then, 

P3MEEMT was cooled down to -50 °C at a cooling rate of 10 °C/min.  Figure 52 shows the 2nd 

heating scan of P3MEEMT and three thermal transition peaks are observed. The peak at 144 °C 

corresponds to the melting temperature (Tm) of polythiophene backbone. The peak at 65 °C is 

likely the glass transition temperature (Tg) of polythiophene backbone. Notably, the Tg for P3HT 

ranges from -14 °C to 140 °C depending on the factors such as molecular weight, regioregularity, 

and inherent limitations of the common Tg characterization techniques.35 There is a thermal 
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transition at 121 °C and the assignment of the peak is very challenging. It might be the cold 

crystallization temperature (Tc) of P3MEEMT due to insufficient crystallization during the cooling 

scan. To understand the influence of different thermal processing on the formation of 

crystalline/amorphous domains, different post thermal processing conditions are used according 

to the thermal transition peaks. More specifically, as-cast, 100 °C annealed, 135 °C annealed, 180 

°C annealed and 230 °C quenched P3MEEMT thin films are fabricated for later study. 

 
Figure 52. Differential scanning calorimetry (DSC) heating and cooling traces of P3MEEMT at a 

cooling rate of 10 °C/min. 

 

4.3.2 P3MEEMT absorption measurements show control of microstructure via 

addition of Li salt 

In order to give some context as to how these thermal transitions were affecting the polymer 

film structure, we conducted UV-Vis-NIR absorption measurements on thin films of P3MEEMT 

processed to probe each transition, namely an as-cast film, annealed at 100 °C, annealed at 135 
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°C, annealed at 180 °C, and quenched at 230 °C. Our methodology for spinning these films onto 

substrates and thermally processing them can be found in the experimental methods section. We 

also made these films both without salt (r = 0) and with the presence of LiTFSI (r = 0.075, or at a 

ratio of 1 LiTFSI to 13.3 oxygen atoms), in order to probe how the film structure was affected by 

the presence of salt. These spectra can be seen within Figure 53. 

 
Figure 53. Optical absorption spectra of P3MEEMT.  

(A) P3MEEMT with r = 0, both for thin films as-cast, processed by heat via annealing and 

quenching, as well as in solution. (B) P3MEEMT with r = 0.075 for thin films as-cast and 

processed via annealing and quenching. 

 

Our main analysis tool for the absorption spectra is the peak value of the main neutral polymer 

peak around 2.47 eV, and how that peak shifts as the polymer is processed. A shift to higher energy 

is indicative of worse aggregation and more amorphous character of the polymer film, whereas a 

red-shift reveals better aggregation and ordering.36 The P3MEEMT in solution, as expected, shows 

very little aggregation, and is a good reference point for a P3MEEMT absorption spectra at the 

amorphous extreme, with a main absorption peak at 2.80 eV. Relative to the film as-cast, films 
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annealed at 100 °C and 135 °C show very slight blue-shifts, from 2.47 eV to 2.50 eV. The film 

annealed at 180 °C shows a similar peak location (around 2.47 eV) but has a low-energy shoulder 

that indicates a higher population of aggregate domains. Lastly, the quenched film shows a similar 

peak location, but a broader peak, indicating that quenching the film results in some domains that 

are more aggregate, but also disordering in others. 

The polymer films cast with r = 0.075 demonstrate larger shifts in spectra, indicating that the 

salt plays a role in ordering or disordering the polymer. The film as-cast shows a slight shift down 

to 2.46 eV, indicating that the presence of Li in the film without any thermal processing helps 

aggregate the film. All three films that were annealed, 100 °C, 135 °C, and 180 °C annealed, show 

a more dramatic red-shift to 2.38 eV, indicating that the presence of salt during the annealing 

process helps promote aggregation. The quenched sample shows the opposite trend, blue-shifting 

to a much more amorphous 2.69 eV. 

The mechanism by which LiTFSI causes the film to become more amorphous during our 

quenching procedure is well established. The Li ion from LiTFSI is coordinated by five to six ether 

oxygens, which in our material’s case, is present on the polymer sidechains. A single sidechain is 

incapable of fully solvating the Li ion, so a likely case in our polymer is that sidechains from two 

neighboring polymer backbones work together to solvate.9 This, in effect, crosslinks the sidechains 

together.37 This crosslinking increases the relaxation time for linked polymer backbones.38 When 

we then quench the polymer after increasing its temperature to 230 °C, the increased relaxation 

time prevents the polymer from ordering and aggregating in time before recrystallizing, resulting 

in a more amorphous film. From the absorption spectra alone, however, it is less clear how the 

LiTFSI is causing the annealed P3MEEMT films to order. 
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4.3.3 Resonance Raman spectroscopy of P3MEEMT demonstrates ordering effects of 

thermal processing in amorphous and ordered domains. 

To give more insight on how the Li ion is inducing chain conformation during our thermal 

processing, we turn to a technique that allows for individual probing of change in structure in both 

the amorphous and aggregate domains. As stated in the previous section, the primary peak in the 

absorption spectra can be broken up into two separate contributions: the low energy peak is 

attributed to the aggregate domains, whereas the higher energy peak is due the amorphous 

domains. Resonance Raman spectroscopy, dependent on which features in the absorption spectra 

match the selected excitation wavelength, can probe specific features in the sample preferentially. 

For this study, we selected excitation wavelengths of 473 nm, 633 nm, and 785 nm. The 473 nm 

excitation (2.62 eV) lines up over the amorphous part of our main absorption peak, and so these 

spectra preferentially probed the amorphous domains. The 633 nm excitation (1.96 eV) aligns with 

the very rigid, aggregate domains on the low end of the main absorption peak, and thus reflect the 

changes in the aggregate domains of the polymer film. Lastly, the 785 nm (1.58 eV) is not resonant 

with any part of the main absorption peak, and thus these measurements reflect the film as a whole 

with no preference. These excitation wavelengths can be seen overlaid on the absorption spectra 

in Figure 54A. 
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Figure 54. Resonance Raman spectroscopy of P3MEEMT with r = 0.075.  

(A) Absorption spectra of thin film P3MEEMT as-cast, along with the excitation wavelengths used 

for Resonance Raman spectroscopy. (B) Peak fitting schema for P3MEEMT. (C,D,E) Symmetric 

intraring C=C vibrational mode peak location with 473 nm, 633 nm, and 785 nm excitation 

wavelength, respectively. 

 

Normalized spectra for as-cast P3MEEMT, as well as annealed at 100 °C, 135 °C, 180 °C, and 

quenched at 230 °C, can be seen in the appendix in Figure 63. To account for differences in 

thermal treatment methods and film quality, two samples were made for each thermal processing 

and three spots were used on each sample for spectra. Our main focus was on the intraring 

symmetric C=C vibrational mode, which shifted between 1447 and 1460 cm-1 depending on the 

excitation wavelength. As reported for P3HT, which shares its backbone chemistry with 

P3MEEMT, a lower wavenumber for the C=C mode corresponds with an increase in 

conformational order, i.e., stiffer or more planar chains.  



- 119 - 
 

Our main focus with this technique was to track the peak location of the intraring symmetric 

C=C vibration mode as an indicator of how each thermal treatment ordered or disordered the 

feature being probed. Our method for quantifying this was by fitting the C=C mode similar to what 

Nightingale et al. do for their P3HT analysis.39 In the case of P3HT, neutral (i.e. uncharged, since 

this analysis was used for an in situ Raman with CV) polymer was split into ordered and disordered 

peaks. For P3MEEMT, we fit four peaks to the C=C mode for the purpose of taking a weighted 

average of the peak location with respect to peak area. This fitting, which includes other peaks 

from 1300 cm-1 to 1575 cm-1, can be seen in Figure 64B. The C=C mode peak location was 

calculated with this method for both samples and all three spots and was averaged together. Due 

to the low number of counts and high amount of noise seen in the spectra from the quenched 

samples, we were not capable of accurately fitting the spectra from the quenched samples. 

However, from the normalized spectra seen in the appendix, we can qualitatively state that the 

peak location for the C=C mode is at a higher wavenumber than for the other four thermal 

treatments, showing that quenching P3MEEMT with r = 0.075 resulted in more disorder in both 

the amorphous and aggregate domains of the polymer film. 

The result of this C=C peak location analysis can be seen in Figure 54C, D, and E for 

excitation wavelengths of 473 nm, 633 nm, and 785 nm respectively. For the 473 nm excitation 

wavelength spectra, the C=C peak location appeared within a range of 1457 to 1460 cm-1, 

indicative of the amorphous nature of the chains preferentially being probed. The as-cast 

P3MEEMT film showed the most disordered amorphous domain. The 100 °C annealed film shows 

a slight amount of ordering, with the 135 °C and 180 °C showing the most ordering within the 

amorphous domain, with a C=C peak location around 1458 cm-1. This appears to indicate that the 

transition seen in the DSC measurements at 121 °C orders the amorphous phase. The 633 nm 
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excitation wavelength spectra, which resonates with the very stiff aggregate domains, showed a 

much lower range of peak locations (1448.2 to 1447.6 cm-1) as expected. Although the as-cast, 

100 °C annealed, and the 135 °C annealed show a similar spread of peak locations, the 180 °C 

annealed sample shows a small variance of peak locations around 1447.6 cm-1. This result serves 

to confirm our suspicion that the transition seen at 144 °C in the DSC and above 140 °C in our 

WAXS experiments is affecting our ordered domains, and our films annealed at 180 °C show 

higher order than those processed at lower temperatures. However, it is worth noting that the 

ordered domains appear to change less than the amorphous domains, indicating that the change in 

rigidity is much larger for the amorphous domain when thermally treated above 121 °C than for 

the aggregate domain above 144 °C. Lastly, for the 785 nm excitation, which is non-resonant and 

probes the whole film equally, we see a similar trend to that of 473 nm; both films annealed at 135 

and 180 °C are stiffer than that of the as-cast film or annealed at 100 °C. 

4.3.4 Scattering experiments reveal texturing and grain size change upon thermal 

processing 

To understand how the aggregate domains of P3MEEMT changed with different thermal 

treatments, grazing incidence wide angle X-ray scattering (GIWAXS) was employed. Figure 55A-

D show the GIWAXS patterns for neat P3MEEMT and Figure 55E-H show the GIWAXS patterns 

for P3MEEMT at r=0.075. For as-cast P3MEEMT (both r = 0 and r = 0.075), the 𝜋𝜋-𝜋𝜋 stacking 

peak (010) is dominant in the out-of-plane direction and the side chain stacking peak (100) is 

dominant in the in-plane direction, indicating a face-on orientation (seen in Figure 55A & E). For 

P3MEEMT samples annealed at 100 °C and 180 °C, both (010) and (100) peaks are observed in 

out-of-plane and in-plane directions, indicating a mixed orientation of both face-on and edge-on 

(Figure 55B, D, F, & H). Interestingly, samples annealed at 135 °C show predominantly edge-on 
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orientation (see Figure 55C & G), where the 𝜋𝜋-𝜋𝜋 stacking peak (010) is in the in-plane direction 

and side chain stacking in the out-of-plane direction. With the addition of LiTFSI salts, the 

intensities of (010) and (h00) peaks decrease but the featured packing orientation for each sample 

retains. With thermal processing, higher order side chain peaks are observed. At r = 0, higher order 

peaks up to (300) are observed in P3MEEMT samples annealed at 100 °C and 180 °C, and higher 

order peaks up to (400) are observed in P3MEEMT samples annealed at 135 °C. At r = 0.075, 

although the peak signal decreases, the higher order peaks up to (500) are observed for P3MEEMT 

samples annealed at 135 °C, indicating a more ordered crystal structure is formed in the 135 °C 

sample with addition of salt. 

 
Figure 55. GIWAXS of P3MEEMT. 

GIWAXS patterns for (A) as-cast P3MEEMT at r = 0, (B) 100 °C annealed P3MEEMT at r = 0, 

(C) 135 °C annealed P3MEEMT at r = 0, (D) 180 °C annealed P3MEEMT at r = 0, (E) as-cast 

P3MEEMT at r = 0.075, (F) 100 °C annealed P3MEEMT at r = 0.075, (G) 135 °C annealed 

P3MEEMT at  r = 0.075, (H) 180 °C annealed P3MEEMT at  r = 0.075. 

 

To show how the addition of LiTFSI salts affected the polymer structure, linecuts were 

performed for P3MEEMT with different thermal treatments. Figure 65 shows the linecuts for 
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P3MEEMT at r = 0 and r = 0.075. Since side chain stacking is dominant in the in-plane direction 

for as-cast P3MEEMT, P3MEEMT annealed at 100 °C and 180 °C, in-plane linecuts are selected, 

and for P3MEEMT annealed at 135 °C, an out-of-plane linecut is selected. P3MEEMT samples 

annealed at 135 °C show higher order peaks up to (400) at r = 0 and (500) at r = 0.075, more than 

compared to other samples. In general, the more higher order peaks are observed, the more ordered 

crystal structure is formed in P3MEEMT films. The side-chain stacking distances for P3MEEMT 

samples is shown in Figure 66. The side-chain stacking distance for as-cast, 100 °C annealed, 180 

°C annealed P3MEEMT is 1.998 nm at r = 0, while for 135 °C annealed sample, the side-chain 

stacking distance is 1.921 nm. With the addition of LiTFSI salt, LiTFSI infiltrates the side chain 

and the side-chain stacking expands to 2.234 nm for as-cast and 100 °C annealed samples, 2.302 

nm for 180 °C annealed samples, and 2.138 nm for 135 °C annealed samples. P3MEEMT annealed 

at 135 °C shows shorter side-chain stacking distances compared to other samples. 

Since P3MEEMT annealed at 100 °C and 180 °C show a mixed face-on and edge-on 

orientations, overall linecuts that integrate peak intensity from 85 ° to 2 ° were conducted to better 

quantify the crystallite length for P3MEEMT samples with different thermal processing. Figure 

56 shows the overall linecuts for P3MEEMT at r = 0 and at r = 0.075. The information about the 

size of the crystallite is contained in the width of the diffraction peaks. In general, P3MEEMT 

samples with smaller peak widths and more periodical peaks contain longer crystallites. When the 

peak widths of periodical diffraction peaks are different, crystallite size in P3MEEMT cannot be 

calculated only from the full width half maximum (FWHM) of the primary peak using Scherrer 

equation. Due to the effect of cumulative disorder inside the crystal gains, crystallite size should 

be calculated by fitting Williamson-Hall plot with FWHM from all periodical peaks.40 Figure 67 

shows the Williamson-Hall plot and coherence crystallite length (CCL) is calculated using the 
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following equation: 𝐿𝐿𝐶𝐶 = 2𝜋𝜋
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

. The resulting CCL for 100 °C annealed P3MEEMT, 135 °C 

annealed P3MEEMT, and 180 °C annealed P3MEEMT at r = 0 are 39.9 nm, 61.6nm, and 29.9 

nm.  The resulting CCL for 100 °C annealed P3MEEMT and 135 °C annealed P3MEEMT at r = 

0.075 are 41.9 nm and 56.7 nm. CCL for samples with insufficient periodical peaks cannot be 

calculated. P3MEEMT annealed at 135 °C shows the largest CCL and the CCL is inhibited by the 

addition of LiTFSI salts. 

 
Figure 56. Linecuts for (A) P3MEEMT at r = 0 and (B) P3MEEMT at r = 0.075. 

 

 
Figure 57. Texture and relative crystallinity of P3MEEMT films. 
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(Figure 57. Texture and relative crystallinity continued) Partial pole figures of (100) reflection in 

P3MEEMT at r = 0 (A) and at r = 0.075 (B). (C) The calculated relative degree of crystallinity of 

P3MEEMT at r = 0 and r = 0.075 with different thermal processing. 

 

To calculate relative degree of crystallinity (rDoC) of P3MEEMT with different thermal 

processing, partial pole figures of (100) diffraction peaks as a function of the polar angle χ is shown 

in Figure 57A & B. Partial pole figures confirm the edge-on orientation of 135 °C annealed sample 

and mixed face-on and edge-on orientations for 100 °C and 180 °C annealed samples. As-cast 

sample only exhibits peak intensity at high polar angle χ, indicating a face-on orientation. RDoC 

is calculated by integrating the partial pole figures and then normalized by the volume of polymer 

in polymer-LiTFSI mixtures.9 Samples annealed at 135 °C show a higher rDOC compared to other 

thermal processing samples. The rDOC results are consistent with the CCL results. In summary, 

P3MEEMT samples that are annealed at 135 °C contain preferentially edge-on orientation and 

they contain the largest CCL and rDOC compared to other samples. Figure 58 collects the results 

of our Resonance Raman spectroscopy and GIWAXS analyses for r = 0.075. 
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Figure 58. Structural characterization of P3MEEMT with r = 0.075. 

Resonance Raman spectroscopy and GIWAXS characterized the order, grain size, and grain 

alignment of P3MEEMT with r = 0.075 with five different thermal treatments. Compared to the 

as cast film, all annealed films showed larger aggregate character, but only films annealed at 100 

°C and 135 °C and aggregate grain alignment; 100 °C annealed showed stronger face-on and 135 

°C showed stronger edge-on. The aggregate grain sizes for 100 °C annealed and 135 °C annealed 

were larger than as cast, but 180 °C had a smaller grain size, leading to many, smaller misaligned 

grains. Lastly, 230 °C showed strong amorphous character with low aggregate content. 

 

4.3.5 Ionic conductivity reveals aggregate character beneficial to ionic transport 

To probe ionic conductivities of P3MEEMT, polymer samples were spin-coated on top of 

interdigitated electrode arrays (IDEs) to enable electrochemical impedance spectroscopy (EIS) 

measurements with high signal-to-noise ratio. The process for fabricating IDEs can be found in 

our previous report.40 During the measurement, a small sinusoidal (AC) voltage of known 

amplitude and frequency was imposed to our polymer film. The ratio and phase relation of the AC 

voltage and current signal response is the complex impedance Z(jw). In our case, the result of an 
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impedance spectroscopy experiment is a data set in which ionic conductivity can be extracted via 

application of a physically-reasonable equivalent circuit. Exemplary Nyquist plots with inserted 

equivalent circuit are shown in Figure 59A. For as-cast P3MEEMT at r=0.075, the Nyquist plots 

consist of one semicircle and a diffusive tail, indicating only ion conduction in P3MEEMT films. 

The diameter for the semicircle corresponds to the ionic resistance (Rion). For example, as-cast 

P3MEET sample measured at 40 °C has a larger diameter than the sample measured at 60 °C. The 

equivalent circuit used to fit the Nyquist plot includes a resistor (Rs) in series with a resistor (Rion) 

and a capacitor (Csub) in parallel. Rs refers to resistance from the experimental set up, Rion describes 

the resistive response from the film, and Csub describes the capacitance of the silicon dioxide 

substrate. Constant phase elements (CPEs) are added in the equivalent circuit model in place of a 

capacitor to compensate for non-homogeneity in the system. CPEf corresponds to the non-uniform 

transport behavior of the polymer film, and CPEint corresponds to the behavior of the double-layer 

capacitance near the blocking electrodes. 

    ElS measurements were performed at 10 °C intervals from 30 °C to 100 °C to avoid the 

thermal transitions at 121 °C and 144 °C. Figure 59B shows the ionic conductivities of P3MEEMT 

with different thermal treatments. Overall, the annealed samples show higher conductivities than 

as-cast and quenched samples. The sample annealed at 135 °C shows the highest ionic conductivity 

among all other samples at all temperatures, while the quenched sample shows the lowest ionic 

conductivity at all temperatures. More specifically, the sample annealed at 135 °C has an ionic 

conductivity of 3.4 × 10-4 S/cm at 100 °C, which is 1.7 times higher than the sample annealed at 

180 °C, 2.1 times higher than the as-cast sample, and 3.6 times higher than the quenched sample. 

Given the results from UV-Vis-NIR, Raman, and GIWAXS, the sample annealed at 135 °C 

exhibits edge-on orientation with the largest crystallite size compared to other annealed samples. 
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In addition, the amorphous domain in the sample annealed at 135 °C is more rigid and ordered (as 

evidenced by a low C=C mode peak location with 473 nm excitation wavelength) than other 

samples, which helps Li+ better traverse between different grains.   

 
Figure 59. Ionic conductivity of P3MEEMT with r = 0.075. 

(A) Exemplary Nyquist plots with an inserted equivalent circuit used for extracting relevant 

conductivity data for as-cast P3MEEMT at r=0.075. (B) Ionic conductivities of P3MEEMT with 

different thermal processing. Note: error bars are obtained with n = 3 samples. 
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Figure 60. Connectivity of solvation sites within aggregate and amorphous domains. 

Transport of lithium cations is dependent on connection of the solvation sites, examples of which 

are highlighted as red circles. These solvation sites overlap well in the aggregate domains, allowing 

for efficient transport, but are further apart in the amorphous domain, leading to poor ionic 

mobility. 

 

Counter-intuitively, well-ordered P3MEEMT transports Li+ faster than amorphous 

P3MEEMT. For poly (ethylene oxide)-based polymer electrolytes, extensive efforts were made to 

disrupt the crystallinity and lower the glass transition temperature (Tg) to enhance Li+ diffusion. 

Normally, it takes five to six oxygen atoms to coordinate Li+ from its counter ions such as TFSI-, 

and Li+ will transport through three different mechanisms: intrachain hopping, interchain hopping, 

and co-diffusion with polymer chains. In our case, P3MEEMT only has 3 oxygen atoms on each 

side chain and Li+ can only transport through an interchain hopping mechanism, which requires 

two or more polar side chains. In crystalline domains, polar side chains sit closer to each other than 

in amorphous domain due to the 𝜋𝜋-𝜋𝜋 interaction from polythiophene backbones. Though the side 
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chain mobility is inhibited in crystalline domains, the solvation shell of Li+ overlaps with each 

other and thus, the solvation connectivity is higher than that in amorphous domains. This relation 

between solvation site connectivity and the aggregate and amorphous domains is depicted in 

Figure 60. The solvation site connectivity has already been proven to play a prominent role in 

overall ion conductivities in (ethylene oxide)-based polymer electrolytes.42 It is still poorly 

understood in conjugated polymer electrolytes. Lastly, it is important to note that the alignment of 

the aggregate domains is key to good conduction in our EIS experiments. The 135 °C annealed 

P3MEEMT showed high edge-on alignment. This places the channel of transport, through the 

polar sidechains of the aggregate domains, parallel to the direction of transport on our 

interdigitated electrode arrays. Due to this alignment, the 135 °C treated samples showed the 

highest ionic conductivity. This phenomenon is demonstrated in Figure 61. To our best 

knowledge, this is the first study to show the relationship between crystallinity, alignment of 

aggregate domains, and Li+ transport for mixed ionic/electronic conductors. 
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Figure 61. Transport of Li cation during ionic conductivity measurement.  

The transport of the Li cation is more facile for edge-on aligned aggregate domains due to the 

direction of travel being parallel to the interdigitated electrode arrays. 

 

4.3.6 Electronic conductivity shows improvement in annealed P3MEEMT 

P3MEEMT films with r = 0.075 as cast, annealed at 135 °C, and quenched at 230 °C were 

tested via in situ electronic conductivity experiments to determine the viability of mixed electronic 

and ionic conduction were in P3MEEMT with different thermal treatments. Electronic 

conductivity in conjugated polythiophenes like P3MEEMT are known to have a preference for 
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highly aggregate polymers, since the rate-limiting step for electronic charge transport is interchain, 

which occurs most quickly within the aggregate domains.19 We hypothesized, due to ionic 

conductivity also preferring more ordered microstructure, that the annealed P3MEEMT with 

higher order would provide an intriguing candidate for mixed ionic and electronic conduction. 

These in situ electronic conductivity experiments were conducted within an apparatus that could 

measure the conductivity of the polymer film as it was being vapor doped. Our dopant of choice 

for these experiments was nitrosonium hexafluorophosphate (NOPF6), as its electron affinity is 

strong enough to reliably react and introduce a charge carrier with P3MEEMT. 

Figure 62 shows the results of the in situ electronic conductivity experiments. All three 

samples showed a strong reaction to NOPF6, which increased its conductivity over six orders of 

magnitude in about fifty seconds of exposure. The highly amorphous film, 230 °C quenched, 

showed a lower conductivity than either other film, and the more aggregate 135 °C quenched film 

had the highest maximum conductivity. Both films of higher amorphous content (as cast, 230 °C 

quenched) showed high instability when doped past a maximum conductivity; the as cast film was 

taken off the dopant past this maximum, at which point it stabilized out. The 135 °C annealed film, 

by comparison, showed much more stability even at very high doping times. These in situ 

experiments demonstrate that the aggregate, annealed films are conducive to both high ionic and 

electronic conductivity. 
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Figure 62. In situ conductivity of P3MEEMT-Nitrosonium Hexafluorophosphate. 

The electronic conductivity of P3MEEMT with three different processings (as cast, annealed at 

135 °C, quenched at 230 °C) was measured as it was being vapor doped by Nitrosonium 

Hexafluorophosphate.  

 

4.4 Conclusion 

This study investigated a conjugated polymer, P3MEEMT, which displayed multiple thermal 

transitions that, along with the usage of LiTFSI and thermal processing, allowed us to control the 

amorphous and aggregate domain structure. This was potentially significant, due to P3MEEMT’s 

role as a candidate for mixed electronic and ionic conduction, which is highly affected by the 

microstructure and morphology of the material. Differential scanning calorimetry revealed thermal 

transitions at 64 °C, 121 °C and 144 °C, prompting creation of thin film samples annealed at 100 

°C, 135 °C, and 180 °C, along with a sample quenched at 230 °C and an as-cast sample. Using 

UV-Vis-NIR spectroscopy, we expected to see that our annealed samples exhibit a higher degree 

of order, and our quenched sample to show more amorphous character. However, the absorption 
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spectra revealed that these samples’ microstructure were rather similar to each other. After adding 

LiTFSI salt, which is necessary to promote ions for ion conduction, we found that at r = 0.075 that 

these thermal treatments prompted a much stronger reaction, ordering the annealed films and 

making the quenched film much more amorphous. The interaction of the Li cation with the 

polymer backbone appeared to be influencing how the thermal treatments changed the polymer 

film’s structure. 

Utilizing Resonance Raman spectroscopy, we were able to explore how the thermal treatments 

were affecting the polymer amorphous and aggregate regimes separately, as well as the film as a 

whole. The 135 °C thermal treatment and 180 °C treatment appeared to induce order in the 

amorphous domain, whereas the 180 °C treatment was required to order the aggregate domain. We 

further probed the aggregate domains of our film by using grazing incidence wide angle X-ray 

spectroscopy (GIWAXS), both with and without the presence of Li cations. We found that the 100 

°C and 180 °C treatments at r = 0 induced a mix of edge-on and face-on textures, whereas the 135 

°C treatment preferentially preferred edge-on orientation. For r = 0.075, the 180 °C appeared to 

have a more isotropic texture, the 100 °C more face-on, and 135 °C more edge-on with slightly 

more face-on than at r = 0. Analyzing these textures in the GIWAXS scattering showed that the 

treatment at 135 °C gave a higher relative degree of crystallinity at both r = 0 and r = 0.075. The 

180 °C transition appeared to also induce smaller crystalline coherence lengths (i.e. the size of the 

aggregate domains) both with and without salt, whereas the 135 °C transition appeared to have the 

largest. 

We then measured the ionic conductivity of the P3MEEMT samples with r = 0.075 using 

electrochemical impedance spectroscopy measurements. We found that, surprisingly, the most 

amorphous sample, which is usually thought to be conducive to the best ionic conduction, 
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demonstrated the lowest ionic conductivity. This measurement also differentiated between films 

annealed at 135 °C and 180 °C, which had similar aggregate/amorphous character. We have seen 

through previous experiments with P3MEEMT and other similar polythiophenes with polar 

sidechains that the solvation site connectivity within the aggregate domain was important for 

efficient ionic transport. The preferentially edge-on texture of 135 °C treated film appears to 

provide channels for ion conduction through the plane of the polar sidechains of the aggregate 

regime, as opposed to the isotropic as-cast and 180 °C treatment texture or the preferentially face-

on 100 °C. 

Our results have demonstrated that thermal processing can be effective for tuning 

aggregate/amorphous domains in P3MEEMT, and Li+ transport is proven to be more efficient in 

crystalline domains than in amorphous domains mainly due to the solvation sites connectivity of 

the polar side chains. The edge-on orientation of P3MEEMT is also beneficial for facile Li+ 

transport because it is coplanar with the electrical field. The morphology-transport property 

relationship shows that it is possible to optimize ionic and electronic conduction by controlling 

polymer structure on both a local and long-range scale. Our strategy of simultaneously promoting 

both ionic and electronic conduction in conjugated polymers provides new design principles for 

organic thermoelectrics, organic electrochemical transistors and other electrochemical conversion 

and storage devices. 

4.5 Experimental methods 

4.5.1 Materials and sample preparation 

The procedure of synthesizing P3MEEMT can be found in our previous report. P3MEEMT 

solution used to prepare thin film samples was made by dissolving P3MEEMT in anhydrous 

acetonitrile at a concentration of 10 mg/mL and stirred overnight. The solution was then filtered 
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with a 0.45 µm filter. Bis(trifluoromethane)-sulfonimide lithium salt (LiTFSI) was dissolved in 

anhydrous acetonitrile at a concentration of 10 mg/mL. The solutions of P3MEEMT and LiTFSI 

were then mixed to reach r=[Li+]/[EO] =0.075. The mixed solution was then stirred for two hours. 

Before depositing polymer materials, all substrates used in the experiments were cleaned by 

ultrasonication in acetonitrile and 2-propanol for ten minutes. The mixed solution was then used 

for spin-coating different substrates at 2000 rpm for two minutes under argon atmosphere. The 

thickness of the coated film is ca. 48 nm as confirmed by the ellipsometer. UV-vis and resonance 

Raman spectroscopy measurements were performed on P3MEEMT thin films deposited on glass 

substrates. Grazing incidence wide-angle X-ray scattering and spectroscopic ellipsometry 

measurements were performed on P3MEEMT thin films deposited on Si substrates with 1.5 nm 

SiO2 layer. Electrochemical impedance spectroscopy measurements were performed on 

interdigitated electrode arrays with 1 µm SiO2 supporting layer. 

4.5.2 Ellipsometry 

J.A. Woollam alpha-SE spectroscopic ellipsometer was used to measure P3MEEMT film 

thicknesses. A Cauchy layer model was used to derive the thicknesses and optical properties of 

polymer thin films. Thickness of P3MEEMT was measured to be ca. 48 nm. 

4.5.3 Differential scanning calorimetry 

DSC measurements were conducted on a TA Instruments Discovery 2500 at a scanning rate of 

10 °C/min within the temperature range from -50 °C to 230 °C. Second heating scan was recorded 

and the thermal transition temperatures were determined by the peak positions in the DSC trace. 

The sample was kept under a nitrogen environment during the experiment. 

4.5.4 UV-Vis-NIR absorption spectroscopy 
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UV-VIS-NIR spectra of neat P3HT and vapor-doped thin films on quartz substrates were 

obtained using the Shimadzu UV-3600 Plus UV-VIS-NIR Dual Beam Spectrophotometer housed 

in the Soft Matter Characterization Facility (SMCF) (Pritzker School of Molecular Engineering, 

University of Chicago). Measurements were taken within a wavelength range of 250 to 2480 nm. 

 4.5.5 Resonance Raman spectroscopy 

Raman spectroscopy experiments were performed under ambient conditions using the Horiba 

LabRAM HR Evolution NIR confocal Raman microscope housed in the Chicago Materials 

Research Center. Raman spectra of neat and doped P3HT thin films was collected using a 100× 

objective and 473 nm, 633 nm, and 785 nm wavelength lasers. Laser power and was set to 1% for 

473 nm, 1% for 633 nm, and 10 % for 785 nm wavelength to minimize local heating and material 

degradation. Spectra were taken between a wavenumber range of 1149 to 1746 cm-1 for 473 nm 

excitation, 894 to 1975 cm-1 for 633 nm excitation laser, 1116 to 1771 cm-1 for 785 nm excitation 

laser. 

4.5.6 Grazing incidence wide angle X-ray scattering 

GIWAXS experiments were conducted at the Advanced Photon Source (Argonne National 

Laboratory) at beamline 8-ID-E. The energy of the incident beam was at 10.91 keV, and a Pilatus 

1MF pixel array detector (pixel size = 172 mm) was used. The measurement time for one image 

was 10 seconds. All samples were placed and measured in a low vacuum chamber (10-3 mbar) to 

reduce the air scattering as well as to minimize beam radiation damage. There are multiple rows 

of inactive pixels between the detector modules when the images were collected at one position. 

To fill these inactive gaps, the detector was moved down to a pre-set new position along the vertical 

direction after each measurement. After the image was collected at the new spot, the data from 

these two detector positions were combined using the GIXSGUI package for MATLAB to fill the 
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inactive gaps. The absence of artifacts in the combined image demonstrates that the scattering from 

the sample does not change during the exposure. The GIXSGUI package was also used to output 

the GIWAXS signals as intensity maps in (qr, qz) space, and take the linecuts along out-of-plane 

(qz) and in-plane directions (qr). GIWAXS images of thin films were taken at a grazing incident x-

ray angle of 0.14°, which is above the critical angle of the polymer film and below the critical 

angle of the silicon substrate. 

    To construct the pole figure of the (100) reflection in each sample, wedge cuts with an 

angular breadth of 1° were extracted from GIWAXS images, performed using the GIXSGUI. Each 

wedge cut was first fit to an empirical baseline function to enable the background intensity and 

amorphous scattering to be subtracted. Full width half maximum (FWHM) of periodic peaks are 

extracted by fitting the peaks with a Gaussian function. The Williamson-Hall plot was made by 

linearly fitting the FWHM values with periodical numbers (m). Additional information can be 

found elsewhere.43 

4.5.7 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy measurements were performed on top of 

interdigitated electrode arrays (IDEs) with 1 µm SiO2 supporting layer using Gamry 600+ 

potentiostat inside an argon-filled glove box. The fabrication details can be found in our previous 

report.41 The EIS was measured from 1 MHz to 0.1 Hz at different temperatures. The ionic 

resistance (Ri) data were then extracted from the impedance spectrum by fitting an equivalent 

circuit shown in the discussion section. The ionic conductivity σi of the thin film sample was 

calculated using the following equation: 

𝜎𝜎𝑖𝑖 =
1
𝑅𝑅𝑖𝑖
∗

𝑑𝑑
𝑙𝑙(𝑁𝑁 − 1)ℎ

 

Ri = ionic resistance 
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d = spacing between adjacent electrode teeth, 8 µm 

l = length of the electrode, 1000 µm 

N = number of electrodes, 160 

h = thickness of the film 

4.5.8 In situ electronic conductivity 

For the in situ conductivity measurements, a specialized setup was fabricated for control and 

precision of measurement. A steady-state temperature is achieved using a thermoelectric module. 

For these experiments, the temperature of the polymer film was held at 0 °C, and the dopant 

nitrosonium hexafluorophosphate was held at 35 °C. The sample was held in place by two 

electrode probes, which allows for electrical contact with the sample during vapor doping. A more 

detailed description and visuals can be found in chapter 2. 

4.6 Appendix 

 

Figure 63. Raw spectra from UV-Vis-NIR spectroscopy of P3MEEMT as cast and thermally 

treated (100 °C, 135 °C, 180 °C annealed, and 230 quenched).  

(A) P3MEEMT with r = 0, (B) P3MEEMT r = 0.075. 
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Figure 64. Normalized Raman spectra of P3MEEMT with r = 0.075.  

Spectra are taken for as cast, 100 °C annealed, 135 °C annealed, 180 °C annealed, and 230 °C 

quenched for (A) 473 nm excitation wavelength, (B) 633 nm excitation wavelength, and (C) 785 

nm excitation wavelength. 

 

 
Figure 65. Linecuts for (A) P3MEEMT at r = 0 and (B) P3MEEMT at r = 0.075.  

Linecuts for different samples were chosen based on the intensity of side chain stacking. For 

example, 135 °C annealed sample shows edge-on orientation so the intensity of side chain stacking 
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(Figure 65. Linecuts for P3MEEMT continued) is higher in out-of-plane direction than in-plane 

direction. Thus, the linecut was made from the GIWAXS pattern in out-of-plane direction to 

amplify the side chain stacking. 

 

 
Figure 66. (100) side-chain stacking distance of P3MEEMT with different thermal processing. 

 

 
Figure 67. Williamson-Hall plot for P3MEEMT at (A) r = 0 and at (B) r = 0.075 
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