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ABSTRACT 

Organic semiconductors (OSCs) are of increasing interest as active elements for 

printable electronic devices such as thermoelectrics, light-emitting diodes, photovoltaics, 

and field effect transistors. However, two fundamental challenges continue to limit 

commercial success: low power conversion efficiencies and instability. Increased 

efficiency can be affected by increased conductivity. Conductivity increases are typically 

achieved by two mechanisms: blending a semiconducting polymer with a small molecule 

dopant for free charge carrier generation or by synthesizing the semiconducting molecule 

to have both electron donating (D) and accepting (A) components and therefore fine-tuned 

control of the electron density localization on the OSC. Instability of these systems can 

then be defined by physical, chemical, or de-doping type mechanisms. This dissertation 

will show that spectroscopy and chemical imaging are critical in understanding the stability 

of both types of more conductive OSC active layers.  

Regioregular poly(3-hexyl)thiophene (rr-P3HT) doped with 2,3,5,6-tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ) was investigated as a model of small 

molecule doping. The acid/base chemistry of F4TCNQ, independent of rr-P3HT, was first 

characterized using IR spectroelectrochemistry to elucidate the impacts of its degradation 

products on the resulting IR spectra. FTIR and XPS were then used to show that there are 

two co-existing types of charge transfer (CT) states within F4TCNQ-doped rr-P3HT films, 

integer charge transfer (ICT) and partial charge transfer complex (CPX). The CPX state 

was found to be not only more thermodynamically favored, but that the rate and extent to 

which it is formed over the ICT can be controlled by the storage environment of the film, 

the dopant concentration, and the molecular weight of the polymer. The stability of 
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F4TCNQ-doped rr-P3HT was also found to vary as a function of the annealing environment 

and temperature and ultimately resulted in the formation of HF4TCNQ-.  The morphology 

of the film induced by different solvent processing methods was also monitored by 

synchrotron infrared nanospectroscopy, which provided critical insights into the chemical 

nature of crystallite formation in addition to monitoring charge transfer states in the 

morphological context. 

For the second mechanism, small push-pull molecules of A-D-A configuration with 

similar redox properties were synthesized by NREL and studied as a function of chemical 

stability towards photo-oxidizing conditions with XPS and UPS. This work showed that 

the chemical stability of these molecules was impacted by the accepting end-group 

functionality and that the extent of degradation chemistry observed on the end-groups was 

directly correlated to the chemistry observed in the core. Additionally, for 2 of the three 

molecules studied, the degradation chemistry observed could be mitigated with the 

inclusion of an additional electron acceptor within the film. Finally, preliminary work was 

done to study the reaction chemistries of OSCs to isolated atmospheric gases. Small 

molecule analogues of OSCs of interest were vapor deposited and exposed to incremental 

amounts of O2 with subsequently induced degradation chemistry monitored with in situ 

UHV Raman spectroscopy. The results of this preliminary work suggest the ability of this 

method to detect oxygenation of thiophenes and O2 induced structural distortions; however, 

future work needs to be done in the optimization of a new gas dosing apparatus. 
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CHAPTER 1: INTRODUCTION 

 In the modern era, there is an increasing demand for low-cost and eco-friendly 

electronics such as photovoltaics and field effect transistors. Organic semiconductors 

(OSCs) are of considerable interest for use in these electronics due to their more readily 

tailorable properties as compared to silicon-based devices.1,2 OSCs can be synthesized to 

be flexible, transparent, and easily processible, usually by means of spin-coating or blade-

coating.2 Additionally, OSCs can be readily chemically engineered with a precise band gap 

ideal to the device in which it will be employed.2–6 This synthetic tenability resulting in a 

diverse array of OSCs has enabled the incorporation of these materials in an equally diverse 

array of electronic devices. Organic photovoltaics (OPVs) have made recent leaps in device 

efficiency,5,6 as can be seen in Figure 1.1. Novel materials for OPVs are also being 

investigated for powering greenhouses as the active layer can be tailored for transparency 

at photosynthetic wavelengths.7 Organic field effect transistors (OFETs) are being used for 

sensors8,9 and organic light emitting diodes (OLEDs) are finding applications in flexible 

electronic displays.10,11 One of the more recent applications of OSCs are in thermoelectrics 

for providing an autonomous power source for operation of all of the aforementioned 

devices.12–14 However, OSCs ultimately suffer from proclivity to degradation resulting in 

lower lifetimes and lower efficiencies than their inorganic based counterparts, as can be 

seen in a comparison of OPVs with crystalline silicon and multijunction cells in Figure 1.1. 

It is this range of applications, though, that provides the motivation for continuous study 

and improvement of these materials to enhance lifetimes and efficiencies by minimizing 

degradation. 
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Figure 1.1. NREL’s chart of photovoltaic cell efficiencies over the last 45 years for different active layer types as of 03/11/2020. 

Figure has been modified to include a red box around datapoints corresponding to OPV transition to non-fullerene dopants. Resource 

can be found at: http ://www.nrel.gov/ncpv/images/efficiency_chart.jpg.
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Organic Semiconductors 

Organic semiconductors are molecules with extended π-conjugation that allow for 

efficient electron delocalization through the molecular backbone and can be generally 

divided into two categories, small molecules and polymers. Some example small molecule 

OSCs are given in Figure 1.2, including copper (II) phthalocyanine (CuPc), trans-3,4,9,10-

perylenetetracarboxylic-bis-imidazaole (trans-PTCBI), pentacene, Tris-(8-

hydroquinoline) aluminum (Alq3), and phenyl-C61-butyric methyl ester (PC61BM). Small 

molecules such as pentacene and pentacene derivatives provided the electron mobility 

leaps necessary in order to make OFETs tenable as devices due to their well-ordered 

packing structure.8,15 However, they suffer from purification and stability issues that render 

them ultimately less desirable for device active layers.8,16 Alq3 has been of interest as an 

electron transport layer and electroluminescent material in OLEDs17,18 but recent work has 

shown that it can have detrimental chemistry at the interface with low work function metal 

electrodes.19–21 Small molecule OSCs were used in the first bulk heterojunction OPV 

designed by Tang et al. with an active layer comprised of CuPc as the electron donating 

material and trans-PTCBI as the electron acceptor.22 Fullerenes and fullerene derivatives, 

such as PC61BM, have since been frequently employed electron acceptors for polymer 

based PV cells and led to many early advances in OPV technology.23–25 However, OPV 

efficiencies with PC61BM electron accepting layers peaked and stagnated around 12-13% 

for about 6 years due to issues with fullerene aggregation and dimerization resulting in 

effective reductions in efficiency.26–28 Advances in OPV technology within the last 3-4 

years have progressed rapidly by moving to polymers blended with non-fullerene acceptors 

(see red box in Figure 1.1).5,6 
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Figure 1.2. Example chemical structures of small molecule OSCs. (a)CuPc (b)trans-

PTCBI (c) pentacene (d) Alq3 and (e) PC61BM. 
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 Most organic devices on the market have active layers primarily comprised of 

polymer semiconductors (PSCs). The conductivity of PSCs stem from a combination of 

the extended conjugation present throughout the polymer and the resultant microstructure 

of the polymer film. In contrast to small molecule OSCs which form highly ordered 

crystalline structures, PSCs are either amorphous or semicrystalline (i.e. contains both 

crystalline and amorphous regimes) and result in comparatively lower charge mobilities. 

PSCs exhibit low to moderate conductivities when used as pure materials, frequently on 

the order of 10-5-10-4 S cm-1.29,30  There are some applications where these conductivities 

are acceptable for use including sensors, field effect transistors, and coatings.17,31–35 

However, these conductivity values are several orders of magnitude lower than crystalline 

silicon.8 Consequently, active layers comprised of only PSCs are not ideal for 

implementation in most commercial devices.  

 The conductivities and microstructures of many types of PSCs have been discussed 

in the literature, including polyacetylene, polypyrrole (PPy), and polythiophene (structures 

shown in Figure 1.3). Of interest in this dissertation is the semicrystalline polymer 

regioregular poly (3-hexyl) thiophene (rr-P3HT, Figure 1.3) and the amorphous polymer 

regiorandom poly (3-hexyl) thiophene (rra-P3HT, Figure 1.3). These two polymers are 

compromised of the same monomer unit, but the arrangement and combination of the 

monomers within the polymer differ. As can be seen in Figure 1.3, the monomer units in 

rr-P3HT are arranged in a consistent head-to-tail pattern whereas the monomer units are 

randomly arranged in rra-P3HT. The difference in the monomer arrangement between the 

two polymers impacts both the microstructure and the observed band gap of the two 

polymers as shown in Figure 1.4. As a general rule, it has been observed that with 
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increasing degrees of order, there is a subsequent decrease in the band gap and increase in 

charge mobility.36,37 Amorphous microstructures are known to be more difficult to oxidize 

due to the higher energy gap and create trap states in the system while semicrystalline 

polymers are relatively easier to oxidize. This is true in the case of rr-P3HT versus rra-

P3HT in which rr-P3HT is semicrystalline and has a smaller bandgap than the amorphous 

rra-P3HT (Figure 1.4).38 Controlling the microstructure, therefore, results in control of the 

charge transport properties in PSCs of interest. 

 

Figure 1.3. Example chemical structures of polymer semiconductors. (a) Polyacetylene 

(b) PPy (c) rr-P3HT and (d) rra-P3HT. 

 

 

Figure 1.4. Comparison between the semicrystalline microstructure and band gap (Eg) of 

rr-P3HT (left) and the amorphous microstructure and subsequently larger Eg of rra-P3HT 

(right). 



34 

OSC Doping 

One solution for increasing conductivity within an OSC active layer is to create 

“push-pull” semiconductors. “Push-pull” semiconductors, either small molecules or 

polymers, are comprised of alternating electron accepting (A) or electron withdrawing (D) 

building blocks within their backbone to enable electron density manipulation. 

Additionally, inclusion of both A and D components allows for fine-tuned optimization of 

the active layer band gap and its affiliated redox properties. Though this type of molecular 

design has been of interest in the OPV community for some time,4,39–41 there is an issue 

regarding photo-stability of these materials, mainly concerning the donor 

component.3,4,42,43 Investigation of the photostability of three such “push-pull” small 

molecules will be the focus of Chapter 7 of this dissertation.3 

The more common way to enhance organic device conductivity is through active 

layer doping. Just as silicon-based devices are frequently doped to enhance conductivity, 

PSCs are also frequently doped in organic devices to increase conductivities by several 

orders of magnitude.44–46 Doping induced conductivity enhancement of PSCs was 

discovered in 1977 by Shirakawa, MacDiarmid, and Heeger who were subsequently 

awarded a Nobel Prize in chemistry for their work.1,29 Their seminal work was done on 

halogen doping of polyacetylene (Figure 1.3),29 but later branched into other polymers such 

as polyanilines, PPy, and polythiophenes.31 However, atomic gas phase dopants have large 

diffusion coefficients, ultimately leading to negative effects on device performance and 

lifetime.44,46  

Beyond atomic gas phase dopants, there are also electrochemical dopants and 

neutral molecular dopants. Electrochemical dopants have been used in PPy films, and the 
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conductivity of PPy has been shown to be dependent on the counter ion present during the 

electrochemical synthesis.47–49 Neutral molecular dopants rely on a purely electronic 

interaction with the polymer based on the alignment of the frontier energy levels of each 

species and will be the focus of the remaining OSC doping discussion.44  

Doping in OSCs using neutral molecular dopants follows a different mechanism 

than doping inorganic semiconductors. In inorganic semiconductors, atomic impurities are 

added to crystalline silicon to either add electrons to the conduction band (n-type doping) 

or to remove electrons from the valence band (p-type doping). Doping OSCs with neutral 

molecules follows a similar principal in that electrons are transferred either from the 

highest occupied molecular orbital (HOMO) level of the OSC to the dopant LUMO level 

(p-type doping) or from the HOMO level of the dopant to the OSC LUMO level (n-type 

doping).44,45 Some examples of neutral small molecules used as p-type dopants and their 

lowest unoccupied molecular orbital (LUMO) energies are given in Figure 1.5 and include 

7,7,8,8-tetracyanoquinodimethane (TCNQ), 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ), and 1,3,4,5,7,8-hexafluoro-

tetracyanonaphthoquinodimethane (F6TCNNQ). F4TCNQ is of particular interest as a 

neutral small molecule dopant for rr-P3HT as will be discussed in Chapters 4-6 of this 

dissertation. In contrast to inorganic semiconductors, there are no broad, delocalized 

electronic bands in OSCs. Therefore, a different mechanistic description of charge 

transport with doping is necessary. Given the complexity of the relative microstructures of 

doped OSC films, charges (electrons and holes) are mobile through hopping transport 

mechanisms.36,44,46 
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Figure 1.5. Example chemical structures of small molecule p-type dopants and their 

LUMO energies. 

Figure 1.6 shows a schematic of three different types of charge transfer mechanisms 

that can occur when a p-type dopant is included in a film of rr-P3HT.44–46,50,51 In scenario 

a, the LUMO level of TCNQ is higher in energy than the HOMO level of rr-P3HT 

rendering electron transfer between the two species for p-type doping extremely 

energetically unfavorable. Therefore, no charge transfer is observed in this mixed system.52 

 

Figure 1.6. Comparison of frontier energy levels (red corresponding to LUMO and blue 

corresponding to HOMO) depicting (a) no charge transfer between rr-P3HT and TCNQ (b) 

ICT between rr-P3HT and F4TCNQ and (c) frontier energy level hybridization to form 

CPX between rr-P3HT and F4TCNQ.46,52  
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 In scenario b of Figure 1.6, the LUMO level of F4TCNQ is lower in energy than 

the HOMO level of rr-P3HT by ca. 0.2 eV. This renders a full charge transfer from rr-

P3HT to F4TCNQ energetically favorable. In this scenario, known as an integer charge 

transfer (ICT), F4TCNQ•- becomes the free charge carrier and a polaron is formed on rr-

P3HT as a result.44,45 A polaron is defined as a structural torsion induced in the polymer 

due to the electronic rearrangement necessary to incorporate the radical charge. In the case 

of rr-P3HT, the normally benzoidal structure of the thiophenes shifts to a quinoid structure 

to distribute the radical and positive charge over four thiophene monomer units.53 If a 

second charge were to be transferred from the polaron to the p-type dopant, a bipolaron 

would be formed. The molecular picture of the formation of a polaron or bipolaron on rr-

P3HT is shown in Figure 1.7. Ultimately, ICT doping mechanisms result in the largest 

charge mobility and conductivity values of the three scenarios presented. 

 

 

Figure 1.7. Schematic for p-doping of rr-P3HT (top) and corresponding energy level 

structure (bottom). A- represents the negatively charged p-type dopant molecule which 

balances out the positive charges formed on the polymer. 
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Scenario c of Figure 1.6 also depicts the system of F4TCNQ-doped rr-P3HT but 

considers the electronic interaction of the frontier energy levels. The hybridization of the 

frontier energy levels creates two new localized HOMO and LUMO levels in which the 

electron density is shared between the PSC and dopant through the new, lower energy 

HOMO level. This localized hybridization resulting in charge sharing is known as a partial 

charge transfer complex (CPX).44,45,52 Furthermore, CPX formation is effectively a charge 

trap site as localization of shared electron density prevents effective charge transport 

through the active layer in addition to the new molecular orbitals between P3HT and 

F4TCNQ provide a lower energy state for electrons than the corresponding LUMO of the 

F4TCNQ and HOMO of P3HT. The difference in these energy levels has been calculated 

by Zhu et al. and is shown in Figure 1.8. 

 

Figure 1.8. DFT calculated molecular orbitals for quarterthiophene (4T, left), F4TCNQ 

(right), and the CPX formed to combine the two species. Figure adapted with permission 

from 54. 
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Though comparison of the frontier energy levels provides a good first order 

estimation of what types of charge transfer states and thereby effective conductivities might 

exist within a doped PSC film, there are a number of other parameters that must also be 

taken into account. Other factors to consider include the density of states affiliated with the 

frontier energy levels of each species and how they are altered upon mixing45 and the 

splitting between the new CPX energy levels, defined by the resonance integral β.46,50 

These complications have made a priori predictions of which type of charge transfer will 

occur with doping extremely challenging.44,45,51 In fact, it was predominantly believed that 

in the case of F4TCNQ-doped rr-P3HT, only ICT existed.52,54,55 Recently, Jacobs et al. 

showed polymorphs of rr-P3HT could exhibit primarily CPX states.56 The co-existence of 

the two states in F4TCNQ-doped rr-P3HT were subsequently visualized with FTIR 

spectroscopy,30 a finding which will be discussed in greater detail in Chapter 4 of this 

dissertation. Figure 1.9 provides a visual summary of the current understanding of the 

F4TCNQ-doped rr-P3HT system. 

 

Figure 1.9. Simplified pictorial representation of a thin film of F4TCNQ-doped rr-P3HT. 

The purple circles are the polaron centers (charge carriers/holes) of the P3HT while the 

blue circles are partially charged dopant molecules in a thin film. This is an approximate 

representation prepared by Dr. Bharati Neelamraju and used with permission. 
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Considerations of Stability 

As previously alluded to, there are some critical concerns regarding the reduced 

lifetimes of organic devices due to stability issues in the active layer. The proclivity of 

organic materials towards adverse reactions which result in efficiency loss has been noted 

since doped polyacetylene. Polyacetylene was shown to be readily oxidized by atmospheric 

oxygen in addition to being sensitive to ambient humidty.29,57,58 Degradation of OSCs can 

be loosely categorized into three main mechanisms: physical degradation, chemical 

degradation, and de-doping through alterations in charge transfer states.27,44,59,60 It is 

important to note, however, that these three mechanisms of degradation are often 

intertwined in contribution to overall device efficiency losses and OSC instability. 

Physical degradation can be defined as phase separation or aggregation events 

between the different molecules in a blended or doped active layer. This phenomenon has 

most frequently been described in active layers with fullerene derivatives, such as 

PC61BM/PC71BM.26–28,59,61,62 As seen in Figure 1.10a, fullerene derivatives have a 

tendency to aggregate within a host polymer matrix due to their fast diffusion creating 

charge transfer inefficient “nano-crystalline” domains.27,59,61,62 Once these phase-

segregated domains are created, PCBM becomes more susceptible to photo-induced 

dimerization leading to even greater efficiency losses.27,63 One solution to this problem is 

to chemically cross-link PCBM to the host polymer. While this approach has shown to 

enhance the phase stability of the polymer, the device efficiency ultimately suffers too 

dramatically for commercial implementation.59,64–68  

It is important to note that physical alterations can have beneficial results as well. 

This has been most recently observed in the case of dopant-induced ordering of F4TCNQ-
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doped rra-P3HT films.38,69,70 Rra-P3HT is a predominantly amorphous polymer and thus 

has relatively low conductivity values and a slightly larger band gap than rr-P3HT.38 

However, upon vapor-phase doping of F4TCQ, films of rra-P3HT appear to have increasing 

degrees of order, as shown in the schematic in Figure 1.10b. These domains, referred to in 

the literature as rigid amorphous regimes,38 have been discussed in recent literature to be 

polymer reorganization due to polaron formation induced in the polymer by the vapor 

phase dopant and result in modest increases to the film conductivity.38,69,70  

 

Figure 1.10. (a) Schematic of phase instabilities affiliated with fullerene-doped polymer 

active layers (adapted with permission from 27). (b) Schematic of dopant induced ordering 

observed in F4TCNQ-doped rra-P3HT (adapted with permission from 70).
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Chemical degradation of OSCs can be further split into three research foci: 1) 

photo-induced reactions in OSCs,27,42,59,71–73 2) reactions between materials in blended or 

doped films,44,59,60,74 and 3) reactions between OSCs and device electrodes.20,21,59,75,76 

Photo-induced reactions are of the largest concern for OSCs of interest in photovoltaic 

devices, though it is important to consider the ramifications of photo-chemistry in all 

materials. The general investigation of photo-chemical stability of OSCs also frequently 

considers the impact of simultaneous heat or ambient gas exposure and has resulted in 

elucidation of many photo-oxidative and thermo-oxidative degradation mechanisms. As an 

example, P3HT has been an active research interest in studying fundamental photo- and 

thermo-oxidative chemical mechanisms of PSCs due to its diverse array of organic 

electronic uses.59,73,77–83 It also serves as a model polymer system for more novel thiophene 

derivative semiconductors. P3HT is known to have an ambient instability; however, the 

ambient reactant resulting in that instability remained a topic of debate for many years 

between singlet oxygen (1O2) and superoxide (O2
•-).81 Manceau et al. photo-generated 

isolated 1O2, monitored with a fluorescent probe, in a flow cell with P3HT.77 Under these 

conditions, no degradation was observed, pointing towards O2
•- as the degradation 

chemistry initiator. Subsequent investigations were able to unravel the degradation 

mechanisms of P3HT, some of which are presented in Figure 1.11.73,78  
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Figure 1.11. Hypothesized photo-oxidizing chemical reactions affiliated with the alkyl 

chains of P3HT.73 

 

Reactions between materials in the active layer have a similar duality between 

detriment and asset as was discussed with the physical instability of mixed systems. In 

some types of electrochemical doping, reaction between the electrolyte and a monomer is 

used to generate the oxidized form of the polymer at the electrode. This has been used in 

the electrochemical synthesis of polypyrrole and polythiophene.48,49,53 Bronsted acids have 

also been used as dopants of OSCs such as pentacene and polythiophene through proton 

transfer mechanisms.44,84–86 However, most chemical reactions induced between materials 

in an active layer results in losses of charge carriers either through loss of the original 

dopant molecule or the formation of chemically induced charge traps. Loss of the original 

dopant molecule can refer to dimerization reactions, e.g. photodimerization of PCBM, or 

chemical reaction of the dopant to form new species that are not able to dope the polymer 

as effectively. The latter of these two phenomena, reactive de-doping, has been explored 

recently by the Moulé group to include additives in the processing solvent such as amines 

(see Figure 1.12) or THF which induce chemical reactions between the additives and 

F4TCNQ in films of P3HT to reduce doping.44,87,88 Other recent work has shown that 
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thermally activated chemistry is possible between P3HT and F4TCNQ to form HF4TCNQ- 

and [P3HT-H]+ which acts as a charge trap site. This will be discussed in more detail in 

Chapter 3 and 5 of this dissertation. 

 

Figure 1.12. F4TCNQ reactions with amino solvent additives for chemical de-doping.88
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There are also a number of interactions and chemical reactions that must be 

considered at the active layer/electrode interface.59 Chemical reactions between OSCs and 

low work function metals have been a large research interest in the Pemberton group in 

recent years and have shown that extensive chemistry can occur at this interface. Elucidated 

reactions include formation of metal-OSC adducts through both carbon and oxygen 

linkages, charge transfer from the electrode to the OSC, and the formation of insulating 

amorphous carbon.19–21,75,76,89–93 Detrimental oxidation chemistry has also been shown to 

occur between active layer OSCs and the transparent conductive electrode of OPVs that 

can be mitigated through the inclusion of UV filtering or other barrier layers.59,94,95  

The final aspect of degradation to consider in active layers is de-doping. De-doping 

is a general description of the loss of charge carriers and thereby efficiency in an active 

layer. While physical and chemical degradation can lead to de-doping phenomena as a 

result, such as the reactive de-doping work done by the Moulé group discussed earlier, de-

doping can also stem from inherent instabilities in charge transfer states that exist in doped 

OSC films.44,87,96 This includes consideration of the relative stabilities of the ICT and CPX 

states, the former resulting in in free charge carriers and the latter resulting in charge traps. 

Only recently with work done by Jacobs et al. has the conversion between the two states 

been considered.56 Their relative stabilities will be discussed in more detail in Chapters 4 

and 5 of this dissertation. Briefly, Figure 1.13 shows that in F4TCNQ-doped rr-P3HT, the 

CPX will form preferentially over the ICT state over time resulting in conductivity loss 

from the formation of these charge traps.96 
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Figure 1.13. Change in ν(C≡N) region of a film of χF4TCNQ 0.05 in rr-P3HT with respect to 

time showing the increased presence of the CPX state relative to the ICT state correlated 

to a loss in conductivity.96 

 

Research Objectives 

Understanding the Stability of the Charge Transfer Interface in F4TCNQ-Doped P3HT 

 The model system of F4TCNQ-doped P3HT was chosen to investigate the 

interconnectivity of the three types of degradation phenomena in doped OSC films. This 

system is uniquely situated to study the implications of charge transfer state stability 

intertwined with physical and chemical stability as the ν(C≡N) region in the FTIR spectrum 

of F4TCNQ is exquisitely sensitive to changes in charge density affiliated with the 

molecule.52,97,98 To this end, the chemical stability of F4TCNQ and its reduced states will 

be analyzed using FTIR spectroelectrochemistry to ascertain the impacts of acid/base 

induced reaction products on the obtained spectra. This initial experiment series is of 

importance in that while the degradation chemistry of P3HT has been relatively well 

defined, as discussed earlier, the chemical reaction mechanisms of F4TCNQ have been less 
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well elucidated. DFT calculated FTIR spectra will aid in identification of the spectra of the 

degradation products. Once the critical IR bands for possible degradation products of 

F4TCNQ have been identified, the solid-state doped films will be analyzed. Rr-P3HT is of 

more device relevance, but there is still critical information to be gleaned from also 

studying amorphous rra-P3HT including additional insight into possible dopant induced 

ordering mechanisms. The studies discussed in this dissertation include using 

spectroscopic techniques such as FTIR and XPS toward answering the following questions: 

1) What are the charge transfer states present in F4TCNQ-doped rr-P3HT and F4TCNQ-

doped rra-P3HT? 2) What are the conditions (i.e. storage time/environment, polymer 

molecular weight, and dopant concentration) that could impact the charge transfer states 

within the doped films? 3) What are the chemical reactions that are induced with thermal 

stresses? 4) Can the charge transfer states be correlated to alterations or apparent film 

morphology? 

Understanding Photo-Oxidation Degradation Mechanisms 

 New types of OSCs are being synthesized and investigated at a rapid pace. As these 

materials are developed, there is a concomitant need to study any relevant photo-oxidation 

degradation chemistry. There are two principal goals of this dissertation affiliated with this 

need. First, in collaboration with researchers at NREL, the photo-oxidative degradation 

mechanisms of three new push-pull molecules monitored by XPS and UPS will be 

discussed. Secondly, to meet the need of understanding the precise ambient reactants 

instigating chemical reactions in new OSC materials a UHV gas-dosing technique will be 

investigated with in situ Raman spectroscopy. 
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CHAPTER 2: MATERIALS 

This chapter outlines the details of the materials used in the investigation of the 

stability of organic semiconductor thin films. The instruments and methods for specific 

experiments are given in their respective chapter of this dissertation. 

All materials described herein were used without further purification unless 

otherwise noted. F4TCNQ was purchased from Ossila (>99.9%) and TCI America (98%). 

58 kDa regioregular P3HT (polydispersity index [PDI] 2.1, regioregularity ≥96%) and 57 

kDa regiorandom P3HT were purchased from Rieke Metals. 34 kDa regioregular P3HT 

(PDI 1.75, regioreularity 94.7%) was purchased from Ossila. Tetrabutylammonium 

hexafluorophosphate (TBAHP, >99%, Sigma Aldrich) was recrystallized from hot ethanol 

(200 proof, Decon Labs) and lyophilized (VirTis Lyo-Centre, SP Scientific) overnight (~18 

hours). NaClO4, trifluoroacetic acid (TFA,99%), and deuterated-TFA (TFA-d, 99.5 atom 

D%) were purchased from Sigma Aldrich. Acetonitrile (99.99%) and chloroform (99.99%) 

were purchased from Fisher Chemical. Dimethylsulfoxide (99.5%) was purchased from 

Sigma Aldrich. Drisolv tetrahydrofuran (THF, >99.9%) and acetonitrile (ACN, 99.8%) 

were purchased from MilliporeSigma. Chlorobenzene (99%) was purchased from Alfa 

Aesar. Purified H2O (>18 MΩ resistivity and <8 ppb total organic carbon) was obtained 

using a Waters Milli-Q UV Plus purification system (Millipore Corp). D2O (99.9 atom 

D%) was purchased from Acros Organics. 

 p-Type Si substrates (<100> orientation, 10-30 Ω-cm resistivity, 500-550 μm 

thickness, one side polished with 1 kÅ thermal oxide, one side etched with native oxide) 

were purchased from Silicon Valley Microelectronics, Inc. and were principally used for 

transmission FTIR experiments. Additional p-type Si substrates (DSP Si) were purchased 
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from University Wafer (<100> orientation, 10-20 Ω-cm resistivity, 500 μm thickness, 

double side polished) and were primarily used for XPS experiments. Hexanes (>98.5%) 

and acetone (99.5%) were purchased from Fisher Chemical and isopropanol (99.5%) was 

purchased from EMD. N2 (99.999%) was purchased from University of Arizona 

Cryogenics & Gas Facility. Pre-plated Au-on-glass slides were purchased from EMF (100 

nm Au, 5 nm Ti adhesive). H2SO4 (98%) was purchased from EMD chemicals and H2O2 

(30%) was purchased from MilliporeSigma. For template stripped Au, VWR glass 

microscope slides, Electron Microscopy Sciences V-1 grade mica, Sigma Aldrich Au foil, 

and Epoxy Technology’s Epo-Tek adhesive were used. 

Ag substrates were cut from 1.25 cm diameter polycrystalline Ag rods (Sigma 

Aldrich, 99.9985%). SiC polishing pads (800, 1200, 2000 grit) were purchased from 3M 

and MicroCloth™ polishing cloth, MasterTex™ polishing cloth, and 1.0 μm and 0.3 μm 

diameter Al2O3 was purchased from Buehler. HClO4 (70%) and HCl (38%) were purchased 

from Macron Chemical, and NH4OH (30%) was purchased from EMD Chemicals. CrO3 

(98+%) was purchased from Sigma Aldrich. H2 (99.999%) was purchased from the 

University of Arizona Cryogenics & Gas Facility. α-sexithiophene (99%) was purchased 

from Sigma Aldrich. O2 (99.5%, purchased from University of Arizona Cryogenics & Gas 

Facility) was transferred into a small 50 cc cylinder at 40 psi, sealed, and attached to an 

ultra-high vacuum chamber for dosing. 
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CHAPTER 3: FTIR SPECTROELECTROCHEMISTRY OF 

F4TCNQ REDUCTION PRODUCTS AND THEIR PROTNATED 

FORMS 

The reduced states TCNQ and its fluorinated derivatives (FxTCNQ) have been 

shown to form novel charge transfer complexes99–102 and supramolecular materials.103 The 

tetrafluorinated analog, F4TCNQ is a strong electron acceptor with a LUMO that is of 

relatively low energy which renders it particularly suitable as a p-type dopant for the 

increased conductivity of organic semiconductors, such as P3HT.44,104 F4TCNQ-doped 

P3HT is a model system among doped organic semiconductors and is being actively 

investigated for such devices as field effect transistors105–109 and thermoelectrics.12,110–112 

In order to understand what chemical reactions may contribute to the reduced lifetimes of 

these active layers in devices, the photo-oxidation and thermo-oxidation chemistry of pure 

P3HT has been fairly well characterized.73,78–82 However, little work has been done to 

understand the intrinsic chemistry of F4TCNQ when F4TCNQ is present in a P3HT film. 

Vibrational spectroscopy is useful for characterization of the ionization state of 

F4TCNQ. Modes in the ν(C≡N) and ν(C=C) regions are sensitive to the degree of charge 

transfer, with the ν(C≡N) region most frequently used because of minimal spectral 

interferences.54,97,98,113 The vibrational spectrum of the F4TCNQ anion radical, F4TCNQ●̶̶̶-, 

was first characterized using reduced salts of F4TCNQ wherein the ν(C≡N) modes were 

observed to shift linearly to lower frequencies in direct correlation with degree of charge 

transfer.21,25 The vibrational spectrum of the dianion (F4TCNQ2-) was first reported on the 

basis of computational simulation115 and proven experimentally on a doubly reduced 
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F4TCNQ salt.115,116 The frequencies of the ν(C≡N) bands have since been used to diagnose 

the reduced states of F4TCNQ in a wide variety of both metallic100,117 and organic99,102 

complexes. These bands have also been used to characterize the charge transfer state of 

F4TCNQ when doped into small molecule52,54 or polymer semiconductor thin 

films.44,52,118,119 

However, Haworth et al., expounding on initial warnings by Meneghetti and 

Pecile,97 have suggested that interpretation of the F4TCNQ ν(C≡N) region must be done 

with care.98 Specifically, they identified a number of intra- and intermolecular forces that 

can influence the magnitude of the ν(C≡N) band red-shift in the solid state, such as the 

degree of counter-cation coordination with the nitrile groups of either F4TCNQ●̶̶̶- or 

F4TCNQ2-.98 Thus, solution phase investigation of these reduced forms is required to 

minimize the influence of such forces on the resultant spectra. It is additionally critical to 

assess the effects of possible reaction chemistry, including acid/base chemistry, on the 

spectral response of these reduced states. Such chemical degradation is likely of importance 

for F4TCNQ-doped semiconductor films in which reactions with ambient gases or the host 

polymer may adversely impact the desired functional properties. However, to date, the 

chemical degradation pathways of F4TCNQ in such environments have only been 

considered in the context of reactions with film additives,44 with no studies addressing 

possible acid/base chemistry. 

Recently, a series of UV-vis spectroelectrochemical studies were reported that 

describe the redox properties and corresponding acid/base chemistry of TCNQ120 and its 

fluorinated derivatives FTCNQ121, F2TCNQ121, and F4TCNQ.122 The effects on the spectral 

response from protonation of the reduced states of these species by trifluoroacetic acid 
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(TFA) were clearly delineated in these studies. Specifically, the acid-base chemistry of 

F4TCNQ in acetonitrile can be summarized as follows: 1) F4TCNQ is unreactive with 

acids; 2) F4TCNQ●̶̶̶    reacts with strong acids to produce HF4TCNQ●̶̶̶ as an intermediate 

before forming H2F4TCNQ and F4TCNQ  by disproportionation, and 3) F4TCNQ2    forms 

H2F4TCNQ through a two-step protonation process with HF4TCNQ- as an intermediate.122 

These previous studies demonstrated the basicity of the reduced states of these systems in 

the presence of reasonably strong acids such as TFA in acetonitrile (pKa 12.7)123 and has 

important implications for the possible acid/base chemistry of these species in other 

matrices as discussed above.122 

Although the thermodynamics and UV-vis spectral response of the acid/base 

chemistry of F4TCNQ were elucidated in this previous work, no thorough efforts to 

characterize the effects of protonation reactions on the vibrational spectroscopy of the 

intermediate (HF4TCNQ• or HF4TCNQ-) reduced forms of F4TCNQ has been reported. 

Vibrational spectroelectrochemistry has been reported only for TCNQ, with resonance 

Raman spectroscopy performed by van Duyne24-25 followed by in situ time-resolved FTIR 

spectroelectrochemistry by Bellec.26 The protonation chemistry of the reduced forms of 

TCNQ was not addressed in either of these previous works. The doubly protonated species, 

H2TCNQ and H2F4TCNQ, have been well-characterized spectroscopically in the solid 

state, as they have been used as stable starting materials for the generation of 

supramolecular systems.99,102,103,124–128 These species are diprotic systems (for H2F4TCNQ 

pKa1:4.01 and pKa2:7.2 in DMF).129,130 Thus, it would be useful to fully characterize the 

spectroscopy of the singly protonated monoanion forms (HTCNQ- or HF4TCNQ-) to fully 

understand the range of chemistry accessible through this route. One report from Wang et 
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al. has reported the crystal structure and FTIR behavior of solid state HF4TCNQ- paired 

with decamethylnickelocenium,131 but no other studies of this important species have 

appeared. 

This chapter will first show the FTIR spectroelectrochemistry of F4TCNQ in 

acetonitrile coupled with density functional theory (DFT) spectral simulations to illustrate 

the efficacy of these two techniques in the generation and identification of the reduced 

species of F4TCNQ.  Furthermore, it will also be shown that it is important to take into 

account the solvent in which the spectroelectrochemical experiment is being conducted in 

the DFT spectral simulations; in this case, the solvent was accounted for with a polarized 

continuum model. The acid-base chemistry of the reduced states will then be discussed, 

with a focus on the species able to be detected with the FTIR spectroelectrochemical 

experiment and the assignment of their affiliated vibrational modes. Finally, the solution 

conditions that generate the observed protonated species of the reduced states of F4TCNQ 

will be discussed. This discussion will also highlight the importance of hydrogen bonding 

to the nitrile units of F4TCNQ over the pKa of the acidic species in question in determining 

whether or not the protonated F4TCNQ species will be produced. 

Experimental Methods 

Solution Preparation 

The desired masses of F4TCNQ and TBAHP were weighed out in ambient then 

introduced to either a nitrogen glovebox ([O2] < 30 ppm) or an argon glovebox ([O2] < 15 

ppm). Bulk acetonitrile was dried by molecular sieve for three days before 3x freeze-pump-

thaw cycles followed by glovebox storage ([O2] < 30 ppm). 1 mM solutions of F4TCNQ 

with 0.1 M TBAHP were prepared in the glovebox with the solvent of choice (acetonitrile 
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or THF) in 10 mL volumetric flasks and sealed with an inverted septum. For DMSO 

experiments, 0.1 M NaClO4 was used as the supporting electrolyte and the solution was 

prepared in ambient. Ampules of TFA, TFA-d, or D2O were opened in an argon glovebox 

and added to the prepared 1 mM F4TCNQ solutions to obtain the desired concentration.  

Bulk Cyclic Voltammetry 

 Bulk cyclic voltammetry was conducted in three cycles at a sweep rate of 100 mV/s 

from 1.0 to -0.80 V in 25 mL of a N2 purged quiescent solution at a 36 mm2 platinum disk 

electrode with a silver wire (Ag/Ag+) pseudo-reference electrode and platinum wire 

counter electrode controlled with either a BAS 100B or a Gamry Instruments Interface 

1000 potentiostat. The platinum disk electrode was polished with 0.03 μm diameter 

diamond paste and rinsed with Milli-Q water before use.  

IR Spectroelectrochemistry 

 IR spectroelectrochemistry experiments were conducted in a similar cell to what 

has been previously described in the literature132 and is shown in a schematic in Figure 3.1. 

CaF2 was used as the IR window (38.5 mm x 19.5 mm x 4 mm, Alfa Aesar) with a 500 μm 

Teflon spacer. Due to the specular reflectance of IR collection off the working electrode, 

the total spectral sampling path length was calculated to be 1 mm. The electrode assembly, 

pictured in the inset in Figure 3.1, was composed of a 16 mm2 platinum disk working 

electrode, 0. 5 mm silver wire (Ag/Ag+) pseudo-reference electrode, and 0.5 mm platinum 

wire counter electrode embedded into a PEEK holder. Potential was controlled with a 

Gamry Instruments Interface 1000 potentiostat and reported versus the Ag/Ag+ pseudo-

reference. The electrodes were polished with a 0.25 μm diamond paste and briefly 

sonicated in acetonitrile before each electrochemical experiment. Once the 
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spectroelectrochemical cell was assembled and inserted into the working bay of  a Thermo 

Scientific Nicolet 6700 FTIR spectrometer, the analyte was injected into the cell via a 

syringe and 21 gauge needle inserted into one of the analyte injection ports until solution 

was observed exiting through the port on the opposite side (approx. 300 μL). 

The resistance of the thin liquid layer was first measured and found to be ca. 200 Ω 

for 0.1 M TBAHP in acetonitrile, 5600 Ω for 0.1 M TBAHP in THF, and 750 Ω for 0.1 M 

NaClO4 in DMSO. The resistance was compensated for at 90% in the potentiostat settings 

for each solution/electrolyte condition as previously described to be appropriate.133  Cyclic 

voltammetry was then conducted on the thin liquid layer to determine the potentials of the 

reduction steps of interest by sweeping the potential between 1.0 and -0.80 V in three cycles 

at 100 mV/s. Linear step chronoamperometry was then conducted at room temperature (ca. 

23 °C) in either 200 mV (0.60 to -0.80 V) or 100 mV (0.40 to -0.50 V) steps. Each potential 

step was held for three minutes to collect 128 IR scans at 4 cm-1 resolution with DTGS 

detection. Time dependent potential experiments were conducted by holding at the desired 

potential for 30 minutes and acquiring an IR spectrum as previously described in three-

minute increments. 
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Figure 3.1 Expanded schematic of electrochemical cell used in IR spectroelectrochemical 

experiments, adapted from Zavarine and Kubiak.132 a) Threaded brass cap to seal system 

b) Brass weight used to compress the cell and keep working components in place c) PEEK 

electrode holder d) Inlet/outlet for liquid analyte e) Pt ring counter electrode f) Pt disk 

working electrode g) Ag ring pseudo-reference electrode h) Teflon spacer i) CaF2 IR 

window j) Rubber gasket k) Threaded brass ring for sealing system l) Two mirror 

reflectance accessory (Nicolet FT-30) m) Reflectance mirrors. 
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DFT Spectral Simulation 

 The FTIR spectra of the reduced species of F4TCNQ as well as the protonated forms 

were simulated using a B3LYP/6-31+G(d) basis set in accordance with previous spectral 

simulation work done with this system, with a polarizable continuum model (PCM) to 

account for solvation.54 Gaussian16 or Gaussian09 were used for these calculations and 

were accessed via the Ocelote High Performance Computing cluster at the University of 

Arizona. Based on past use of this basis set, calculated frequencies above 2000 cm-1 were 

scaled by a factor of 0.9614 and those below 2000 cm-1 were scaled by a factor of 0.9854 

to more accurately reproduce experimental frequencies.54,98,134,135 

Results and Discussion 

FTIR Spectroelectrochemistry of F4TCNQ 

The cyclic voltammetry of a 1 mM F4TCNQ/0.1 M TBAPF6 acetonitrile solution 

is shown in Figure 3.2 and compared to a cyclic voltammogram of a pure electrolyte 

solution. The cyclic voltammogram (CV) obtained of 1 mM F4TCNQ is similar to that 

reported previously by Le et al.122 Neutral F4TCNQ undergoes two successive reductions, 

first to the radical anion (F4TCNQ●̶̶̶   ) with a peak potential at 0.27 V vs Ag/Ag+, and 

subsequently to the dianion (F4TCNQ2-) with a peak potential at -0.26 V vs Ag/Ag+.  

The FTIR spectra of electrochemically-generated F4TCNQ●̶̶̶   and F4TCNQ2   were 

first characterized to compare with previous calculations98,115 and with spectral studies of 

neutral F4TCNQ and salts of its chemically reduced states.97,115,116 Figure 3.3 is an overlay 

of the voltage step sequence applied for the solution state FTIR spectroelectrochemical 

experiment of pure F4TCNQ with the resultant chronoamperogram. Representative full 

FTIR (from 900 to 2500 cm-1) spectra at each potential step generated from a solution of 1 
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mM F4TCNQ/0.1 M TBAPF6 taken at 0.1 V increments between 0.40 and -0.50 V vs 

Ag/Ag+ are given in Figure 3.4. However, for clarity of discussion and analysis, expanded 

regions of interest of the F4TCNQ spectra at each potential are presented in Figure 3.5 and 

are separated into the a) ν(C≡N) b) ν(C=C) c) ν(C-C) and d) ν(C-F) regions.  

 

Figure 3.2. Bulk solution CVs of 0.1 M TBAPF6 (black) and 0.1 TBAPF6 + 1 mM 

F4TCNQ (red) in acetonitrile measured under static conditions at a 32 mm2 Pt working 

electrode (Pt wire counter, Ag wire pseudo-reference) at a rate of 0.10 V/s from -1.0 to 0.4 

V vs Ag/Ag+. 
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Figure 3.3. Chronoamperogram and potential step sequence versus time of 1 mM F4TCNQ 

in acetonitrile spectroelectrochemical experiment at a 16 mm2 platinum working electrode. 

 

Figure 3.4. FTIR spectra of 1 mM F4TCNQ in acetonitrile from 900 to 2500 cm-1 taken at 

0.10 V intervals from 0.40 V (green) to -0.50 V (red) vs Ag/Ag+. The simulated spectra are 

presented as delta functions for F4TCNQ (black), F4TCNQ•- (red), and F4TCNQ2- (blue). 

The dashed line is a representative spectrum of TBAPF6 in acetonitrile with no potential 

applied. This spectrum was taken referenced to another aliquot of TBAPF6 in acetonitrile 

to show how minor variations in solution concentrations can impact the resulting spectra 

and influences then on the spectra with the analyte. 
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Figure 3.5. Spectral series of 1 mM F4TCNQ in acetonitrile with 0.1 M TBAPF6 at 0.10 V 

steps between 0.40 V to -0.50 V vs Ag/Ag+ (bottom to top) in (a) ν(C≡N), (b) ν(C=C), (c) 

ν(C-C) and (d) ν(C-F) regions of the infrared. Each potential step was held for three 

minutes for spectral collection. The bands corresponding to F4TCNQ, F4TCNQ●̶̶̶-, and 

F4TCNQ2- are marked with black, red, and blue lines, respectively. The corresponding 

simulated spectra are displayed as delta functions underneath the experimental data with 

the same color scheme.    
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Before the in depth discussion of the spectral assignments obtained from the linear 

step experiment, it is first important to show that the spectra collected within the 3-min 

hold at each potential are not mass transport limited, i.e. the majority of the F4TCNQ 

molecules in solution were converted to the appropriate reduced states within the first 3 

min of the potential step. To this end, an experiment was conducted in which the potential 

was stepped to and held at 0.10 V vs Ag/Ag+ from 0.40 V vs Ag/Ag+ while spectra were 

subsequently collected in 3 min intervals over the course of 30 min. As can be seen in 

Figure 3.6, the spectra taken within the first 3 min of the potential being held at 0.10 V vs 

Ag/Ag+ (which corresponds to how each of the linear step spectra were obtained), are 

essentially identical to the spectra taken after 30 min. The primary exception is a slight 

growth in the band at 1633 cm-1 highlighted in Figure 3.6b, which may correspond to the 

slight inclusion of atmospheric water over the course of the measurement, as the seal in the 

spectroelectrochemical cell is not airtight (see Figure 3.1). 

 

Figure 3.6. (a) Full (b) expanded ν(C=C) and (c) expanded ν(C≡N) FTIR spectra of 1 mM 

F4TCNQ in acetonitrile held at -0.1 V vs Ag/Ag+ for 30 minutes, with each spectrum taken 

in three-minute intervals.   
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Returning to the spectral analysis, spectra acquired at potentials positive of the first 

reduction step (>0.30 V vs Ag/Ag+) correspond to neutral F4TCNQ. At 0.40 V vs Ag/Ag+, 

the band due to the neutral F4TCNQ b1u mode in the ν(C≡N) region (Figure 3.5a) is only 

faintly detectable at 2227 cm-1 due to its very small molar absorptivity, and the expected 

band due to the b2u mode is too weak to be observed. Neutral F4TCNQ can be more 

definitively identified from bands in the ν(C=C) region (Figure 3.5b) between 1450 and 

1670 cm-1 with the spectrum at 0.40 V vs Ag/Ag+ exhibiting a characteristic band at 1598 

cm-1. Bands in the ν(C-C) (Figure 3.5c) and ν(C-F) (Figure 3.5d) regions further 

corroborate the presence of neutral F4TCNQ. 

Between 0.30 and -0.20 V vs Ag/Ag+ (corresponding to the first and second 

reduction steps, respectively), the ν(C≡N) region (Figure 3.5a) is dominated by bands due 

to the b1u and b2u modes of F4TCNQ●̶̶̶    at 2194 and 2173 cm-1, respectively. These peak 

frequencies match well with both calculated54,98 and experimental frequencies previously 

observed for the anion radical in different solid state environments.97,116 Notably, as 

expected based on the calculated spectrum, neither the ag nor the b3g ν(C≡N) mode is 

observed. Further evidence for the presence of F4TCNQ●̶̶̶     is the prominent band at 1536 

cm-1 and a shoulder at 1501 cm-1 in the ν(C=C) region (Figure 3.5b) as well as bands at 

1200 and 1143 cm-1 in the ν(C-C) region (Figure 3.5c) and at 967 cm-1 in the ν(C-F) region 

(Figure 3.5d).  

 At -0.20 V vs Ag/Ag+, the formation of F4TCNQ2- is indicated, although residual 

F4TCNQ●̶̶̶    is also still present. At -0.30 V vs Ag/Ag+, F4TCNQ●̶̶̶    becomes fully reduced 

to F4TCNQ2  , giving rise to b1u and (b2u + b3g) bands at 2165 and 2133 cm-1, respectively, 

in the in ν(C≡N) region.  The assignment of the 2133 cm-1 band in part to the b3g mode for 
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F4TCNQ2    is made based on observations by Haworth, even though there is no calculated 

predicted intensity for this mode (see Table 3.1).98 This assignment is consistent with the 

intensity increase and band broadening relative to the band due to the b2u mode alone in 

the F4TCNQ●̶̶̶    spectrum. However, a weak band at 2102 cm-1 is also observed at these more 

negative potentials which might alternately be assigned to the b3g mode as postulated by 

Haworth et al.98 The presence of F4TCNQ2    is confirmed in the fingerprint region with 

bands at 1224 and 1131 cm-1 due to ν(C-C) modes and at 959 cm-1 due to a ν(C-F) mode 

as shown in Figures 3.5c and d, respectively.   
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Table 3.1. Calculated and experimental frequencies and their assignments for F4TCNQ 

and its reduced species. 

 F4TCNQ F4TCNQ•- F4TCNQ2- 

Assignmenta 
Calc. 

(int)b 

Exp. 

(int) 

Calc. 

(int) 
Exp. (int) 

Calc. 

(int) 
Exp. (int) 

ν(C≡N),b1u 
2243 

(299) 
2227 (w) 

2192 

(2390) 
2194 (s) 

2157 

(1683) 
2164 (s) 

ν(C≡N),ag 
2241 

(0) 
 2202 

(0) 
 2170 

(0) 
 

ν(C≡N),b3g 
2225 

(0) 
NDc 

2161 

(0) 
 2105 

(0) 
2102 (w) 

ν(C≡N),b2u 
2225 

(8) 
ND 

2161 

(501) 
2173 (m) 

2105 

(2414) 
2133 (s) 

ν(C=C)ring, ag 
1687 

(0) 
 1654 

(0) 
 1647 

(0) 
 

ν(C=C)ring, b2u 
1607 

(471) 
1598 (s) 

1529 

(386) 
1536 (s) 

1470 

(955) 
1475 (m)d 

ν(C=C)exo,b1u 
1557 

(356) 
1552 (w)d 

1487 

(594) 
1501 (m) 

1468 

(388) 
1475 (m)d 

ν(C=C)exo, ag 
1494 

(0) 
 1438 

(0) 
 1414 

(0) 
 

ν(C-C)ring, b3g 
1439 

(0) 
 1505 

(0) 
 1553 

(0) 
 

ν(C-C)ring, b2u 
1387 

(170) 

1395 

(m)d 

1340 

(171) 
1345 (m) 

1307 

(47) 
ND 

ν(C=C)ring, b1u 
1330 

(704) 
1341 (s) 

1325 

(250) 
1337 (m) 

1292 

(16) 
ND 

ν(C-C)ring, ag 
1283 

(0) 
 1265 

(0) 
 1247 

(0) 
 

ν(C-CN), b3g 
1191 

(0) 
 1205 

(0) 
 1228 

(0) 
 

ν(C-CN), b2u 
1190 

(20) 
1191 (w) 

1199 

(153) 
1200 (s) 

1237 

(373) 
1224 (s) 

ν(ring), b1u 
1136 

(83) 
ND 

1136 

(322) 
1143 (m) 

1124 

(163) 
1131 (m) 

ν(ring), ag 
1128 

(0) 
 1106 

(0) 
 1081 

(0) 
 

ν(C-F), b2u 
968 

(259) 
976 (w) 

958 

(249) 
967 (w) 

944 

(328) 
959 (w) 

a Assignments from literature.97,98 
b Calculated with PCM model using acetonitrile as solvent. 
c ND = not detected; spectral bands too weak to be detected under experimental 

conditions. 
d Experimental spectral bands observed in THF without interference from acetonitrile. 
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Spectral signatures for F4TCNQ2- expected in the ν(C=C) region are obscured by 

acetonitrile bands and could not be identified. To mitigate this solvent interference, a 

similar experiment was conducted in tetrahydrofuran (THF). The bulk cyclic 

voltammogram for a solution of 1 mM F4TCNQ/0.1 mM TBAPF6 in THF compared to the 

voltammogram for a pure electrolyte solution is given in Figure 3.7. As can be seen, there 

is a slight overpotential for the reduction peak potentials affiliated with the higher 

resistivity of conducting the electrochemical measurements in THF as compared to 

acetonitrile. Because of this, the applied voltage step sequence for the corresponding FTIR 

spectroelectrochemical experiments needed to be adjusted. The applied voltage step 

sequence used for the measurements in THF and resultant chronoamperograms are given 

in Figure 3.8. The full FTIR spectra for a solution of 1 mM F4TCNQ/0.1 mM TBAPF6 

taken at 0.20 V intervals between 0.6 and -0.8 V vs Ag/Ag+ are given in Figure 3.9. The 

FTIR spectra as a function of potential highlighted in the ν(C=C)/ν(C-C) region in THF 

are shown in Figure 3.10 and confirm the presence of F4TCNQ2   at these potentials.  
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Figure 3.7. Bulk solution CVs of 0.1 M TBAPF6 (black) and 0.1 TBAPF6 + 1 mM 

F4TCNQ (red) in THF measured under static conditions at a 32 mm2 Pt working electrode 

(Pt wire counter, Ag wire pseudo-reference) at a rate of 0.10 V/s from -1.0 to 0.4 V vs 

Ag/Ag+. 

 

Figure 3.8. Chronoamperogram and potential step sequence versus time of 1 mM F4TCNQ 

in THF spectroelectrochemical experiment at a 16 mm2 platinum working electrode. 
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Figure 3.9. FTIR spectra of 1 mM F4TCNQ in THF from 900 to 2500 cm-1 taken at 0.20 

V intervals from 0.60 V (green) to -0.80 V (red) vs Ag/Ag+. The simulated spectra are 

presented as delta functions for F4TCNQ (black), F4TCNQ•- (red), and F4TCNQ2- (blue). 

The dashed spectrum is a spectrum of TBAPF6 in THF with no potential applied. 

 

Figure 3.10. Expanded ν(C=C) and partial ν(C-C) region of 1 mM F4TCNQ in THF in 0.2 

V intervals from 0.60 (bottom, green) to -0.80 V (top, red) vs. Ag/Ag+. The calculated peak 

frequencies for F4TCNQ (black), F4TCNQ•- (red), and F4TCNQ2- (blue) are plotted 

underneath as delta functions. 
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Collectively, the spectral data reported here for the three redox states of F4TCNQ 

correlate well with previously reported calculations and spectral results for chemically 

reduced F4TCNQ salts and validate the solution phase spectroelectrochemical experiment 

for characterizing the vibrational spectroscopy of F4TCNQ.54,98,115,116 DFT calculated IR 

spectra were subsequently explored as a way to independently verify the assignment of 

these experimentally observed bands. The spectra for each reduced state of F4TCNQ 

(F4TCNQ, F4TCNQ•-, and F4TCNQ2-) were first calculated in Gaussian09 as free gas phase 

ions, and a schematic representing the ν(C≡N) modes for each species with their 

experimentally observed frequencies are given in Figure 3.11. However, the initial gas 

phase calculations do not take into account band shifting due to solvent interactions. For 

this reason, additional spectral calculations were done using a polarizable continuum model 

(PCM) to account for the solvent. PCM using the integral equation formalism variant 

(IEFPCM) is the default solvation model used in Gaussian calculations.136–139 By using 

PCM, provides a way to model the solvent beyond accounting for individual solvent 

molecules, which can become computationally prohibitive if large numbers of solvent 

molecules are included in the computation, by treating the solvent as a polarizable 

continuum.137 Briefly, PCM calculates the molecular free energy in solution as the sum 

over three terms: 

𝐺𝑠𝑜𝑙 = 𝐺𝑒𝑠 + 𝐺𝑑𝑟 + 𝐺𝑐𝑎𝑣 

Gsol is the molecular free energy in solution, Ges is the electrostatic contribution, Gdr is the 

dispersion-repulsion contribution, and Gcav is the free energy of the solute cavity which is 

modeled as a series of overlapping van der Waals spheres at each non-Hydrogen 

atom.136,137 As both acetonitrile and THF were utilized as solvents in the 
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spectroelectrochemistry experiment, FTIR spectra were calculated with each solvent using 

PCM. A table comparing the outputs of the DFT calculations of the gas phase ions 

compared with the PCM solvated ions are given in Table 3.2. As can be seen, there are 

some differences predicted frequencies for each of the models, with the PCM calculated 

frequencies corresponding more closely to the experimental values. However, most 

striking is the differences in the predicted intensities of the vibrational bands from the gas 

calculations to the PCM calculations. This demonstrates the necessity of not only selecting 

the correct basis set as a model for the DFT spectral simulations, but also the impact of 

solvent considerations.  

 

Figure 3.11. Schematic representations of the principal ν(C≡N) vibrational modes along 

with the experimental peak frequencies observed for each state for F4TCNQ, F4TCNQ●̶̶̶    

and F4TCNQ2-
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Table 3.2. Comparison of DFT calculated frequencies (cm-1) and intensities (km mol-1) with different models. 

F4TCNQ F4TCNQ•- F4TCNQ2- 

Gasa ACNb THFb Gas ACN THF Gas ACN THF 

2243 (1.3) 2243 (299) 2244 (171) 2197 (432.8) 2192 (2390) 2193 (1770) 2156 (1047) 2157 (1683) 2159 (1509) 

2239 (0) 2241 (0) 2241 (0) 2202 (0) 2202 (0) 2202 (0) 2167 (0) 2170 (0) 2170 (0) 

2225 (2.5) 2225 (0) 2226 (0) 2166 (1.3) 2161 (0) 2162 (127) 2116 (407.7) 2105 (0) 2108 (719) 

2224 (3.8) 2225 (8) 2226 (3) 2166 (177.6) 2161 (501) 2162 (2193) 2116 (770) 2105 (2414) 2108 (1440) 

1680 (0) 1687 (0) 1685 (0) 1650 (0) 1654 (0) 1654 (0) 1636 (0) 1647 (0) 1643 (0) 

1607 (251) 1607 (471) 1606 (426) 1531 (205) 1529 (386) 1529 (349) 1466 (594) 1470 (955) 1469 (843) 

1556 (22) 1557 (356) 1557 (236) 1481 (65) 1487 (594) 1486 (409) 1465 (212) 1468 (388) 1468 (361) 

1482 (0) 1494 (0) 1492 (0) 1435 (0) 1438 (0) 1437 (0) 1411 (0) 1414 (0) 1414 (0) 

1452 (0) 1439 (0) 1441 (0) 1507 (0) 1505 (0) 1506 (0) 1542 (0) 1553 (0) 1551 (0) 

1384 (106) 1387 (170) 1385 (157) 1337 (107) 1340 (171) 1339 (157) 1297 (31) 1307 (47) 1305 (36) 

1347 (188) 1330 (704) 1332 (568) 1331 (79) 1325 (250) 1326 (206) 1293 (13) 1292 (16) 1292 (12) 

1289 (0) 1283 (0) 1284 (0) 1269 (0) 1265 (0) 1266 (0) 1236 (10) 1247 (0) 1228 (0) 

1193 (0) 1191 (0) 1191 (0) 1199 (0) 1205 (0) 1204 (0) 1226 (0) 1228 (0) 1248 (24) 

1192 (6) 1190 (20) 1190 (16) 1196 (63) 1199 (153) 1199 (131) 1227 (148) 1237 (373) 1237 (292) 

1139 (9) 1136 (83) 1137 (59) 1139 (43) 1136 (322) 1137 (231) 1123 (76) 1124 (163) 1124 (138) 

1135 (0) 1128 (0) 1129 (0) 1112 (0) 1106 (0) 1107 (0) 1086 (3) 1081 (0) 1083 (3) 

977 (126) 968 (259) 970 (229) 966 (119) 958 (249) 960 (218) 950 (157) 944 (328) 945 (291) 

a No solvation model was accounted for 
b PCM was used for solvation model 
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FTIR Spectroelectrochemistry of Protonation of F4TCNQ Reduced Forms 

Although the vibrational spectroscopy of the F4TCNQ reduced states is reasonably 

well characterized, no work has been done to understand the effect of protonation of the 

reduced states on the corresponding vibrational spectroscopy.  Le et al. demonstrated 

through cyclic voltammetry and UV-vis  spectroelectrochemistry that several products of 

protonation reactions could be formed including HF4TCNQ●, HF4TCNQ‾, and 

H2F4TCNQ,122 but no vibrational spectroscopy of these forms has been reported to date. 

Toward this end, the protonation conditions used by Le et al. were replicated by adding 

TFA or TFA-d to acetonitrile solutions of F4TCNQ and following the resulting protonation 

chemistry with FTIR spectroelectrochemistry. TFA-d was chosen as complement to TFA 

so that any deuteration events could be monitored in the less congested ν(C-D) spectral 

region; however, as will be later demonstrated, the molar absorptivity of the ν(C-D) mode 

is too low to be observed experimentally in these studies. 

The solution cyclic voltammetry for the addition of 10 mM TFA and 10 mM TFA-

d to a 1 mM F4TCNQ/0.1 M TBAPF6 solution in acetonitrile are shown in Figure 3.12, and 

correspond to those reported previously.122 The cyclic voltammograms of 10 mM TFA and 

10 mM TFA-d without F4TCNQ are given in Figure 3.13 as a comparison and show that 

the sharp rise in current at potentials ≤ -0.40 V vs Ag/Ag+ is due to the reduction of H+ 

from the TFA/TFA-d H+ source. Noteworthy changes in the cyclic voltammetry of this 

system in the presence of either TFA or TFA-d include a significant shift of the second 

reduction peak potential from -0.26 V to -0.08 V vs Ag/Ag+ and loss of the re-oxidation 

wave of F4TCNQ2    indicating a follow-on chemical reaction. These alterations are also 

apparent in the chronoamperogram overlays with the voltage step sequences in Figure 3.14 
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by the shift in the second reduction peak currents to more positive potentials in the 

spectroelectrochemical data acquisition. 

 

Figure 3.12. (a) Bulk solution cyclic voltammograms of 1 mM F4TCNQ in acetonitrile 

(black), 1 mM F4TCNQ + 2.5 mM TFA in acetonitrile (red), and 1 mM F4TCNQ + 10 mM 

TFA in acetonitrile (blue). (b) Comparison between bulk solution cyclic voltammograms 

of 1 mM F4TCNQ + 10 mM TFA (black) and + 10 mM TFA-d (red). Bulk solution CVs 

were taken at a 36 mm2 platinum disk working electrode at a rate of 0.10 V/s with a 

platinum wire counter and silver wire pseudo-reference electrode. 
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Figure 3.13. Bulk solution CVs of 0.1 M TBAPF6 in acetonitrile (black), + 10 mM TFA 

in acetonitrile (red) + 10 mM TFA-d in acetonitrile (blue) measured under static conditions 

at a 32 mm2 Pt working electrode (Pt wire counter, Ag wire pseudo-reference) at a rate of 

0.10 V/s from -0.80 to 1.0 V vs Ag/Ag+. 
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Figure 3.14. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

(a) + 10 mM TFA and (b) + 10 mM TFA-d in acetonitrile spectroelectrochemical 

experiment at a 16 mm2 platinum working electrode. 
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The full FTIR spectra (900 to 2500 cm-1) for the addition of 10 mM TFA to a 1 mM 

F4TCNQ/0.1 M TBAPF6 solution in acetonitrile at 0.1 V intervals between 0.40 and -0.50 

V vs Ag/Ag+ are given in Figure 3.15 with the expanded regions of interest highlighted in 

Figure 3.16. The corresponding data for 10 mM addition of TFA-d are given in Figure 3.17 

and 3.18. As an aside, there are some bands that appear due to TFA/TFA- or TFA-d/TFA-

d- in some of these regions of interest (marked with an asterisk in Figures 3.16 and 3.18), 

and the FTIR spectra for these bands in acetonitrile without any F4TCNQ present are shown 

in Figure 3.19. At very negative potentials (E ≤  -0.60 V vs Ag/Ag+), TFA is reduced to 

the free acid form in acetonitrile which accounts for the observed spectral changes 

including the shifting of the ν(C=O) from 1791 cm-1 to 1695/1741 cm-1 and the alterations 

in the ν(C-C) region from a strong band at 1165 cm-1 with a weaker band at 1213 cm-1 to 

three new bands of medium intensity at 1117, 1146, and 1198 cm-1. 

 Figures 3.16a and 3.18a show the ν(C≡N) spectral regions taken at each potential 

throughout the reduction region of F4TCNQ in the presence of either 10 mM TFA or 10 

mM TFA-d, respectively. As an aside, the steep rise in intensity above 2220 cm-1 in Figure 

3.15a is due to incomplete subtraction of the acetonitrile signal in this region due to slight 

differences in solution volumes sampled in the test and reference experiments, which can 

sometimes result in positive- or negative-going solvent bands. Fortunately, the spectral 

bands of interest are spectrally discrete in this frequency region allowing the desired 

information to be extracted from these spectra irrespective of this solvent interference.



76 

 

Figure 3.15. FTIR spectra of 1 mM F4TCNQ + 10 mM TFA in acetonitrile from 900 to 

2500 cm-1 taken at 0.10 V intervals from 0.40 V (green) to -0.50 V (red) vs Ag/Ag+. The 

calculated spectra of the protonated states of the reduced species are shown underneath the 

spectra and are represented by delta functions. HF4TCNQ• is shown in magenta, 

HF4TCNQ- in purple, and H2F4TCNQ in green.  
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Figure 3.16. Spectral series of 1 mM F4TCNQ with 10 mM TFA in acetonitrile at 0.10 V 

intervals between 0.40 and -0.50 V vs Ag/Ag+ constrained to focus on (a) ν(C≡N) (b) 

ν(C=C) (c) ν(C-C) and (d) ν(C-F) regions. The calculated spectra of the protonated states 

of the reduced species are shown underneath the spectra and are represented by delta 

functions. HF4TCNQ• is shown in magenta, HF4TCNQ- in purple, and H2F4TCNQ in green. 

Bands in the spectra due to F4TCNQ are marked with a black line and F4TCNQ•- are 

marked with a red line. Asterisks denote solvent peaks. 
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Figure 3.17. FTIR spectra of 1 mM F4TCNQ + 10 mM TFA-d in acetonitrile from 900 to 

2500 cm-1 taken at 0.10 V intervals from 0.40 V (green) to -0.50 V (red) vs Ag/Ag+. The 

calculated spectra of the protonated states of the reduced species are shown underneath the 

spectra and are represented by delta functions. DF4TCNQ• is shown in magenta, 

DF4TCNQ- in purple, and D2F4TCNQ in green.  
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Figure 3.18. Spectral series of 1 mM F4TCNQ with 10 mM TFA-d in acetonitrile at 0.10 

V intervals between 0.40 and -0.50 V vs Ag/Ag+ constrained to focus on (a) ν(C≡N) (b) 

ν(C=C) (c) ν(C-C) and (d) ν(C-F) regions. The calculated spectra of the deuterated states 

of the reduced species are shown underneath the spectra and are represented by delta 

functions. DF4TCNQ• is shown in magenta, DF4TCNQ- in purple, and D2F4TCNQ in green. 

Bands in the spectra due to F4TCNQ are marked with a black line and F4TCNQ•- are 

marked with a red line. Asterisks denote solvent peaks. 
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Figure 3.19. FTIR spectroelectrochemistry for 10 mM TFA-d in acetonitrile between 0.20 

and -0.80 V vs Ag/Ag+ in 0.20 V increments from (a) 900 to 1830 cm-1 (b) expanded view 

of ν(C-C) region and (c) expanded view of ν(C=O) region. The simulated spectra of TFA-

d (black) and TFA- (red) are represented as delta functions underneath the experimental 

spectra. 
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The principle differences in the ν(C≡N) region between F4TCNQ spectra in the 

presence of a proton donor relative to those in the absence of a proton donor are: 1) the 

appearance of new bands at 2183 and 2153 cm-1 at 0.10 V vs Ag/Ag+, and 2) the absence 

of any bands associated with F4TCNQ2  . To definitively identify the source of the new 

bands in the ν(C≡N) region, spectra for products of the protonation reactions as reported 

by Le et al.122 were calculated and compared to experiment. As can be seen in Figures 3.16a 

and 3.18a, the spectral frequencies predicted by DFT for HF4TCNQ   and DF4TCNQ   in 

acetonitrile are close in value to the experimentally observed frequencies.  

Conclusive identification of the species responsible for the new ν(C≡N) bands 

comes from careful analysis of spectra in the fingerprint region. Experimental and 

calculated spectra from the ν(C=C) region for F4TCNQ reduction in the presence of TFA 

or TFA-d are shown in Figures 3.16b and 3.18b, respectively. From 0.40 to 0.10 V vs 

Ag/Ag+, these spectra look identical to those obtained in the absence of these acids. 

Beginning at 0.10 V vs Ag/Ag+, prominent bands begin to emerge at 1650 and 1633 cm-1 

that are not present in the absence of acid and are not due to reduction of the acid (see 

control experiments in absence of F4TCNQ in Figure 3.18).  In the spectral frequencies 

calculated from DFT, a very intense band is predicted for HF4TCNQ   at 1645 cm-1, 

providing further confirmation of assignment of the new species to this form. This 

conclusion is further corroborated through careful analysis of the ν(C-C) (Figure 3.16c and 

3.18c) and ν(C-F) (Figure 3.16d and Figure 3.18d) regions. In the ν(C-C) region, a new 

band appears at 1193 cm-1 beginning at 0.1 V, which corresponds well with the frequency 

predicted for HF4TCNQ   at 1190 cm-1. In the ν(C-F) region, after the initial formation of a 

band at 967 cm-1 corresponding to F4TCNQ●  , a weak band forms at 970 cm-1 around 0 V 
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and persists throughout the remaining potentials. Although this is also reasonably assigned 

to HF4TCNQ   based on the spectral analysis above, there remains the slight possibility of 

this band having contributions from H2F4TCNQ, as it is also predicted to have similar 

intensities in this region.  

Supplemental spectroelectrochemical experiments were conducted in THF using 

TFA-d in order to access regions of the spectra that are masked by acetonitrile, as was done 

in the pure F4TCNQ experiments discussed previously. The bulk solution cyclic 

voltammogram of 1 mM F4TCNQ + 10 mM TFA-d in THF compared to 1 mM F4TCNQ, 

10 mM TFA-d, and the blank electrolyte are given in Figure 3.20. As can be seen, the 

inclusion of TFA-d maintains the overpotential in THF in comparison to the same CVs 

taken in acetonitrile. The overlaid voltage step profiles of the FTIR spectroelectrochemical 

experiment with the resultant chronoamperograms are given in Figure 3.21. The full FTIR 

spectra (900 to 2500 cm-1) and the expanded ν(C=C)/ν(C-C) region at each potential 

measured between 0.60 and -0.8 V vs Ag/Ag+ are given in Figure 3.22.  

In THF, due to the shift in reduction potential, the bands observed for DF4TCNQ   

appear at -0.20 V vs Ag/Ag+ in THF compared with 0.10 V vs Ag/Ag+ in acetonitrile. Of 

greatest significance is that, without spectral interference from acetonitrile, the expected 

bands for DF4TCNQ   at 1486 and 1425 cm-1 are clearly observed at -0.2 V vs Ag/Ag+. The 

weak band at 1425 cm-1 corresponds well to a spectral band calculated for DF4TCNQ  , 

further corroborating the assignment. It must be noted, however, that the band at 1486 cm-

1 could correspond to either DF4TCNQ   or D2F4TCNQ, as both species have predicted 

spectral bands in this region. In fact, the breadth of this band is consistent with the 

coexistence of both species.
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Figure 3.20. Bulk solution CVs of 0.1 M TBAPF6 in THF (black), 0.1 M TBAPF6 + 10 

mM TFA-d in THF (red) 0.1 TBAPF6 + 1 mM F4TCNQ (green) and 0.1 M TBAPF6 + 10 

mM TFA-d + 1 mM F4TCNQ in THF (blue) measured under static conditions at a 32 mm2 

Pt working electrode (Pt wire counter, Ag wire pseudo-reference) at a rate of 0.10 V/s from 

-1.0 to 0.4 V vs Ag/Ag+. 

 

Figure 3.21. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

+ 10 mM TFA-d in THF spectroelectrochemical experiment at a 16 mm2 platinum working 

electrode. 
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Figure 3.22. (a) Full and (b) ν(C=C) and partial ν(C-C) region of 1 mM F4TCNQ + 10 mM 

TFA-d in THF from 0.60 (green) to -0.80 V (red) vs. Ag/Ag+ in 0.20 V steps with the 

calculated peak frequencies of the deuterated species plotted underneath as delta functions. 

Magenta corresponds to DF4TCNQ•, purple corresponds to DF4TCNQ-, and green 

corresponds to D2F4TCNQ. Peaks due to neutral F4TCNQ are marked with black asterisks, 

those for F4TCNQ•- with red asterisks, and those for TFA/reduced TFA with black dots. 
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Figure 3.23. (a) ν(C=C) and partial ν(C-C) region of 10 mM TFA-d in THF from 0.60 

(green) to -0.80 V (red) vs. Ag/Ag+ in 0.20 V steps. (b) Spectrum of 1 mM F4TCNQ + 10 

mM TFA-d in THF at -0.80 V vs Ag/Ag+ in ν(C=C) region (red, i), spectrum of 10 mM 

TFA-d in THF at -0.80 V vs Ag/Ag+ in ν(C=C) region (black, ii), and the difference 

spectrum between the two (blue, iii) to show that the bands formed in the reduced F4TCNQ 

spectrum with TFA-d are above the broad background signal that forms from TFA-d 

without the presence of F4TCNQ.



86 

As an aside, the spectra in the same potential range were collected for a solution of 

just 10 mM TFA-d in THF with no F4TCNQ and are given in Figure 3.23. As can be seen, 

there is a small growth in the band at 1633 cm-1 as the potential is stepped in the negative 

direction. This band most likely corresponds to the gradual incorporation of water [δ(HOH) 

at 1633 cm-1]140 into this solvent system, as can be seen from the growth of the ν(OH) bands 

above 3200 cm-1 in Figure 3.23a. Though it may seem that this explains the occurrence of 

the 1633 cm-1 band in the protonated F4TCNQ spectra, subtraction of a representative 

spectrum taken at -0.80 V vs Ag/Ag+ from the TFA-d only in THF from a representative -

0.80 V vs Ag/Ag+ spectrum of F4TCNQ + TFA-d in THF reveals that the bands at 1631 

and 1648 cm-1 are still resolvable above the incorporated H2O to this first order 

approximation. This spectral math is illustrated in Figure 3.23b. 

Regardless, it is clear from all three experimental sets discussed above that the 

majority species formed during the reduction of F4TCNQ in the presence of a strong proton 

donor is HF4TCNQ-/DF4TCNQ- with the possibility of H2F4TCNQ. Table 3.3 gives the 

calculated and experimentally observed frequencies for HF4TCNQ-/DF4TCNQ- and their 

respective assignments. A schematic representation of the ν(C≡N) modes of HF4TCNQ-

/DF4TCNQ- are given in Figure 3.24. For completion, the calculated frequencies for the 

other two predicted protonated states of F4TCNQ (HF4TCNQ• and H2F4TCNQ) in the 

ν(C≡N) region are given in Table 3.4. 
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Table 3.3. Calculated and experimental frequencies and assignments for HF4TCNQ- and DF4TCNQ 

HF4TCNQ- DF4TCNQ- 

Assignment97,98 Calc (int)a Exp (int) Assignment97,98 Calc (int)a Exp (int) 

ν(C≡N)s,prot
b 2275 (21) ND ν(C≡N)s, prot 2275 (21) ND 

ν(C≡N)as,prot 2268 (15) ND ν(C≡N)as,prot 2268 (15) ND 

ν(C≡N)s,unprot 2181 (814) 2183 (m) ν(C≡N)s,unprot 2181 (813) 2183 (m)    
ν(C-D) + τ(CD-CN) 2169 (10) 2153 (w) 

ν(C≡N)as,unprot 2138 (754) 2153 (m) ν(C≡N)as,unprot 2138 (754) 2153 (m) 

ν(ring) + τ(CH-CN) 1643 (836) 1650 (s) ν(ring) 1643 (836) 1650 (s) 

ν(ring) + τ(CH-CN) 1577 (24) ND ν(ring) 1573 (21) ND 

ν(ring) + τ(CH-CN) 1487 (478) 1505 (m)c ν(ring) 1486 (490) 1505 (m)c 

ν(exo/ring) + τ(C-CN) 1477 (642) 1486 (s)d ν(exo/ring) + 

τ(C-CN) 

1477 (642) 1486(s)d 

ν(ring) + τ(C-CN) 1413 (274) 1425 (w)d ν(ring) + τ(C-CN) 1413 (273) 1425 (w)d 

τ(CH-CN) + ν(ring) + ω(C-H) 1340 (30) ND τ(C-CN) + ν(ring) 1330 (65) ND 

δ(C-H)+ τ(CH-CN) 1302 (8) ND τ(C-CN) + ν(ring) 1294 (10) ND 

τ(CH-CN) + ν(exo/ring) + ω(C-H) 1295 (18) ND 
   

τ(CH-CN) + ω(C-H) 1260 (64) ND 
   

ν(C-CN) 1220 (168) ND ν(C-CN) 1221 (156) ND 

ν(C-C)exo + 

τ(CH-CN) + ω(C-H) 

1189 (371) 1193 (s) ν(C-C)exo + 

τ(CD-CN) + ω(C-D) 

1199 (396) 1193 (s) 

ν(C-F) + ρ(C-H) + τ(CH-CN) 1097 (0) ND δ(C-D) 1111 (33) ND 

ν(CH-ring) + τ(C-CN) 1027 (31) ND ν(C-F) + ρ(C-D) + 

τ(CD-CN) 

1103 (5) ND 

τ(CH-CN) + 

δ(ring-CH) 

997 (35) ND ν(CD-ring) + 

τ(C-CN) + ω(C-D) 

1077 (8) ND 

ν(C-F) + ρ(C-H) + τ(CH-CN) 961 (254) 970 (w) ν(C-F) + ρ(C-D) + τ(CD-CN) 977 (246) 970 (w) 
a Calculated with PCM model using acetonitrile as solvent. 
b Since molecular point group changes with protonation, vibrational modes designated as “protonated (prot)” or “unprotonated (unprot)”  
c Experimental spectral bands observed in DMSO without interference from acetonitrile. 
d Experimental spectral bands observed in THF without interference from acetonitrile. 
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Figure 3.24. Schematic representations of experimentally observed ν(C≡N) vibrational 

modes for HF4TCNQ-. 
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Table 3.4. Calculated frequencies in ν(C≡N) region for other possible protonation states of F4TCNQ redox forms. 

Assignment98 HF4TCNQ● 

Freq. (int)a 

DF4TCNQ● 

Freq. (int)a 

Assignment98 H2F4TCNQ 

Freq. (int)a 

D2F4TCNQ 

Freq. (int)a 

ν(C≡N)s, prot 2282 (8) 2282 (8) ν(C≡N)s 2282 (0) 2282 (0) 

ν(C≡N)as,prot 2278 (7) 2278 (7) ν(C≡N)as 2281 (15) 2282 (0) 

ν(C≡N)s,unprot 2189 (0) 2189 (0) ν(C≡N)s 2277 (8) 2277 (813) 

ν(C≡N)as,unprot 2148 (1) 2148 (1) ν(C≡N)as 2277 (8) 2277 (0.1) 

ν(C-D) + τ(CD-CN) 
 

2174 (10) ν(C-D)s + ν(C-D)as 
 

2171 (17) 

a Calculated frequencies with PCM using acetonitrile as solvent 
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Mechanism of Formation of HF4TCNQ- 

The postulate that HF4TCNQ    is the principal species responsible for the new bands 

observed requires a mechanistic description of F4TCNQ reduction and protonation 

chemistry. As seen in Figure 3.12, the peak potential for reduction of F4TCNQ●    occurs at 

-0.26 V vs Ag/Ag+ in the absence of TFA and shifts to -0.13 V vs Ag/Ag+ in the presence 

of 2.5 mM TFA and -0.08 V vs Ag/Ag+ in the presence of 10 mM TFA. Such a shift is 

characteristic of an EC mechanism, which in this case is known to be a proton-coupled 

electron transfer (PCET).122 As the dianion is removed from solution through rapid 

protonation to form HF4TCNQ    (Keq = 3 x 103; kf = 1 x 1010 M-1 s-1)122, the formal potential 

for the second reduction step is shifted to more positive potentials because of the decrease 

in F4TCNQ2   concentration as defined by the Nernst equation.141 Thus, formation of 

HF4TCNQ   is observed at more positive potentials than the second reduction peak of 

F4TCNQ2-.  

The PCET mechanism is favored due to the strong coordination of TFA with 

F4TCNQ•- through hydrogen bonding at the nitriles.142 Indeed, in the crystal structure of 

HF4TCNQ- with decamethylnickelocenium isolated by Wang et al., linear chains of 

strongly hydrogen bonded HF4TCNQ- molecules were reported.131 This strong hydrogen 

bonding may also explain some of the discrepancies between calculated spectral 

frequencies from DFT and the experimental spectra, since it is difficult to fully account for 

the full range of possible hydrogen bonding motifs in the DFT simulations. The impact of 

hydrogen bonding of a small number of TFA molecules on the calculated frequencies were 

explored. The calculated energy minimum conformations of HF4TCNQ- considered with 

the inclusion of 1 or 2 TFA molecules are given in Figure 3.25, and the corresponding 
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calculated frequencies are given in Table 3.5. Although some small frequency shifts were 

observed, the presence of this hydrogen bonding did not ultimately alter any of the 

conclusions or band assignments. The most significant change was in the calculated 

ν(C≡N) region, with the predicted frequencies from the ν(C≡N) modes on the unprotonated 

side blue shifting with TFA inclusion. Unfortunately, to include explicit hydrogen bonding 

would require equilibria and rates in the simulation for one or more TFA molecules 

hydrogen bonding to each of the four nitriles of all of the species, information that is not 

readily available from experiment or computation. Computational modeling is challenged 

to accurately describe this complexity of hydrogen bonding, as it is impossible to tell how 

many TFA molecules are affiliated with the nitrile units. It is known that each nitrile moeity 

on HF4TCNQ- can attract a TFA molecule to each nitrile unit, and the number of TFA 

moleces per nitrile is most likely more than one.131,142 This added complexity further 

justifies the need to experimentally investigate the species in solution as discussed in this 

chapter. 

 

Figure 3.25. DFT calculated energy minimum conformations of HF4TCNQ- with (a) 1 

TFA and (b) 2 TFA molecules  (PCM, solvent=acetonitrile).  
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Table 3.5. Calculated frequencies and intensities of HF4TCNQ- with the inclusion of TFA 

Assignment HF4TCNQ- + TFAa HF4TCNQ- + 2TFAa 

ν(C≡N)s,prot 2271 (10) 2274 (7) 

ν(C≡N)as,prot 2265 (5) 2267 (4) 

ν(C≡N)s,unprot 2212 (632) 2227 (646) 

ν(C≡N)as,unprot 2179 (477) 2185 (775) 

ν(ring) + τ(CH-CN) 1644 (658) 1645 (541) 

ν(ring) + τ(CH-CN) 1572 (14) 1581 (11) 

ν(ring) + τ(CH-CN) 1500 (258) 1496 (288) 

ν(exo/ring) + τ(C-CN) 1482 (451) 1482 (384) 

ν(ring) + τ(C-CN) 1420 (149) 1421 (127) 

τ(CH-CN) + ν(ring) + ω(C-H) 1345 (30) 1343 (12) 

δ(C-H)+ τ(CH-CN) 1309 (15) 1311 (10) 

τ(CH-CN) + ν(exo/ring) + 

ω(C-H) 
1301 (7) 1302 (7) 

τ(CH-CN) + ω(C-H) 1267 (47) 1269 (31) 

ν(C-CN) 1225 (72) 1241 (72) 

ν(C-C)exo + 

τ(CH-CN) + ω(C-H) 
1195 (179) 1200 (177) 

ν(C-F) + ρ(C-H) + τ(CH-CN) 1106 (1) 1112 (0) 

ν(CH-ring) + τ(C-CN) 1035 (74) 1036 (40) 

τ(CH-CN) + 

δ(ring-CH) 
997 (21) 1001 (19) 

ν(C-F) + ρ(C-H) + τ(CH-CN) 968 (131) 972 (126) 

a Frequencies and intensities calculated with PCM using acetonitrile as solvent 
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More moderate acid concentrations (i.e. 2.5 mM TFA/TFA-d) included with 1 mM 

F4TCNQ do not result in a complete conversion of all F4TCNQ•- to HF4TCNQ-. The 

spectroelectrochemical chronoamperogram overlaid with the potential step program is 

given in Figure 3.26, the full FTIR spectra in Figure 3.27, and the expanded ν(C≡N) and 

ν(C=C) regions are given in Figure 3.28. In Figure 3.28a, less intense HF4TCNQ   spectral 

bands at 2183 and 2153 cm-1 are observed before the characteristic bands of F4TCNQ2   

emerge at potentials negative of -0.20 V vs Ag/Ag+. Notably, the HF4TCNQ    bands never 

become dominant as they do at the higher acid concentration studied. In order to determine 

if the amount of HF4TCNQ- could be influenced by holding at certain key potentials for 

longer periods of time to allow for more reaction with the TFA, spectra were collected 

every 3 min while holding at -0.1 V vs Ag/Ag+ (Figure 3.29) and at -0.6 V vs Ag/Ag+ 

(Figure 3.30) over the course of 30 min. Figure 3.29 primarily shows the presence of 

F4TCNQ•  , and only a very minor growth in the bands affiliated with HF4TCNQ   over time. 

In contrast, Figure 3.30 shows an initial dominance of bands affiliated with HF4TCNQ   that 

are gradually lost over time in favor of bands due to F4TCNQ2-. Interestingly, the band at 

1633 cm-1 in this case is not lost, further pointing to overlap in this region with water that 

gets included in the solution over the course of the 30 min experiment.
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Figure 3.26. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

with + 2.5 mM TFA in acetonitrile spectroelectrochemical experiment at a 16 mm2 

platinum working electrode. 

 

Figure 3.27. FTIR spectra of 1 mM F4TCNQ + 2.5 mM TFA-d in acetonitrile from 900 to 

2500 cm-1 taken at 0.10 V intervals from 0.40 V (green) to -0.50 V (red) vs Ag/Ag+. The 

calculated spectra of the protonated states of the reduced species are shown underneath the 

spectra and are represented by delta functions. DF4TCNQ• is shown in magenta, 

DF4TCNQ- in purple, and D2F4TCNQ in green. 
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Figure 3.28. Spectral series of 1 mM F4TCNQ with 2.5 mM TFA-d in acetonitrile at 0.10 

V intervals between 0.40 and -0.50 V vs Ag/Ag+ constrained to focus on (a) ν(C≡N) and 

(b) ν(C=C) regions. The calculated spectra of the protonated states of the reduced species 

are shown underneath the spectra and are represented by delta functions. DF4TCNQ• is 

shown in magenta, DF4TCNQ- in purple, and D2F4TCNQ in green. Bands in the spectra 

due to F4TCNQ are marked with a black line, F4TCNQ•- with a red line, and F4TCNQ-2 

with a blue line. Asterisks denote solvent peaks. 
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Figure 3.29. (a) Full (b) expanded ν(C=C) and (c) expanded ν(C≡N) FTIR spectra of 1 

mM F4TCNQ with 2.5 mM TFA in acetonitrile held at -0.1 V vs Ag/Ag+ for 30 minutes, 

with each spectrum taken in three-minute intervals.   
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Figure 3.30. (a) Full (b) expanded ν(C=C) and (c) expanded ν(C≡N) FTIR spectra of 1 

mM F4TCNQ with 2.5 mM TFA in acetonitrile held at -0.6 V vs Ag/Ag+ for 30 minutes, 

with each spectrum taken in three-minute intervals.
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It is hypothesized that only partial formation of HF4TCNQ    with the eventual 

conversion to F4TCNQ2- may be due to homoconjugation of TFA with its conjugate base, 

TFA-.33 Homoconjugation, shown below:  

would further reduce the activity of TFA in solution, explaining the limiting reagent effect 

observed in the experimental results, even though the concentration of TFA is still higher 

than that of F4TCNQ in solution. The pK reported for the homoconjugation of TFA in 

acetonitrile is 3.9,142 which corresponds to an equilibrium constant of 8000. Such a large 

equilibrium constant means that for each protonation of F4TCNQ2- that occurs from TFA, 

the trifluoroacetate anion that is produced binds another molecule of TFA. This reduces 

the activity of TFA and the equilibria for F4TCNQ2- protonation, especially for low TFA 

concentrations. Therefore, when the potential of the 1 mM F4TCNQ + 2.5 mM TFA 

solution is held at -0.6 V, which is more negative than the reduction potential to form 

F4TCNQ2- in solution with no proton donors, F4TCNQ2- is able to form as there are no 

more proton sources driving the formation of HF4TCNQ  . 

Formation of HF4TNCQ- with Water 

The spectral intensities of the most dominant bands in the ν(C≡N) region for F4TCNQ● 

  , HF4TCNQ   and F4TCNQ2   as a function of potential are summarized in Figure 3.31. One 

interesting feature of these plots is that in the absence of any added acid, a small amount 

of HF4TCNQ    formation is observed at potentials positive of F4TCNQ2-  formation. This 

observation suggests that HF4TCNQ   might form even with a much weaker acid, such as 

residual water, in the acetonitrile. If true, this chemistry would have particular significance 
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for F4TCNQ as a dopant in organic electronic materials in which atmospheric water 

permeation into the active layer of a device is a possibility.60 The cyclic voltammetry for 

F4TCNQ in acetonitrile in the presence of water is shown in Figure 3.32. Interestingly, 

essentially no changes in peak potential for either F4TCNQ reduction process are observed 

in the presence of water.  

In order to ascertain whether protonation of F4TCNQ2    by water, a much weaker 

acid in acetonitrile than TFA (pKa of TFA in acetonitrile is 12.7,123 pKa of H2O in 

acetonitrile is 38-41143 and in DMSO is 32144), leads to formation HF4TCNQ    in 

nonaqueous media, a spectroelectrochemical experiment in acetonitrile with 43 mM H2O 

added to a 1 mM F4TCNQ/0.1 M TBAPF6 solution was conducted. The resultant 

chronoamperogram overlaid with the voltage step sequence for this experiment is given in 

Figure 3.33, the full FTIR spectra (900 to 2500 cm-1) are given in Figure 3.34 and the 

expanded ν(C≡N) and ν(C=C) regions of the FTIR spectra are given in Figure 3.35. As can 

be seen in Figure 3.35a, there is a small presence of the bands assigned to HF4TCNQ   in 

the ν(C≡N), but the characteristic bands for HF4TCNQ   at 1633 and 1650 cm-1 in the 

ν(C=C) region (Figure 3.35b) are masked by a strong band at 1633 cm-1 due to the (HOH) 

of water.
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Figure 3.31. Comparison of peak absorbances as a function of potential for (a) ν(C≡N)b1u 

of F4TCNQ•- at 2194 cm-1 (b) ν(C≡N)s,unprot of HF4TCNQ- at 2183 cm-1 and (c) ν(C≡N)b1u 

of F4TCNQ-2 at 2163 cm-1. The black square points correspond to the peak absorbances for 

1 mM F4TCNQ in acetonitrile, the red circle points to 1 mM F4TCNQ + 2.5 mM TFA in 

acetonitrile, and the blue triangle points to 1 mM F4TCNQ + 10 mM TFA in acetonitrile.  
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Figure 3.32. Bulk solution CV of pure F4TCNQ (black) + 55 mM H2O (red) + 222 mM 

H2O (blue) measured under static conditions at a 32 mm2 Pt working electrode (Pt wire 

counter, Ag wire pseudo-reference) at a rate of 0.10 V/s from -0.80 to 1.0 V vs Ag/Ag+. 

 

Figure 3.33. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

+ 43 mM H2O in acetonitrile spectroelectrochemical experiment at a 16 mm2 platinum 

working electrode. 
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Figure 3.34. Full IR spectral series of 1 mM F4TCNQ + 43 mM H2O in acetonitrile at 0.10 

V steps from 0.40 to -0.50 V vs. Ag/Ag+. The calculated spectra of the protonated states of 

the reduced species are shown underneath the spectra and are represented by delta 

functions. HF4TCNQ• is shown in magenta, HF4TCNQ- in purple, and H2F4TCNQ in green.  
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Figure 3.35. IR spectral series of 1 mM F4TCNQ + 43 mM H2O in acetonitrile in (a) 

expanded ν(C≡N) and (b) expanded ν(C=C) regions at 0.10 V steps from 0.40 to -0.50 V 

vs. Ag/Ag+. The calculated spectra of the protonated states of the reduced species are 

shown underneath the spectra and are represented by delta functions. HF4TCNQ• is shown 

in magenta, HF4TCNQ- in purple, and H2F4TCNQ in green. 
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To observe bands in the ν(C=C) region without interference from the water (HOH) 

band, the experiment was also conducted with an addition of 56 mM of D2O to a 1 mM 

F4TCNQ/0.1 M TBAPF6 solution in acetonitrile. The resultant chronoamperogram 

overlaid with the voltage step sequence for this experiment is given in Figure 3.36, the full 

FTIR spectra (900 to 2500 cm-1) in Figure 3.37 and the expanded ν(C≡N) and ν(C=C) 

regions are given in Figure 3.38. The spectra in both frequency regions are comparable to 

those observed for addition of 2.5 mM TFA in which weak characteristic bands for 

HF4TCNQ   begin to emerge between 0 and -0.10 V vs Ag/Ag+ and coexist with bands 

characteristic of F4TCNQ2   at potentials negative of -0.20 V. These experiments also follow 

with the known pKa values of H2F4TCNQ in DMF which have been reported to be 4.01 

and 7.2 for the first and second protons, respectively.129,130 The results of this experiment 

show that even relatively weak acids such as water can result in the formation of HF4TCNQ 

 . This is due to the strong hydrogen bonding that can occur between the nitrile groups of 

the reduced F4TCNQ species with water;142 the close proximity of water to the F4TCNQ 

through this coordination enables partial conversion to the protonated forms even when the 

high pKa of water in acetonitrile suggests that the reaction would not readily occur.143
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Figure 3.36. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

+ 56 mM D2O in acetonitrile spectroelectrochemical experiment at a 16 mm2 platinum 

working electrode. 

 

Figure 3.37. Full IR spectral series of 1 mM F4TCNQ + 56 mM D2O in acetonitrile in steps 

from 0.40 (green), 0.2, 0.1, 0, -0.1, -0.2, -0.4, to -0.6 (red) V vs. Ag/Ag+. The calculated 

spectra of the protonated states of the reduced species are shown underneath the spectra 

and are represented by delta functions. DF4TCNQ• is shown in magenta, DF4TCNQ- in 

purple, and D2F4TCNQ in green.  
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Figure 3.38. Spectral series of 1 mM F4TCNQ with 56 mM D2O in acetonitrile at intervals 

between 0.40 (green) and -0.60 (red) V vs Ag/Ag+ constrained to focus on (a) ν(C≡N) and 

(b) ν(C=C) regions. The calculated spectra of the deuterated states of the reduced species 

are shown underneath the spectra and are represented by delta functions. DF4TCNQ• is 

shown in magenta, DF4TCNQ- in purple, and D2F4TCNQ in green. Bands in the spectra 

due to F4TCNQ are marked with a black line, F4TCNQ•- with a red line, and F4TCNQ-2 

with a blue line. Asterisks denote solvent or residual H2O peaks. 
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As further corroboration, an additional experiment was done with a 1 mM solution of 

F4TCNQ in DMSO containing 0.1 M NaClO4 to see if F4TCNQ would react with the 

residual water present in a wet solvent. The cyclic voltammogram of this solution 

compared to the blank electrolyte in DMSO is given in Figure 3.39. There is heightened 

noise in this experiment due to increased resistivity, but the overpotential that was observed 

in the analogous THF experiment is not present in DMSO. The resultant 

chronoamperogram overlaid with the voltage step sequence for this experiment is given in 

Figure 3.40, the spectral results for the full FTIR region and the expanded ν(C=C)/ν(C-C) 

region are shown in Figure 3.41. The results of this spectroelectrochemical experiment 

confirm the formation of HF4TCNQ   under these conditions. Furthermore, because no 

spectral interference from TBAPF6 in the ν(C=C) region is experienced with the use of 

NaClO4 as the supporting electrolyte, an additional band associated with H2F4TCNQ at 

1505 cm-1 is observed that is very close in frequency to the calculated value at 1495 cm-1. 

This finding corroborates the coexistence of HF4TCNQ   and H2F4TCNQ as predicted by 

electrochemical simulations (vide supra).122 In fact, H2F4TCNQ should be the dominant 

species present in high acid concentrations based on calculated equilibrium constants,122 

but because it is essentially spectrally silent in most of the key regions of interest, it was 

only observed upon migration to this alternative solvent/electrolyte system. Collectively, 

these results clearly document protonation to form HF4TCNQ    by weak acids such as 

water.
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Figure 3.39. Bulk solution CVs of 0.1 M NaClO4 in DMSO (black) and 0.1 M NaClO4 + 

1 mM F4TCNQ in DMSO (red) measured under static conditions at a 32 mm2 Pt working 

electrode (Pt wire counter, Ag wire pseudo-reference) at a rate of 0.10 V/s from -0.80 to 

1.0 V vs Ag/Ag+. 

 

Figure 3.40. Chronoamperogram and voltage step profile versus time of 1 mM F4TCNQ 

in “wet” DMSO spectroelectrochemical experiment at a 16 mm2 platinum working 

electrode. 
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Figure 3.41. IR spectra of (a) 900-2330 cm-1 and (b) ν(C=C) region of 1 mM F4TCNQ in 

DMSO   in 0.20 V increments from 1.0 V to -0.80 V vs. Ag/Ag+ with the calculated peak 

frequencies for the protonated species plotted underneath as delta functions. Magenta 

corresponds to HF4TCNQ•, purple to HF4TCNQ-, and green to H2F4TCNQ. The band at 

1505 cm-1 could be attributed to either the HF4TCNQ- or the gradual formation of 

H2F4TCNQ. Bands due to DMSO/H2O are marked with an asterisk. The dashed line in (a) 

is a representative background spectrum of pure DMSO/NaClO4 with no potential applied.
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Conclusions 

The FTIR spectroelectrochemical results for the reduction of F4TCNQ in aprotic 

media and protonation of its reduced states as discussed in this chapter further confirm the 

UV-vis spectroelectrochemical results reported by Le et al.122 Most significantly, both the 

experimental and computational spectral results determined here, especially in the ν(C≡N) 

region, that is exquisitely sensitive to small differences in F4TCNQ form, document 

discrete spectral frequencies for each form, thereby allowing relevant equilibrium 

chemistry to be monitored in different environments. Although F4TCNQ●    is a relatively 

weak base, consistent with the previous electrochemical simulation results, it has been 

demonstrated that proton donors over a wide range of acid strengths (e.g. TFA to H2O) are 

capable of readily protonating F4TCNQ2   to HF4TCNQ   due to its considerably stronger 

basicity as well as the spatial proximity of the proton donating species through coordination 

at the nitrile units on F4TCNQ2  . These results have significant implications for the use of 

F4TCNQ as a p-type dopant in organic semiconducting materials. The host polymer for the 

dopant may have intrinsic acidity depending on charge state or the active layer may absorb 

weak acids from the ambient, such as water vapor, leading to a change in chemical state of 

the active form of F4TCNQ.  

This chapter is based on the submitted paper: Watts, K. E.; Clary, K. E.; Lichtenberger, 

D. L.; Pemberton, J. E. “FTIR Spectroelectrochemistry of F4TCNQ Reduction Products 

and Their Protonated Forms”, Analytical Chemistry, 2020, 92(10), 7154-7161. 
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CHAPTER 4: STABILITY OF COEXISTENT CHARGE 

TRANSFER STATES IN F4TCNQ-DOPED P3HT 

Mechanistic understanding of doped (n- or p-type) OSCs is critical to optimizing 

control of charge transport and overall optoelectronic device efficiencies in organic field 

effect transistors,105 photovoltaics,26,66 thermoelectrics12,110–112 and light emitting diodes.145 

As was discussed in the introduction to this dissertation, two distinct doping mechanisms 

have been observed in doped OSC films depending on processing conditions: 1) integer 

charge transfer (ICT) that occurs when an electron is transferred from the donor molecule 

to the acceptor molecule to form an ion pair or 2) partial charge transfer to form a complex 

(CPX) through hybridization of the frontier orbitals of the two molecules, resulting in low-

energy charge sharing and effectively a charge trap site.44,46 Early doping studies suggested 

that doped OSCs form either a CPX or an ICT and that prediction of which state would 

form preferentially was difficult without experiment.44,45,51   

Major insights into p-type doping have been garnered from studies of the model  

system consisting of a polymeric matrix of rr-P3HT doped with 

F4TCNQ.12,38,52,55,56,111,146,147 For F4TCNQ doped rr-P3HT, ICT states have been described 

most frequently in the literature, by both computation and experiment.52,54,55,74 However, 

DFT simulations predict strong orbital coupling between small-chain thiophenes, serving 

as models for P3HT, and F4TCNQ to produce CPX states,54,55 although these are not 

generally reported in experiments using rr-P3HT. Most recently, Jacobs et al. demonstrated 

a connection between a rr-P3HT crystalline polymorph and ICT or CPX state formation 

when doped with F4TCNQ,56 confirming that doping is more complex than simple ICT or 

CPX state formation for a given system as has been previously assumed. However, 
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significantly less effort has been directed towards understanding the relative stability of 

these two CT states and the subsequent implications of their preferential formation within 

a doped film. 

The work in this chapter will show, in contrast to the literature, that there is a 

simultaneous existence of CPX and ICT states in F4TCNQ-doped rr-P3HT films, with the 

relative amounts of each state dependent on the dopant concentration. Furthermore, it will 

also be shown that while the ICT state is the more kinetically favored state, it is in fact the 

CPX state that is the more thermodynamically favored. This will be shown through FTIR 

spectroscopy and XPS analysis of F4TCNQ-doped rr-P3HT films as a function of 1) dopant 

concentration 2) polymer molecular weight and 3) storage conditions. Then, a comparison 

will be done in investigation of a possible correlation between the CT states and 

microstructure, i.e. whether CT states are preferentially formed in amorphous versus 

crystalline domains, by conducting analogous experiments with F4TCNQ-doped rra-P3HT. 

This comparison is a good first order approximation, as rr-P3HT has domains of both order 

and disorder (i.e. semicrystalline)148,149 whereas rra-P3HT is essentially completely 

amorphous.36 Correlation of the spectral results with the available density of states (DoS) 

in each microstructure (ordered versus amorphous) allows rationalization of the doping 

behavior, and ultimately leads to the development of a multi-phasic model of solution 

phase doping. The relative stability of the charge transfer states in F4TCNQ-doped rra-

P3HT is then demonstrated as dependent on dopant concentration, with the F4TCNQ 

serving as an order-inducing agent to form the ICT state from the CPX until an equilibrium 

point between the two states is reached. 
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Experimental Methods 

Substrate Preparation 

 All Si substrates were cut into 0.5” x 0.5” squares using a diamond precision cutter. 

The silicon substrates were cleaned by successive 5 min washes in hexanes, acetone, and 

isopropanol. The substrates were then dried with N2 and introduced into an Ar glovebox.  

Pre-plated gold substrates were cleaned by a 30 s dip in simmering piranha solution 

(3:1 H2SO4:H2O2 at ca. 190 °C) followed by copious rinsing with Milli-Q H2O and drying 

with N2 before being introduced into an argon glovebox.  

Template stripped gold was prepared following a method described in Dr. Piotr 

Macech’s dissertation.150 First, gold flakes were placed onto an Al2O3-coated Ta boat 

(ME9-A0-M9-M5;R.D. Mathis Company) evaporation cell to outgas overnight under high 

vacuum (< 1 x 10-8 torr) and mild heating (~40 A applied). The following day, the current 

was raised until 130 A at which point a deposition rate of 1.3 Å/s of Au was observed via 

QCM (Maxtek). V-1 grade mica was attached to a glass slide via carbon tape, inserted into 

the deposition chamber, and inverted to deposit the Au to a thickness of 215 nm on the 

mica. The gold on mica was removed from the deposition chamber and peeled from the 

glass slide. New glass slides were pre-cut into 1 x 1 cm segments. The adhesive was 

prepared by mixing the EpoTek epoxy with the activator in a 10:1 ratio by weight and 

applied to one side of the cut glass slides. The glass slides were then attached to the gold 

and placed onto a 150 °C hotplate in ambient (glass slide down) for approx. 1 h to allow 

the epoxy to cure. No flattening of the surfaces was performed. Once removed from the 

hotplate, the remaining mica was removed to expose the deposited gold layer now attached 
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to the glass. The substrates were separated along the boundaries of the pre-cut slides, 

resulting in 8 1 x 1 cm substrates of gold-on-glass template stripped gold.   

Solution Preparation  

F4TCNQ and P3HT were weighed out to the appropriate masses under ambient 

conditions and introduced into an argon glovebox ([O2] < 15 ppm). 2 mg/mL stock 

solutions of F4TCNQ and each type of P3HT to be studied were prepared in the glovebox 

by dissolution of the analyte in chlorobenzene on a hot plate at 80 °C for 20 minutes.  

All spincoating in this work was performed in an argon atmosphere glovebox, 

unless otherwise noted, using a Laurell WS-400B-6NPP/LITE/AS/8K spincoater. It was 

found that preparation of the stock solutions, as well as casting, in controlled environments 

resulted in more reproducible films and less H2O/O2 inclusion, as compared to ambient 

preparative methods. Each dopant concentration in P3HT was prepared immediately before 

casting while keeping the mixed solution vial on the 80 °C hot plate to keep the materials 

in solution. The appropriate volumes of P3HT and F4TCNQ in the mixed solution were 

calculated so as to obtain a final volume of 300 μL of the desired mole fraction of dopant 

relative to P3HT. 2 x 100 μL of the 300 μL doped solution of F4TCNQ and P3HT were 

deposited via micropipette onto a substrate under vacuum on the spincoater. Once the 

doped solution was deposited onto the substrate, the spin program was initiated. The spin 

program for casting was a two-step program: 1) 1000 rpm for 1 minute with 500 rpm 

acceleration 2) 3000 rpm for 5 s with 500 rpm acceleration. After casting, the substrates 

were removed from the spin coater and annealed for 30 s on an 80 °C hotplate (time 

dependent experiments). These casting conditions result in a doped film thickness of 

approximately 10-15 nm as determined by AFM. 



115 

Infrared Spectroscopy 

Spincast films were removed from the glovebox immediately prior to analysis by 

FTIR. FTIR spectra for films cast on silicon substrates were primarily collected in 

transmission mode for 1600 accumulations at 4 cm-1 resolution with liquid N2 cooled MCT 

detection using a Nicolet Nexus 670 FTIR spectrometer with a dry air purge through the 

collection chamber. A blank silicon wafer that had undergone the same cleaning procedure 

was used as a background. The silicon substrates were tilted slightly in the IR analysis 

chamber to mitigate interference fringes in the resulting spectra. Infrared reflectance-

absorbance (IRRA) spectra were collected for films cast on gold as well as for some films 

cast on silicon that were specifically prepared for subsequent analysis by SINS. For IRRA 

spectral acquisition, the IR light from the same Nicolet Nexus 670 FTIR spectrometer was 

delivered to an adjacent table optical module (TOM) box with dry air purge whose 

configuration has been previously described.151 The light was incident on the sample at an 

80° angle and was collected by an external, liquid N2 cooled MCT detector 

(ThermoElectron Scientific Instrument Corp) for 2000 accumulations at 4 cm-1 resolution. 

The resulting IR spectra were baseline corrected and fit using OMNIC software 

(Thermo Scientific). Baseline correction was performed by first applying the OMNIC 

software automatic baseline correction algorithm followed by subsequent manual linear 

baseline correction. A representative spectrum from a film of 0.096 χF4TCNQ in 58 kDa rr-

P3HT at each baselining step is shown in Figure 4.1. For fitting F4TCNQ-doped rr-P3HT 

spincast films, peak frequencies were constrained to ± 2 cm-1 with a peak width of 8 cm-1 

(±15%) using a 50:50 Gaussian:Lorentzian shape. The fit was determined to be adequate 

for χ2> 0.997. The spectra of F4TCNQ-doped rra-P3HT films were fit with two different 
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models. ICT regions were fit with the same parameters as described for doped rr-P3HT 

films above, but with slightly larger peak widths (~10 cm-1) to account for the higher degree 

of disorder within the polymer system. CPX regions were fit with 40:60 

Gaussian:Lorentzian peaks with broader bands (variance ~10%  or about 14 cm-1). Fit was 

determined adequate for χ2>0.997. In some spectra, clear asymmetry in the spectral 

envelopes required addition of a minimum number of additional peaks shown in light blue 

lines in the fit spectra. 

 

Figure 4.1. Steps of baseline correction for transmission FTIR spectra of a film of 0.096 

χF4TCNQ in 58 kDa rr-P3HT on silicon: raw data (a, black), the Omnic automatic baseline 

correction applied (b, red), and subsequent application of a linear manual baseline 

correction (c, blue).
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X-Ray Photoelectron Spectroscopy (XPS) 

XPS was performed with a Kratos Axis Ultra X-ray photoelectron spectrometer 

(Kratos Analytical) with a monochromatic Al Kα source (1486.6 eV) at a base pressure of 

10-9 Torr. Photoelectrons were collected in a hemispherical analyzer and detected with a 

photodiode array. A 20 eV pass energy was used for all element-specific spectral 

acquisitions and 120 eV for all survey spectral acquisitions. F4TCNQ doped P3HT films 

were prepared on double side polished (DSP) Si to prevent charging of the film as it has a 

minimal insulating layer.  The films were introduced to the XPS vacuum chamber either 

directly from the argon glovebox or through the fast entry chamber from ambient, 

depending on the experiment. 

Resulting XP spectra were baseline corrected and fit using a 40% Gaussian, 60% 

Lorentzian peak shape with Vision Processing software (Kratos Analytical). For most core 

level spectra, the baseline was corrected using a linear subtraction method; however, for S 

2p spectra, a Shirley baseline correction was employed.152 Fitting of the N 1s core level 

spectra was conducted by inclusion of peaks and constraints on FWHM previously reported 

in the literature.153–155 

Time Dependent Study: Experimental Protocol 

  For aging experiments, films were stored in either opaque (dark) or clear (light) 

containers in a glovebox (Ar atmosphere, [O2] <15 ppm) or on the laboratory benchtop 

(ambient) depending on the desired exposure conditions. Separate films were used for 

FTIR and XPS aging experiments, and individual films were continuously monitored with 

time in each storage experiment. Error bars for these spectral studies were calculated as the 

standard deviations of the responses for at least three independently prepared films handled 
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and sampled identically. In between spectral sampling, films stored in a dark inert 

environment were immediately returned to the glovebox while those stored in ambient 

were returned to their dark or light ambient conditions. We have shown that for the ~30 

min needed to acquire an FTIR spectrum, no significant changes in film chemistry are 

observed. A supplemental control experiment was done by continuously monitoring a 

sample left in the FTIR analysis chamber in the path of the IR beam over an 8 h period 

with no spectral changes observed (Figure 4.2a).  

XPS experiments were performed on individual films similar to FTIR time point 

sampling.  To assess the impact of x-ray exposure on film integrity, FTIR spectra were 

acquired at each time point on both the sample used for XPS and a second film prepared, 

handled and sampled in an identical manner except for no exposure to x-rays (Figure 4.2b). 

The largest difference was a loss in spectral absorbance in the x-ray exposed films, but the 

spectral profiles remained similar. This suggests a minimal impact of x-ray exposure on 

the films. 

 

Figure 4.2. (a) FTIR spectral comparison of a freshly cast film of χF4TCNQ 0.11 in 34 kDa 

rr-P3HT (black), left in the IR beampath for 3 hours (red), and for 8 hours (blue). (b) 

Comparison between spectra taken of two films of χF4TCNQ 0.17 in 34 kDa rr-P3HT after 

six weeks of storage that were handled identically except for x-ray exposures at each 

monitored time point.  
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Results and Discussion 

Charge Transfer States in F4TCNQ-doped rr-P3HT 

FTIR spectroscopy specifically focused on the (CN) region has been particularly 

useful in monitoring the charge transfer state within F4TCNQ-doped P3HT thin films.56,97 

This usefulness is due to in part to the (CN) stretching modes appearing in a less 

spectrally convoluted region of the IR with minimal interferences from P3HT (see Figure 

4.3, assignments for F4TCNQ given in Table 3.1 and for P3HT in Table 4.1). Additionally, 

the (CN) stretching modes are known to be exquisitely sensitive to the electron density 

affiliated with the molecule, as discussed in the previous chapter. It has been 

experimentally derived that a shift to lower frequency of the F4TCNQ (CN) b1u mode is 

directly correlated with the fractional charge transferred to F4TCNQ from P3HT (δ) 

according to the following relationship: 

𝛿 =  
2 ∆𝜈

𝜈0
 [1 − 

𝜈1
2

𝜈0
2]

−1

     Equation 4.1 

where ν0 and ν1 are the frequencies of the b1u v(C≡N) modes of the neutral and anionic 

forms of F4TCNQ at 2227 and 2194 cm-1, respectively, and Δν is the observed shift of the 

b1u from that of neutral F4TCNQ.52,114 Multiple researchers have demonstrated the 

applicability of this relationship for understanding the fractional charge transfer to 

F4TCNQ in doped thin films. For full integer charge transfer, Δν is 33 cm-1.52,55,156 

However, computational results predict that fractional charge transfer (CPX), with a 

consequently smaller Δν, will occur for shorter thiophene oligomers such as 

quarterthiophene (4T, Δν =11) and sexithiophene (6T, Δν = 15).54 Smaller Δν values have 

also been observed for small molecule dopants with decreased fluorination, and therefore, 
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higher LUMO levels, in doped 4T films.52 For example, Δν values of 11 cm-1 were 

observed for TCNQ-doped 4T films and of 12 cm-1 for F2TCNQ-doped 4T films, both of 

which correspond to CPX formation instead of full ICT.52 Additionally, the first FTIR 

spectroscopic evidence for a CPX state in F4TCNQ-doped P3HT thin films, with a b1u 

ν(C≡N) band at 2207 cm-1 (δ ~ 0.6), has been reported, achieved through refined thin film 

processing conditions.56 Significantly, each of the above reports conclude the presence of 

only one state in the film, either pure ICT or pure CPX; none identify the simultaneous 

presence of both states in any film. 

   

Figure 4.3. Full range FTIR spectra for pure F4TCNQ (black) and pure P3HT (red). 
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Table 4.1: Assignments for FTIR vibrational modes for P3HT 

Observed Frequency (cm-1) Assignments157 

3060 ν(CH) 

2958 ν(CH3)oop 

2925 ν(CH2)oop 

2856 ν(CH2)ip 

1512 ν(ring)as 

1458 ν(ring)s 

1379 δ(CH3) 

823 δ(CH) 

723 ρ(CH3) 

 

Figure 4.4 shows the full FTIR spectra for 10-15 nm thick films of rr-P3HT doped 

with increasing amounts of F4TCNQ and Figure 4.5 highlights the ν(C≡N) region of each 

film that has been subjected to spectral peak fitting. Fitted peak frequencies and 

assignments are given in Table 4.2. These spectra indicate formation of primarily the ICT 

state, in agreement with the reports discussed above.52,54 However, a small high-frequency 

shoulder on the main (CN)b1u band appears at 2201 cm-1, which corresponds to a CPX 

state with δ = 0.8e.  The light blue lines indicating the spectral peak fits on the asymmetric 

tail end of the higher χF4TCNQ spectra are not yet assigned but are well separated from the 

(CN)b1u modes of interest, and therefore, do not influence further quantitation. 

Furthermore, Figure 4.6, which depicts the trend in the peak absorbance of the (CN)b1u 

band for the CPX state at 2201 cm-1 relative to the (CN)b1u band for the ICT state as a 

function of dopant concentration, clearly shows that CPX state formation is slightly 

preferred at lower and higher concentrations of dopant. It was hypothesized that this 

nonmonotonic dependence could be due in part to the relative stability of each CT state, to 

explain the low dopant concentrations, and in part due to the localization of CT state 
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formation within the varied microstructural environments, to explain the high dopant 

concentrations. 

 

Figure 4.4. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 

0.063, 0.076, 0.096, 0.11, 0.13, and 0.17 in 58 kDa rr-P3HT.  
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Figure 4.5. FTIR spectra subjected to spectral peak fitting for (from bottom to top) pure 

rr-P3HT, pure F4TCNQ, and χF4TCNQ 0.012, 0.031, 0.050, 0.063, 0.076, 0.096, 0.11, 0.13, 

and 0.17 in rr-P3HT. Purple lines correspond to (CN) band from neutral F4TCNQ. Green 

lines correspond to CPX (CN) bands, and red lines are for ICT (CN) bands. 
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Table 4.2. Infrared Fitted Peak Frequencies and Assignments in the (CN) Region (2275-

2100 cm-1) for Pristine F4TCNQ and doped rr-P3HT films 

F4TCNQ F4TCNQ:rr-P3HT  

Peak frequency 

(cm-1) 

FWHM 

(cm-1) 

Peak frequency 

(cm-1) 

FWHM 

(cm-1) 
Assignment56,97,98,114 

2227 4.3   b1u, neutral 

2214 4.1   b2u, neutral 
  2212 9.3  

  2201 8.5 b1u, CPX (0.8 e) 
  2194 5.3 b1u, ICT 
  2186 12 ag, ICT 
  2169 7.5 b2u, ICT 
  2169 7.5 b3g, ICT 
  2161 14  

  2145 12  

 

Figure 4.6. Trend in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to ν(C≡N)b1 ICT 

absorbance at 2194 cm-1 with respect to dopant concentration in F4TCNQ-doped 58 kDa 

rr-P3HT.
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Stability of CT States in F4TCNQ-doped rr-P3HT 

In order to test the first hypothesis regarding the relative stability of the coexistent 

CT states, the same dopant concentration films were aged in dark and inert conditions for 

6 weeks and were monitored via FTIR and XPS as a function of time. Figure 4.7 shows the 

full range FTIR spectra for each of the films studied after aging for six weeks in dark and 

inert conditions with Figure 4.8 highlighting the spectral fitting in the ν(C≡N) region for 

each dopant concentration. The average trends for the three films regarding the alteration 

of the CPX band at 2201 cm-1 relative to the ICT band at 2194 cm-1 as a function of time 

are plotted in Figure 4.9, and the comparison between before and after dark and inert 

storage as a function of dopant concentration are given in Figure 4.10. As can be seen from 

these two trend plots, and a comparison between Figures 4.8 and 4.5, the trends in the data 

show that there is a clear inverse relationship between growth of the CPX state and dopant 

concentration. After 6 weeks, most of the F4TCNQ-doped rr-P3HT films studied showed 

a significant increase of the CPX state with time (red line, Figure 4.8), with the exception 

of the highest dopant concentrations. Therefore, the data can be divided and grouped by 

dopant concentration, with the low dopant concentration regime being all films with 

χF4TCNQ ≤ 0.096 and the high dopant concentration regime correspond to films with χF4TCNQ 

> 0.096.  

Because of this, and for clarity of discussion, the normalized, fitted ν(C≡N) region 

for each time point of χF4TCNQ 0.05, representative of the low dopant regime, is plotted in 

Figure 4.11a and the correlated data for χF4TCNQ 0.11, representative of the high doping 

region, is given in Figure 4.11b. For the remaining dopant concentrations studied, the 

normalized before and after six weeks of dark and inert storage are given in Figure 4.12. 
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Focusing first on the χF4TCNQ 0.05 film (Figure 4.11a), the band at 2201-2203 cm-1 due to 

the CPX state (δ = 0.8-0.7e-) increases about 50% in intensity over the course of 6 weeks, 

starting as little more than a shoulder to becoming a well-defined peak at 2203 cm-1. The 

ν(C≡N) band at 2169 cm-1 also broadens over time, and, when subjected to peak fitting, the 

corresponding ν(C≡N) b2u mode of the CPX state at 2177 cm-1 can be identified clearly. 

The χF4TCNQ 0.11 film in comparison (Figure 4.11b) shows that, while not as pronounced, 

a small growth in the CPX state can also be clearly detected.  

 

Figure 4.7. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 

0.063, 0.076, 0.096, 0.11, 0.13, and 0.17 in 58 kDa rr-P3HT after aging in dark and inert 

conditions for 6 weeks.  
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Figure 4.8. FTIR spectra subjected to spectral peak fitting of six week dark and inert stored 

films with (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 0.063, 0.076, 0.096, 0.11, 

0.13, and 0.17 in rr-P3HT. Purple lines correspond to (CN) band from neutral F4TCNQ. 

Green lines correspond to CPX (CN) bands, and red lines are for ICT (CN) bands.  
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Figure 4.9. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to 

ν(C≡N)b1u ICT absorbance at 2194 cm-1 for films doped in 58 kDa rr-P3HT as a function 

of storage time in dark and inert environment. 

 

Figure 4.10. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to 

ν(C≡N)b1 ICT absorbance at 2194 cm-1 with respect to dopant concentration in freshly cast 

F4TCNQ-doped 58 kDa rr-P3HT films (black) and in films stored under dark and inert 

conditions for 6 weeks (red). 
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Figure 4.11. Fitted ν(C≡N) region at each time point under dark and inert storage for films 

of a) 0.05 and b) 0.11 χF4TCNQ in 58 kDa rr-P3HT.
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Figure 4.12. Fitted ν(C≡N) region for initial cast film, +1 week, + 2 weeks, +4 weeks, and + 6 weeks of dark and inert storage for 

χF4TCNQ a) 0.012 b) 0.31 c) 0.063 d) 0.076 e) 0.096 f) 0.13 and g) 0.17 in 58 kDa rr-P3HT. 
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XPS results corroborate the trends observed in the time-dependent IR spectra. The 

survey spectra for each time point for χF4TCNQ 0.05, 0.096, 0.13, and 0.17 in rr-P3HT films 

are given in Figure 4.13. The S 2p core level spectra showed no significant change over 

the course of the experiment. However, the N 1s core level spectra did show alterations in 

the spectral envelope over time.  The N 1s spectra were subjected to spectral decomposition 

based on assignments in the literature and the results for the four dopant concentration 

films studied are given in Figure 4.14.153–155,158 The red band (398.2 eV) corresponds to 

F4TCNQ in its most reduced state, in this case the radical anion form associated with the 

ICT state. This has been assigned based on work done by Coletti154 and Koch.158 Coletti et 

al. observed a peak at 398.3 eV in the N 1s core level spectrum after deposition of F4TCNQ 

on epitaxial graphene sheets.154 In similar work done by Koch et al., they assigned a peak 

at 397.8 eV to the anionic F4TCNQ peak on gold.158 The blue band (401.5 eV) likely has 

contributions from shake-up processes as frequently described in the literature.158 This 

band has been reported in high resolution N 1s core level spectra of TCNQ,153,155 with the 

shake-up peak in that case being due to the neutral TCNQ, and has also been accounted for 

in fits of N 1s spectra of F4TCNQ on surfaces.154,158  

The green band (400.0 eV) is more difficult to assign, as most literature reports 

attribute it to neutral F4TCNQ. However, as can be seen from the IR spectra in Figure 4.7 

and 4.8, there is clearly no indication of substantial neutral F4TCNQ left in these films. 

Therefore, the proposed assignment for this band is the CPX state of F4TCNQ. This 

assignment is justified based on its higher binding energy relative to the ICT state, expected 

with only a partial negative charge, although it is noted that any residual neutral state may 

not be resolvable within the resolution of the XPS instrument. Finally, the purple band 
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(402.0 eV), which is only observed in the longest aged χF4TCNQ 0.17 films, is tentatively 

assigned to a shake-up process affiliated with the CPX band at 400.0 eV based on the ΔeV 

of separation between the two bands and their relative intensities, though it could originate 

from another reacted species of F4TCNQ as will be discussed in Chapter 5.155  

The N 1s XPS results in Figure 4.14 corroborate the FTIR data in that films of all 

dopant concentrations exhibit a continual loss of the ICT state with time in favor of the 

CPX. Interestingly, however, the time dependence of the growth of the CPX relative to the 

ICT with time (Figure 4.15) differs from that observed in the FTIR data (Figure 4.9) in that 

the CPX growth appears more pronounced in the XPS. The FTIR spectroscopy was done 

in transmission mode; thus, the spectra represent the average state of F4TCNQ throughout 

the 10-15 nm thickness of the film in contrast to the ~3-5 nm sampling depth for the N 1s 

XPS data. The XPS results therefore suggest that the enhancement of the CPX relative to 

the ICT starts at the outer surface of the film and moves inward before presumably attaining 

a more homogeneous distribution of ICT and CPX states throughout the film. It may be 

that the ICT participates in reactions with ambient gases that are accelerated at the outer 

film edge, which will be discussed in more detail later in this chapter. 
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Figure 4.13: XPS survey spectra for χF4TCNQ a) 0.05 b) 0.096 c) 0.13 and d) 0.17 at each 

time point of storage in dark and inert conditions.  
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Figure 4.14: Fitted N 1s core level spectra for χF4TCNQ a) 0.05 b) 0.096 c) 0.13 and d) 0.17 

at each time point of storage in dark and inert conditions.  

 

Figure 4.15: Trend in the area of N 1s core level fitted bands due to CPX (400.0 eV) 

relative to ICT (398.2 eV) as a function of time.
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Quantification of CT State Stability  

With knowledge that the CPX state forms at the expense of the ICT state, it is 

important to consider the driving force for this change. While the exact microstructural 

locations of F4TCNQ giving rise to ICT and CPX are not yet known, formation of these 

two states can be described more generically as occurring at two distinct sites within the 

P3HT, A and B, for the ICT and CPX states, respectively. The A sites represent those that 

enable the charge associated with F4TCNQ to form free charge carriers, or the formation 

of an ICT state, whereas the B sites are those that serve to localize the polaron, thus serving 

as trap sites forming the CPX state. Following this line of reasoning, the formation of the 

ICT and CPX states can be described by the following equilibria, assuming that all 

processes are reversible: 

F4TCNQA    ↔     F4TCNQ∙−  Q1   =    
[F4TCNQ∙−]

[F4TCNQA]
   Equation 4.2 

F4TCNQB    ↔     F4TCNQδ−  Q3   =    
[F4TCNQδ−]

[F4TCNQB]
   Equation 4.3 

With the previous estimate by Jacobs et al. that the ICT state is -0.23 eV/molecule below 

the neutral F4TCNQ state,74 a value for Q1 of 7.7 x 103 is calculated. Formation of the CPX 

at the expense of the ICT with time indicates that the CPX must be the more energetically 

favorable state.  

To understand the driving force for CPX formation, one must consider the possible 

mechanisms for this process that would convert ICT to CPX. Three mechanisms that were 

considered include i) movement of F4TCNQ from a P3HT A site to a B site, ii) migration 

of the polaron from a P3HT A site to a P3HT B site, or iii) reorganization of P3HT A sites 

into P3HT B sites.  Literature precedent supports all of the possible mechanisms described 
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above. Rapid diffusion of F4TCNQ in rr-P3HT films has been observed,44,159 as have 

dopant-induced changes in film microstructure and morphology,69 and chemical and 

photochemical reaction of P3HT with ambient gases (alluding to the XPS trends observed 

as discussed in the previous section).72,73,78,82,107,108 

Regardless of specific mechanism, all of these possibilities can be considered in 

light of Equations 4.2 and 4.3 above as being represented by an additional equilibrium that 

represents the mechanistic step necessary for conversion of the ICT to the CPX:  

F4TCNQA    ↔     F4TCNQB  Q2   =  
[F4TCNQB]

[F4TCNQA]
  Equation 4.4 

Moreover, using this framework, a simple equilibrium analysis yields insight into the 

driving force for conversion of the ICT to the CPX state through stepwise equilibria: 

Q′   =    Q2  ∙   Q3   =    Q1  
[F4TCNQδ−]

[F4TCNQ•−]
   Equation 4.5 

Simulated intensities calculated by Zhu et al. for the F4TCNQ anion radical  (the ICT state) 

and for charge transfer complexes between F4TCNQ and small oligothiophenes (the CPX 

state)54 allow estimation that the molar absorptivity for the CPX state is a factor of three 

smaller than that of the ICT state. Using this estimate yields the relationship 

3A(CPX)/A(ICT) = [F4TCNQ−]/[ F4TCNQ•−], and the data in Figure 4.9 along with the 

value of Q1 from the earlier work noted above can be used to estimate the free energy 

change for CPX formation (GCPX) with time. This value is a function of χF4TCNQ as shown 

by the values in Table 4.3. These values, substantiated by the spectral results, indicate that 

CPX formation at the expense of ICT is slightly more favored for smaller χF4TCNQ. 

Assuming that the free energy change for ICT formation is in the vicinity of -0.23 eV as 
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noted above, the overall driving force for CPX formation from ICT is very small indeed, 

consistent with its very slow kinetics. A reaction coordinate diagram for this conversion is 

shown schematically in Figure 4.16.  Although more information about the state of P3HT 

in these films is needed before any more definitive conclusions can be reached, the results 

presented here clearly support an increase in CPX state population at the expense of ICT 

states in these films with time.
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Table 4.3. Free energy change for CPX Formation for 58 kDa and 34 kDa rr-P3HT for different storage conditions. 

χF4TCNQ 

3A(CPX)/ 

A(ICT) 

58 kDa 

Inert 

Dark 

Q’ = 

Q2Q3 

58 kDa 

Inert 

Dark 

GCPX 

(eV/molec) 

58 kDa 

Inert 

Dark 

3A(CPX)/ 

A(ICT) 

34 kDa 

Inert 

Dark 

Q’ = 

Q2Q3 

34 kDa 

Inert 

Dark 

GCPX 

(eV/molec) 

34 kDa 

Inert 

Dark 

3A(CPX)/ 

A(ICT) 

58 kDa 

Ambient 
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Figure 4.16. Proposed reaction coordinate diagram with relevant energetic considerations 

for formation of ICT or CPX from neutral rr-P3HT and F4TCNQ assuming identical initial 

energy for P3HT site A or B. Dependence of initial state energy on χF4TCNQ expected. 
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Effect of P3HT Molecular Weight  

 P3HT molecular weight is known to impact doping, conductivity, spectral 

response, and ultimately, microstructure of thin films.36,44,160 It was of interest, then, to 

investigate the stability of F4TCNQ-doped 34 kDa films to ascertain if the dopant stability 

would be impacted by molecular weight as well. Figure 4.17 shows the full range FTIR 

spectra of freshly prepared films of all dopant concentrations studied in 34 kDa rr-P3HT 

and Figure 4.18 shows the subsequent full range FTIR spectra of the same films that were 

stored in dark and inert conditions for six weeks. Figure 4.19 shows the fitted spectra in 

the ν(C≡N) region at each time point for χF4TCNQ 0.05, 0.096, 0.13, and 0.17 in 34 kDa rr-

P3HT; these spectra can be compared directly to those shown in Figure 4.11 and 4.12. 

Comparison of the two figures shows considerably more growth of CPX in the lower 

molecular weight rr-P3HT film (e.g. Figure 4.19a shows that CPX dominates over the ICT 

at 6 weeks). Furthermore, it is also apparent that CPX growth is more pronounced at higher 

dopant concentrations in 34 kDa rr-P3HT (Figures 4.19b-d and 4.20). Although there is 

still little CPX formation at the highest χF4TCNQ of 0.17, Figure 4.19d shows a slightly 

increased amount of CPX formation for other high dopant concentrations relative to that 

observed in 58 kDa rr-P3HT films. 

Despite absolute differences in relative amounts of CPX and ICT, the results for 34 

kDa rr-P3HT are similar to those for the 58 kDa films in that GCPX increases inversely 

with χF4TCNQ (Table 4.3). However, the differences in the relative amounts of CPX to ICT, 

particularly within the high dopant concentration regimes, do suggest that rr-P3HT 

molecular weight impacts the distribution of charge transfer states observed and the 

inherent stability thereof. It is hypothesized that the driving force for CPX formation in this 
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lower molecular weight rr-P3HT is slightly greater at a given χF4TCNQ than that for the 

corresponding 58 kDa films.36,160 The dependence on molecular weight of the polymer 

suggests the mechanism of CPX formation is likely either polymer reorganization or 

polaron migration from A sites to B sites (discussed above) as the reorganization energy 

of the polymer is linearly dependent on chain length (and thereby molecular weight).161 

The implications of this finding is that higher molecular weight polymers should be 

employed in devices for optimum stability of the free charge carrier state of F4TCNQ•-. 

 

Figure 4.17. Full range FTIR spectra for freshly cast (from bottom to top) χF4TCNQ 0.050, 

0.096, 0.13, and 0.17 in 34 kDa rr-P3HT. 
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Figure 4.18. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.050, 0.096, 0.13, 

and 0.17 in 34 kDa rr-P3HT stored in dark and inert conditions for 6 weeks. 
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Figure 4.19. Fitted ν(C≡N) region at each time point under dark and inert storage for films 

of χF4TCNQ (a) 0.05, (b) 0.096,  (c) 0.13, and (d) 0.17 in 34 kDa rr-P3HT. 
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Figure 4.20. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to 

ν(C≡N)b1 ICT absorbance at 2194 cm-1 for films doped in 34 kDa rr-P3HT as a function of 

storage time in dark and inert environment.
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Effect of Ambient Exposure on CT Conversion 

To test the hypothesis that ambient gases catalyze the formation of CPX, two sets 

of films of F4TCNQ-doped 58 kDa rr-P3HT were stored under ambient conditions for six 

weeks. The first set of films were stored in ambient but kept in the dark. The full FTIR 

spectra for these films after six weeks of dark and ambient storage are given in Figure 4.21, 

the fitted ν(C≡N) region for each time point are given in Figure 4.22, and the trends in CPX 

absorbance at ~2202 cm-1 relative to ICT absorbance at 2194 cm-1 as a function of time for 

each dopant concentration studied are given in Figure 4.23. A comparison between this 

data set and the data collected for similarly doped 58 kDa rr-P3HT films stored in dark and 

inert conditions show the dramatic impact that ambient storage has on the rate and extent 

of conversion of the ICT state to the CPX state, with now even the highest dopant 

concentration studied (χF4TCNQ 0.17) showing an increase in the CPX state after two weeks. 

The second set of films stored under ambient conditions were also exposed to 

ambient laboratory lighting during the storage period to see if the conversion to CPX could 

also be linked to light exposure or photo-degradation events. The full FTIR spectra for 

these films after six weeks of light and ambient storage are given in Figure 4.24, the fitted 

ν(C≡N) region for each time point are given in Figure 4.25, and the trends in CPX 

absorbance at ~2202 cm-1 relative to ICT absorbance at 2194 cm-1 as a function of time for 

each dopant concentration studied is given in Figure 4.26. These data, when compared to 

the dark and inert stored films, also show a significant increase in the rate and extent of 

CPX conversion from ICT; however, there are only negligible differences between this 

film set and the films stored under dark and ambient conditions.  
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Figure 4.21. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.050, 0.096, 0.13, 

and 0.17 in 58 kDa rr-P3HT after aging in dark and ambient conditions for 6 weeks.  
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Figure 4.22. Fitted ν(C≡N) region at each time point under dark and ambient storage for 

films of χF4TCNQ (a) 0.05, (b) 0.096, (c) 0.13, and (d) 0.17 in 58 kDa rr-P3HT. 
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Figure 4.23. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to 

ν(C≡N)b1 ICT absorbance at 2194 cm-1 for films doped in 58 kDa rr-P3HT as a function of 

storage time in dark and ambient environment. 

 

Figure 4.24. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.050, 0.096, 0.13, 

and 0.17 in 58 kDa rr-P3HT after aging in light and ambient conditions for 6 weeks.  
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Figure 4.25. Fitted ν(C≡N) region at each time point under light and ambient storage for 

films of χF4TCNQ (a) 0.05, (b) 0.096, (c) 0.13, and (d) 0.17 in 58 kDa rr-P3HT. 
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Figure 4.26. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2201 cm-1 relative to 

ν(C≡N)b1 ICT absorbance at 2194 cm-1 for films doped in 58 kDa rr-P3HT as a function of 

storage time in light and ambient environment. 

 

The N 1s core level spectra taken of the light and ambient aged films (only 

measured before and after the completion of the storage experiment, Figure 4.27) also show 

the dramatic difference in these films when compared to the analogous spectra for the dark 

and inert films (Figure 4.14). For all dopant concentrations studied, there is a clear and 

defined increase in the 400.0 eV band, assigned to the CPX state, after the completion of 

the aging experiment. There was a significant charging correction that had to be applied to 

some of the lower dopant concentration films and is accounted for in the plotted figures, 

rationalizing some of the small shifts in peak frequency of the fitted bands. The charging 

correction for each film was calculated by the average of charging observed for the sp2 

band in the C 1s core level spectrum and of the charging observed for the C-F band in the 

F 1s core level. Charging in core level spectra points towards the reduced conductivity in 
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the film being analyzed, which, in this case, is further evidence of the generation of the 

CPX charge trap state. 

Interestingly, this experiment calls into question the identity of the blue fitted band 

at 401.5 eV. In the discussion above, this band was assigned to a satellite peak of the ICT 

state based on the literature.154,158 However, as can be seen in Figure 4.27,  this band is 

retained even when the F4TCNQ•- band at 398.3 eV is greatly diminished. This suggests 

that this higher binding energy band may in fact be indicative of a third state of F4TCNQ 

present within the film in addition to the ICT and CPX states. One hypothesis is that this 

band corresponds to F4TCNQ that has undergone an oxygenation reaction that is catalyzed 

under light and ambient storage. This hypothesis is based upon not only that the blue fitted 

band lies at higher binding energies (i.e. more oxidized) than the CPX and ICT states, but 

also due to the significant increase in oxygen observed in the film after light and ambient 

storage. Figure 4.28 shows a comparison of the O 1s core level spectra taken at each dopant 

concentration before and after the light and ambient storage time period compared to the 

O 1s core level spectra from the analogous dark and inert stored films. From this data, it is 

clear that there is a large degree of oxygen incorporation into the films, particularly at low 

dopant concentrations. To note, the O 1s spectra are presented as unfit as there are 

numerous possible states that the oxygen could exist in that cannot be reasonably 

ascertained for quantitatively rigorous fits from the data at hand. 

Overall, these findings show that a greater amount of CPX is formed for films 

stored in ambient compared with those stored in an inert environment. Based on the 

relatively minimal impact of light exposure on amount of CPX for the ambient light versus 

dark films, the primary effect of ambient storage in facilitating CPX formation would 
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appear to come from ambient gases. The impact of ambient gases on the observed state 

stability is corroborated by the increased presence of oxygen within the films after storage 

under ambient conditions. Furthermore, it is clear from the light and ambient data that there 

are still many states of F4TCNQ that have yet to be fully accounted for. This was noted 

with the 401.5 eV band in the N 1s core level spectra in addition to the blue fitted bands in 

the FTIR spectra. These findings pave the way for many avenues of future work in 

researching possible additional states of F4TCNQ within rr-P3HT. 

 

Figure 4.27: N 1s core level spectra before (top) and after (bottom) six weeks of storage 

under light and ambient conditions for χF4TCNQ a) 0.05 b) 0.096 c) 0.13 and d) 0.17 in 58 

kDa rr-P3HT. 
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Figure 4.28: O 1s core level spectra before (black) and after six weeks of storage under 

dark and inert (red) or light and ambient (blue) conditions for χF4TCNQ a) 0.05 b) 0.096 c) 

0.13 and d) 0.17 in 58 kDa rr-P3HT.
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CT in F4TCNQ doped rra-P3HT 

After studying the relative stability of each of the CT states, the relationship 

between each CT state, ICT and CPX, to the microstructural environment of the P3HT was 

then investigated. As rr-P3HT is known to exist in both crystalline and amorphous 

domains148,149 and rra-P3HT is known to be primarily amorphous,36 an appropriate first 

order approximation for which CT state is preferentially formed in the amorphous regions 

of rr-P3HT can be obtained by studying the CT state formation in rra-P3HT. However, it 

is important to note that the amorphous regions of rr-P3HT and rra-P3HT are energetically 

different,36–38 which will show to have important implications for the CPX state observed, 

and so it must be kept in mind that this is simply a first order approximation and not 

necessarily a direct correlation between the two polymer matrices.  

With the above considerations in mind, a series of F4TCNQ-doped rra-P3HT thin 

films with an analogous range of F4TCNQ concentrations to the initial work in rr-P3HT 

(Figure 4.5) were studied. The full FTIR spectra are given in Figure 4.29, and the same 

spectra subjected to peak fitting in the (CN) region are shown in Figure 4.30. At high 

dopant concentrations (χF4TCNQ >0.13), the (CN) region is dominated by a b1u band at 

~2208 cm-1 (2206-2210 cm-1), corresponding to a CPX state with ~δ = 0.6e. However, at 

low dopant concentrations (χF4TCNQ <0.096), bands associated only with the ICT state are 

apparent in the FTIR spectra, and these bands are broadened relative to those observed 

from rr-P3HT films (Table 4.2 for rr-P3HT FWHM, Table 4.4 for rra-P3HT FWHM). The 

observed broadening is attributed to the amorphous nature of the films yielding a 

distribution of local environments and orientations for these states to form. To note, two 

different models were employed in fitting the F4TCNQ-doped rra-P3HT spectra. To briefly 
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summarize: In F4TCNQ-doped rr-P3HT films, peak frequencies were constrained to ± 2 

cm-1 with a peak width of 8 cm-1 (±15%) using a 50:50 Gaussian:Lorentzian shape. ICT 

regions in F4TCNQ-doped rra-P3HT films were fit with the same parameters but with 

slightly larger peak widths (~12-15 cm-1) to account for the higher degree of disorder within 

the polymer system. CPX regions in F4TCNQ-doped rra-P3HT films were then fit with 

40:60 Gaussian:Lorentzian peaks with broader bands (variance ~10%  or about 14 cm-1).

  

Figure 4.29. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 

0.063, 0.076, 0.096, 0.11, 0.13, and 0.17 in 58 kDa rra-P3HT. 
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Figure 4.30. FTIR spectra subjected to spectral peak fitting for (from bottom to top) pure 

rra-P3HT, pure F4TCNQ, and χF4TCNQ of 0.012, 0.031, 0.050, 0.063, 0.076, 0.096, 0.11, 

0.13, and 0.17 in rra-P3HT. Purple lines correspond to (CN) band from neutral F4TCNQ. 

Green lines correspond to CPX (CN) bands, and red lines are for ICT (CN) bands.  
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Table 4.4. Infrared Fitted Peak Frequencies and Assignments in the (CN) Region (2275-

2100 cm-1) for freshly cast F4TCNQ-doped rra-P3HT films 

Peak frequency (cm-1) FWHM (cm-1) Assignment56,97,98,114 

2218 14  

2208 15 b1u, CPX (0.6 e) 

2200 12 b1u, CPX (0.8 e) 

2193 15 b1u, ICT 

2171 14 b2u, ICT 

2171 14 b3g, ICT 

2155 9  

 

 

Figure 4.31. Integrated peak area ratio for CPX to ICT b1u ν(C≡N) bands from spectral 

fitting as a function of χF4TCNQ for rr-P3HT (red, left axis) and rra-P3HT (black, right axis). 
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Figure 4.31 shows the ratio of integrated peak areas of the fit b1u (CN) modes for 

CPX/ICT states as a function of χF4TCNQ for rr- and rra-P3HT. The ratios can be translated 

into fractional compositions of the two states, keeping in mind the 3:1 ratio in the molar 

absorptivities for the (CN)b1u mode for ICT:CPX discussed above. Several important 

considerations should be kept in mind when comparing these systems: 1) The CPX states 

observed in doped rr-P3HT and rra-P3HT may be different because of the inherently 

different nature of the amorphous regimes in both materials. 2) The CPX/ICT ratios for the 

lower χF4TCNQ systems in rr-P3HT are large with relatively large standard deviations 

because of an inherent time-dependent phase instability that is more pronounced at low 

dopant concentrations, as discussed earlier. It is also important to note that the range of 

ratios observed for rr- and rra-P3HT are vastly different, with the CPX/ICT ratio observed 

in pristine rra-P3HT about 25x that observed in rr-P3HT.  

The FTIR data indicate the presence of a small concentration of ICT states in low 

χF4TCNQ films for rra-P3HT, implying a finite number of states that have undergone full 

electron transfer. As the concentration of F4TCNQ increases in rra-P3HT, a systematic 

increase in CPX state density is observed relative to ICT, further supporting the argument 

of a finite number of ICT states. Thus, we hypothesize that the formation, or, more 

specifically, the time-dependent retention of either ICT or CPX states is predicated on a 

local probability for the particular state to occur. 

Energetic Structure Correlation to Observed CT States 

In order to rationalize the local energetic structure, as a first approximation, Figure 

4.32 shows the density of states (DoS) for rra-P3HT estimated from cyclic voltammetry 

(performed by Dr. Bharati Neelamraju)162 and compared to the known LUMO level of 



159 

F4TCNQ, assuming a 0.2 eV full-width half-maximum Gaussian with an onset of 5.2 eV. 

For reference, the corresponding DOS for rr-P3HT is also shown, approximated from 

cyclic voltammetry (performed by Dr. Bharati Neelamraju). This presentation is chosen to 

emphasize the microstructure-electronic structure connection, which is hypothesized to 

govern the probability of an ICT or CPX state being retained. It is important to note that 

the DoS for rra-P3HT near -5.2 eV is not zero. A small density of easier-to-oxidize tail 

states (shaded in gray in Figure 4.32) are of appropriate energy for stable ICT states in rra-

P3HT as they of similar energy to the lowest energy crystalline states of rr-P3HT. This 

region has been termed the “rigid amorphous” regime in the literature.38,69,70 For rra-P3HT, 

once this small density of states is saturated with dopant, the local probability of ICT state 

formation decreases and additional F4TCNQ populates the more abundant states which are 

farther in energy from the F4TCNQ LUMO, promoting hybridization of the frontier orbitals 

of the F4TCNQ and the rra-P3HT resulting in the formation of the lower energy CPX state. 

This picture is consistent with the much larger CPX/ICT ratios observed for rra-P3HT 

relative to rr-P3HT as dopant concentration increases (Figure 4.31), as there are 

significantly more states available in the crystalline domains of the rr-P3HT compared to 

the states of rra-P3HT at the same energy. It is also consistent with the more recent reports 

in the literature describing a small degree of dopant-induced ordering in amorphous films 

resulting in observation of the ICT state.38,69,70
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Figure 4.32. DoS picture for rr-P3HT and rra-P3HT films derived from cyclic 

voltammetry. The horizontal line represents the onset in states of the LUMO level of 

F4TCNQ at -5.2 eV. Red shaded area defines the DOS due of crystalline regions of rr-

P3HT. Grey shaded area defines crystalline tail states in rra-P3HT. Inset: Magnification of 

rra-P3HT DoS.
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For rr-P3HT, it is hypothesized that the propensity for either CPX or ICT is 

dependent on the local electronic structure which evolves as the film is formed. For 

example, Gao et al. have suggested that co-processed doping induces aggregation of 

polymer chains.163 This conclusion was supported by the work of Jacobs et al. for 

sequential processing when good solvents are used, whereby the dopant is able to infiltrate 

into the crystallites, producing ICT states.74 However, for rr-P3HT, Chew et al. showed 

that sequentially added F4TCNQ molecules are limited to amorphous domains when a poor 

solvent such as acetonitrile is used.69 While the exact location of ICT and CPX states in rr-

P3HT cannot be definitively resolved with the data in hand, in the solid state, the 

correlation between electronic structure and microstructure in rr-P3HT is well-established.  

Specifically, aggregated crystalline domains in rr-P3HT are known to be of smaller band 

gap and lower oxidation potential than shorter conjugation lengths and amorphous 

regions.164–166 On this basis, it is postulated that for the processing conditions used in the 

preparation of F4TCNQ-doped P3HT films discussed in this chapter, there is a higher 

probability for ICT states to reside in crystalline regions of rr-P3HT, while CPX states are 

more likely in amorphous regions.  

Stability of CT in F4TCNQ-doped rra-P3HT 

 Upon finding that there were also co-existent ICT and CPX states in rra-P3HT, the 

question then became: Does this polymer exhibit the same CT state stability, i.e. 

thermodynamically favored CPX, as the doped rr-P3HT? This question stems from the 

observation described previously that polymer molecular weight, and therefore polymer 

reorganization energy may have an impact on the extent of conversion from ICT to CPX. 

Furthermore, it also stems from the reports in the recent literature regarding dopant induced 
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ordering in rra-P3HT films.38,69,70 Therefore, the above research question can be more 

specifically defined in two parts: 1) Do the ICT states initially formed in the rra-P3HT from 

dopant-induced ordering exhibit the same degree of stability as the ICT states in the already 

well-ordered rr-P3HT films? 2) Will the higher dopant concentration films, which 

predominantly exhibit the CPX state upon initial casting, eventually form the ICT state as 

dopant-induced ordering progresses throughout the film? 

 To address these questions, the dark and inert storage experiment was conducted 

with the same wide range of F4TCNQ-doped rra-P3HT as with the initial dark and inert 

storage experiment done with doped rr-P3HT. Figure 4.33 shows the full range FTIR 

spectra for all F4TCNQ-doped rra-P3HT films studied after being aged in a dark and inert 

environment for six weeks with Figure 4.34 highlighting the spectral fitting in the ν(C≡N) 

region for each dopant concentration. Figure 4.35 shows the normalized ν(C≡N) region at 

each time point during aging for a film of χF4TCNQ 0.05 and 0.11 to represent the low dopant 

regime and high dopant regime, respectively. Table 4.5 gives the fit parameters for the 

bands observed at the initial and final time points of χF4TCNQ 0.05 and 0.11 doped rra-P3HT. 

The normalized ν(C≡N) region for the remaining dopant concentrations studied are given 

in Figure 4.36 which compares the initial films directly to the six-week-old films.
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Figure 4.33. Full range FTIR spectra for (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 

0.063, 0.076, 0.096, 0.11, 0.13, and 0.17 in 58 kDa rra-P3HT after six weeks of storage in 

dark and inert environment. 
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Figure 4.34. FTIR spectra subjected to spectral peak fitting of six week dark and inert 

stored films with (from bottom to top) χF4TCNQ 0.012, 0.031, 0.050, 0.063, 0.076, 0.096, 

0.11, 0.13, and 0.17 in rra-P3HT. Purple lines correspond to (CN) band from neutral 

F4TCNQ. Green lines correspond to CPX (CN) bands, and red lines are for ICT (CN) 

bands.  
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Figure 4.35. Fitted ν(C≡N) region at each time point under dark and inert storage for films 

of χF4TCNQ a) 0.05 and b) 0.11 in 59 kDa rra-P3HT. 

 

Table 4.5. Comparison of IR Fitted Peak Frequencies and FWHM as a function of time in 

the (CN) Region (2275-2100 cm-1) for χF4TCNQ 0.05 and 0.11 doped rra-P3HT films 

χ0.05 F4TCNQ χ0.11 F4TCNQ 

Fresh 6 weeks Fresh 6 weeks 

Peak 

frequency 

(cm-1) 

FWHM 

(cm-1) 

Peak 

frequency 

(cm-1) 

FWHM 

(cm-1) 

Peak 

frequency 

(cm-1) 

FWHM 

(cm-1) 

Peak 

frequency 

(cm-1) 

FWHM 

(cm-1) 

2171 15 2171 12 2171 14 2171 11 

  2181 11   2181 11 

2194 16 2194 12 2192 11 2192 10 

  2208 14 2206 15 2206 14 

  2220 14   2212 14 

  2237 14   2235 13 
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Figure 4.36. Fitted ν(C≡N) region for initial cast film (top) and after 6 weeks of storage 

(bottom) for χF4TCNQ a) 0.012 b) 0.31 c) 0.063 d) 0.076 e) 0.096 f) 0.13 and g) 0.17 in 59 

kDa rra-P3HT. 
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Figure 4.37. Comparison in trends in ν(C≡N)b1u CPX absorbance at 2207 cm-1 relative to 

ν(C≡N)b1u ICT absorbance at 2194 cm-1 for films doped in 59 kDa rra-P3HT as a function 

of storage time in dark and inert environment for a) all χF4TCNQ studied and b) restricted to 

χF4TCNQ < 0.11 for clarity of trends.
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 Analysis of the normalized, fit FTIR spectra of χF4TCNQ 0.05 in the ν(C≡N) region 

shows two interesting trends (Figure 4.35a). The first observation is that even after one 

week of aging, there is a sharpening of the fitted bands affiliated with the ICT state for both 

the b1u and b2u vibrational modes (Table 4.4). The narrowing of the FWHM of the ICT 

bands is on the edge of the resolution of the instrument but is consistent and reproducible 

enough to be believable (n=3 films studied). The reduced FWHM of the ICT bands 

compared to the freshly cast state persists throughout the entirety of the experiment. Just 

as the amorphous nature of F4TCNQ-doped rra-P3HT was accounted for with larger 

FWHM fitted bands, the reduction of FWHM points towards the F4TCNQ becoming 

slightly more ordered within the film to a first order approximation. Though, it is important 

to note, that FTIR cannot directly monitor the microstructural environment of the 

F4TCNQ. Secondly, like with the analogously doped rr-P3HT films, there is an increase 

in the bands at 2206-2208 cm-1 that have been previously identified to correspond to the 

CPX state (δ=0.6e) in the doped rra-P3HT films.  

However, coincident with the growth in the band at 2208 cm-1 are two other higher 

energy bands at 2220 and 2240 cm-1 that also increase in intensity as a function of time. 

Though the true assignments for these bands are not clear at this time, several hypotheses 

are presented herein. The band at 2220 cm-1 was also seen to varying degrees in the aging 

experiments done on rr-P3HT. The largest presence of the band occurred in the low dopant 

concentration films that aged under light and ambient conditions (Figure 4.25). One 

hypothesis is that the 2220 cm-1 band corresponds to a CPX state of δ=0.1e rationalized 

through Equation 4.1, discussed above. A second hypothesis is that this band could be due 

to a closer, more direct coordination between the nitriles of F4TCNQ and the P3HT 
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polaron. This hypothesis stems from the observation by Haworth et al. that when a FTIR 

spectrum is simulated with a Li+ “probe” coordinated with each of the nitriles on F4TCNQ•-

, there is a shift in the b1u and b2u modes to 2213 cm-1 and 2176 cm-1, respectively, and that 

the b1u mode can be slightly further blue shifted as the cation is offset from direct 

interaction with the nitriles.98 They also experimentally showed this band at 2220 cm-1 in 

the IR spectrum for LiF4TCNQ and assigned the band to a combination of the b1u and ag 

modes of F4TCNQ•-.98 The 2220 cm-1 band in the LiF4TCNQ experimental spectra was 

significantly lower in relative intensity compared to the 2195 cm-1 band, which is in 

contrast to my findings of the two bands appearing at similar absorbance values after the 

full time course of the experiment. A third hypothesis for both 2220 and 2237 also stems 

from findings reported by Haworth et al. They note that there are several experiments and 

computations that show blue shifting of bands to above 2200 cm-1 when a divalent cation 

is present.98,167 For example, an experimental spectrum of CoF4TCNQ results in a band at 

2237 cm-1 for  which is assigned to the b1u mode of F4TCNQ2-.98 The blue shift of the 

dianion band is explained through divalent binding of Co2+ to two nitrile units. A final 

hypothesis, as alluded to many times throughout this chapter, is that these two bands could 

correspond to an as yet unaccounted for degradation product of F4TCNQ unique to the rra-

P3HT system. Investigation into the true origin of these bands will lend towards many 

future research avenues. 

 Returning to the spectral analysis, the χF4TCNQ 0.11 doped films (Figure 4.35b) also 

exhibit the formation of these two new bands while at the same time losing the CPX band 

in favor of the ICT bands. The ICT bands also subsequently become slightly sharper as the 

film ages, though not to the same degree as was observed in the χF4TCNQ 0.05 doped films 
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(Table 4.5). Figure 4.37 shows that the trend of CPX presence relative to ICT seems to 

point towards a preferred equilibrium state between the two species that can be summarized 

as follows: If the doped film was predominantly in the ICT state upon first analysis, the 

ICT bands sharpened while the affiliated CPX state increased in intensity. If the doped film 

was predominantly in the CPX state upon first analysis, the ICT state increases in intensity 

over time. This can be stated more generally using the descriptors for “A sites” being 

predominantly ICT and “B sites” being predominantly CPX. Based on above data, there 

seems to be some equilibrium that exists between these two sites in rra-P3HT that is 

inherently different than the equilibrium between the sites in rr-P3HT. 

 In sum, these findings may seem at first to be inconsistent with the original 

postulate that the CPX state is the more thermodynamically favorable state within 

F4TCNQ-doped rr-P3HT films. Considering the proposed mechanisms of transformation 

from A sites to B sites, it is possible that the there is a different diffusion coefficient of 

F4TCNQ through the altered microstructural regimes present in rra-P3HT. It is also 

possible that there is a slightly different reorganization energy of the rra-P3HT compared 

to rr-P3HT making the interchange between A sites and B sites more favorable. In fact, 

there has been a recent series of works exploring just this fact: the reorganization of rra-

P3HT to reach an energy minimized incorporation of F4TCNQ.38,69,70 Though dopant 

induced ordering of the polymer may seem counter-intuitive from a consideration of 

entropy and some diffusion experiments involving larger dopants,159 the authors of these 

works posit that any small amount of formation polaron features on the amorphous rra-

P3HT polymer induces structural reorganization of the polymer in order to stabilize the 

polaron in a more crystalline structure.38,69,70 It should be noted that these experiments in 
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the literature were conducted via vapor phase/sequential doping of F4TCNQ into an already 

cast polymer, which can dramatically alter the microstructure from the co-processed films 

discussed in this dissertation. Finally, it should be further stressed that FTIR cannot 

explicitly ascertain microstructural environment of F4TCNQ. The correlations between the 

ICT and CPX IR bands with the density of states of the polymer systems provide a 

compelling first order approximation of charge transfer state regimes; however, to most 

accurately determine if there is time and dopant dependent influence on the ordering of rra-

P3HT, analytical techniques that are direct microstructural probes, such as UV-Vis and 

GIWAXS, should be employed.  

Conclusions 

The work described in this chapter demonstrates that a more precise picture of 

charge transfer states in rr-P3HT and rra-P3HT thin films is necessary to understand the 

doping mechanism, and therefore, the type and degree of charge transfer occurring within 

these films. It has been demonstrated through analysis of F4TCNQ-doped rr-P3HT films 

that the ICT state and a δ=0.7-8e CPX state, previously thought to be exclusive, are in fact 

co-present. Further, while the ICT state is the kinetically favored state, over time, a 

conversion from ICT to the CPX state will occur. This has been quasi-quantitatively 

posited to be due to the CPX state being more thermodynamically favorable by < -0.1 

eV/molecule. It has also been demonstrated that this conversion can be promoted through 

reduced molecular weight of the rr-P3HT, suggesting the possible importance of polymer 

reorganization to the formation of CPX. It has also been shown that the conversion to CPX 

appears to be initiated at the air/film interface and thus the rate and extent of formation of 

CPX can be significantly increased by storage of the doped films under ambient conditions. 
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Based on the XPS results, oxygen incorporation into the film seems to be correlated to the 

formation of CPX and suggests that ambient gases such as O2 or H2O may catalyze the 

conversion possibly via reaction chemistry at the film surface. This hypothesis is 

corroborated by the increased formation of CPX in films stored under light and ambient 

conditions. 

Comparison of FTIR spectral data for F4TCNQ-doped films with the DoS for both 

types of P3HT leads to the conclusion that the fraction of CPX, relative to ICT, correlates 

with the microstructure of the film. In all cases, the energetically downhill process favors 

the CPX state. At low doping concentration in rra-P3HT, it is hypothesized that the more 

readily oxidized states (rigid amorphous regions) are doped first. Given that the easier-to-

oxidize distribution of states is more finite in rra-P3HT, these states are easily saturated in 

the F4TCNQ doping regimes studied. CPX state dominance at high dopant concentrations 

in this material is then due to hybridization of the available lower-energy states consistent 

with an abundance of amorphous domains in rra-P3HT. Formation of a small amount of 

the CPX state in thin films of doped rr-P3HT is also observed, as rr-P3HT contains small 

amounts of amorphous domains that coexist with the dominant crystalline form; these 

amorphous domains represent more probable sites for CPX formation, and once formed, 

an energetic barrier exists for the state to revert to an ICT state. Therefore, the accurate 

way to describe doping in rr-P3HT films is according to a simultaneously occurring four-

phase model: undoped crystalline, undoped amorphous, doped crystalline (ICT), and doped 

amorphous (CPX). 

However, the stability of the CT states in F4TCNQ-doped rra-P3HT does not follow 

the same clear preference towards formation of the CPX state. There is variation in state 
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stability depending on the dopant concentration within the film. In the case of films that 

begin as predominantly ICT state (i.e. lower dopant concentrations), there is a trend 

towards the gradual formation of the CPX state. Conversely, in the films that are 

predominantly CPX (i.e. higher dopant concentration), there is a gradual formation of the 

ICT state. All scenarios point towards the approach of the films towards some equilibrium 

state between the two CT states. Furthermore, in all cases there is the clear formation of 

new forms of F4TCNQ affiliated with the formation of bands at 2220 cm-1 and 2237 cm-1. 

These bands are hypothesized to be due to the closer coordination of the F4TCNQ within 

the amorphous network of rra-P3HT as the polymer reorganizes to reach an energetic 

minimum for dopant incorporation. These subtleties point towards the nuanced information 

regarding not only the charge density affiliated with F4TCNQ but also towards the nature 

of the microstructural environment of the F4TCNQ and the closeness of coordination to the 

polaronic centers on the P3HT.  

 

This chapter is based on two previously published works: 1) Neelamraju, B.; Watts, K. E.; 

Pemberton, J. E.; Ratcliff, E. L. “Correlation of Coexistent Charge Transfer States in 

F4TCNQ-Doped P3HT with Microstructure”. J. Phys. Chem. Lett. 2018, 9 (23), 6871–

6877 2) Watts, K. E.; Neelamraju, B.; Ratcliff, E. L.; Pemberton, J. E. “Stability of Charge 

Transfer States in F4TCNQ Doped P3HT” Chem. Mat., 2019, 31 (17),6986-6994. 
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CHAPTER 5: THERMAL STABILITY OF F4TCNQ-DOPED 

P3HT FILMS 

Thermal stability of organic device active layers have significant impacts on 

functionality and must therefore be first understood independently from the full device 

architecture.168 Past work has suggested the contributions of three possible factors to 

explain the thermal instability of small molecule doped polymer active layers: 1) chemical 

reaction of molecules in the active layer upon exposure to thermal stress;73 2) alteration of 

charge transfer states;56,96 and 3) the physical loss and/or migration of dopant.44,119,168,169 

All three processes have important implications for efficiency of the active layer and are 

frequently inter-related. 

The chemistry of pure rr-P3HT with thermal stress has been well characterized,73 

but recent efforts to characterize the stability of the F4TCNQ-doped polymer film has 

resulted in more contradictory results, particularly at moderate temperatures between 80 

and 120 °C.119,168,170 Previous work focused on understanding the thermal effects induced 

in F4TCNQ-doped rr-P3HT films has hypothesized that thermal stress leads to rapid 

diffusion of F4TCNQ•- through the polymer matrix followed by subsequent sublimation of 

F4TCNQ at temperatures above 100 °C.44,119,159,168,169 Thermal stability studies comparing 

F4TCNQ-doped rr-P3HT to F4TCNQ-doped poly(thiophene-3-[2-(2-methoxy-

ethoxy)ethoxy]-2,5-diyl) (s-P3MEET)168 and F4TCNQ-doped p(g42T-T)119 have been 

reported, and these studies have found reduced thermal stability in this moderate 

temperature regime with F4TCNQ-doped rr-P3HT as compared to the other two systems. 

The principal difference between these polymers lies in the side chains: P3HT has hexyl 

side chains whereas p(g42T-T) and S-P3MEET have 3-oligo(ethylene glycol) side chains. 
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At moderate thermal exposures (between 80 and 120 °C), there was a marked change in 

conductivity in the doped rr-P3HT films that was not apparent in the doped glycolated 

polymers. This finding was rationalized as resulting from differences in dopant sublimation 

from the three matrices, with the highest proclivity of F4TCNQ sublimation from the rr-

P3HT films.119,168 However, no direct probe of F4TCNQ was utilized in these studies.   

Instead of dopant sublimation, it is hypothesized that the chemical reactivity of the 

dopant, which exists primarily as a radical anion,30 plays a critical role in the thermally-

induced degradation phenomena observed in F4TCNQ-doped rr-P3HT films at moderate 

temperatures. This chapter will describe work undertaken with the goal of defining with 

greater chemical specificity the thermal instability of F4TCNQ within doped rr-P3HT films 

at moderate temperatures (< 120 °C) through direct probes of the dopant via FTIR 

spectroscopy and XPS measurements. The environmental dependence of the thermal 

instability of F4TCNQ-doped rr-P3HT films will then be compared between progressive 

heating treatments applied in a well-controlled environment ([O2] < 1 ppm), a moderate 

controlled environment (12 ppm < [O2] < 50 ppm), and in ambient. Mechanisms will be 

proposed to rationalize the differences in thermally induced chemistry of the films in each 

environment. Finally, as a preliminary point of comparison, the ambient thermal stability 

of films of F4TCNQ-doped rra-P3HT will be discussed and will show further evidence of 

dopant-induced ordering at moderate temperature exposures in highly doped films.  

Experimental Methods 

Solution preparation, substrate preparation, spin casting, FTIR spectroscopy, and 

XP spectroscopy procedures are all detailed in the experimental section of Chapter 4. 
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Films for the temperature dependent experiments were prepared either in an argon 

atmosphere glovebox ([O2] < 15 ppm) or in ambient, depending on the desired atmosphere 

for the subsequent progressive heating experiment. Room temperature initial data points 

were taken at least five min after casting the film to allow for complete drying. Films were 

then introduced to either a nitrogen glovebox ([O2] < 2 ppm), an argon glovebox (12 < [O2] 

< 50 ppm), or left in ambient and heated at 60 °C for five min in their respective 

atmospheres. The glovebox heated films were then removed for follow-up IR and XPS 

analysis. This was repeated for each temperature point (80, 100, and 120 °C) to study 

progressive heating of the films under each atmospheric condition. A supplemental control 

experiment was conducted to determine if the brief exposures to ambient during the IR 

spectrum collection at each temperature point impacted the results for the films heated in 

the argon glovebox. For the control experiment, films were heated in the argon glovebox 

with the step-wise heating sequence and were only removed for FTIR analysis after the 

final heating step at 120 °C. The before and after infrared spectra obtained from this control 

predominantly matched the spectra obtained for films that were removed after each heating 

point as can be seen in Figure 5.1. There is some discrepancy about how much the band at 

2169 cm-1 is retained between the two films, but, as will be discussed below, the most 

important feature is that both films show the complete loss of the band at 2194 cm-1 and 

the formation of a band at 2188 cm-1. 
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Figure 5.1. FTIR spectral comparison of χF4TCNQ 0.096 doped P3HT films before and after 

heating in a moderate oxygen environment (12 < [O2] < 50 ppm). (a) Film was removed 

from the glovebox at each temperature point. (b) Film was left in the glovebox for the 

totality of the heating experiment. 

 

Results and Discussion 

 Interest in the impact of annealing environment on apparent film stability originated 

from Dr. Bharati Neelamraju’s findings shown in Figure 5.2. In an effort to replicate the 

literature findings discussed above, she found that the annealing environment impacted the 

resulting conductivity of F4TCNQ-doped rr-P3HT films (Figure 5.2a). Under completely 

inert conditions, there was almost no alteration in conductivity. Under ambient conditions, 

however, there was a loss in conductivity of 2 orders of magnitude. Moderately controlled 

environmental conditions also resulted in a loss in conductivity, but not to the same degree 

as was observed in ambient. These alterations in conductivity correlated strongly with loss 

of the F4TCNQ•- bands in the UV-Vis spectra taken at each temperature point of the 

experiment (Figure 5.2b-d). To determine if the loss of F4TCNQ•- UV-vis bands involved 

reaction chemistry with the dopant, the following FTIR and XPS studies were conducted. 
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Figure 5.2. (a) Thermally induced alterations in film conductivity in three different 

environments for a film of χF4TCNQ 0.096 in rr-P3HT. (b-d) Normalized UV-Vis spectra of 

a film of χF4TCNQ 0.096 in rr-P3HT heated under (b) [O2]<1 ppm, (b) 12 < [O2] < 50 ppm, 

or (d) ambient conditions. Data collected by Dr. Bharati Neelamraju and used with 

permission. 

Thermal Stability in Low Oxygen Environment 

The impact of thermal stress on F4TCNQ-doped rr-P3HT films was first tested in 

low oxygen ([O2] < 1 ppm) conditions by progressively heating films of three different 

dopant concentrations in a well-controlled glovebox. The three dopant concentrations 

studied correspond to a representative from the low dopant regime (χF4TCNQ 0.05), the mid-

point (χF4TCNQ 0.096) and the high dopant regime (χF4TCNQ 0.13). Representative full FTIR 
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spectra for the progressive heating sequence of representative films of χF4TCNQ 0.05, 0.096, 

and 0.13 are given in Figure 5.3. As an aside, the large negative going band around 1250 

cm-1 is due to an over correction due to SiO2 by the instrument, and sometimes this band 

appears as a large positive going band for an inadequate SiO2 correction based on the 

substrate used for the background measurement. The expanded and fitted ν(C≡N) region 

of the FTIR spectra for χF4TCNQ 0.05, 0.096, and 0.13 are shown in Figure 5.4. The same 

spectra are presented with the absorbance normalized to the maximum in the region for 

ease of interpretation of fits in Figure 5.5. 

In the initially cast films, all spectra show the typical co-existent ICT and CPX 

states, denoted by the red and green fitted bands respectively.30,96 The spectra show a new 

band at ca. 2187 cm-1 and a lower energy band at 2153 cm-1 beginning at the 80 °C 

temperature point. These two bands continue to grow in absorbance as the heating sequence 

continues until the band at 2187 cm-1 is essentially co-dominant in the ν(C≡N) region with 

the b1u band of the ICT state at 2194 cm-1. These two bands can be reasonably assigned to 

the formation of HF4TCNQ- based on the similarity of the frequencies observed in this 

experiment (2187 cm-1 and 2153 cm-1) and with those observed in the 

spectroelectrochemical experiments for HF4TCNQ- as discussed in Chapter 3 of this 

dissertation (2183 cm-1 and 2153 cm-1). 

The largest changes observed in relative intensity of the band at 2187 cm-1 occur at 

temperatures ≥ 80 °C as can more readily be seen in Figure 5.6. This is the same 

temperature at which previous research observed conductivity losses and reduction in FTIR 

absorbance in F4TCNQ-doped rr-P3HT films; both of which were both interpreted as 

evidence of F4TCNQ sublimation from the film.119,168,170 However, as previous 
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spectroelectrochemical work on this system has shown, the molar absorptivity of the 

F4TCNQ•- band at 2194 cm-1 is actually 3x greater than the HF4TCNQ- band at 2188 cm-1. 

This rationalizes why the absorbance intensity appears to be reduced. Instead of 

sublimation, the data presented herein suggests that there is a thermally induced chemical 

reaction within the system to produce the less efficient free charge carrier species, 

HF4TCNQ-. 
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Figure 5.3. Full IR spectra of χF4TCNQ (a) 0.05, (b) 0.096 and (c) 0.13 in rr-P3HT taken 

after a room temperature anneal (top spectrum) and then progressively heated in low 

oxygen ([O2] < 1 ppm) atmosphere for five minutes at each temperature, with an IR taken 

between temperature changes.
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Figure 5.4. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in a low oxygen environment ([O2] < 1 ppm) plotted with raw absorbance values.
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Figure 5.5. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in a low oxygen environment ([O2] < 1 ppm) normalized to the most intense band in the region.
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Figure 5.6. Trends in change with progressive heating in low oxygen conditions for each 

CT state of interest from room temperature prepared film for χF4TCNQ (a) 0.05 (b) 0.096 and 

(c) 0.13 in rr-P3HT. The CPX state (2202 cm-1) is plotted in green, the ICT state (2194 cm-

1) is plotted in red, and HF4TCNQ (2187 cm-1) is plotted in purple. Note: χF4TCNQ 0.096 

trend plot is displayed as an average of 3 films with error bars representing ± 1 standard 

deviation about the mean whereas χF4TCNQ 0.05 and 0.13 trend plots are the trends for one 

film. 
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To further demonstrate that F4TCNQ is not subliming from the film, XPS 

experiments were conducted on films of χF4TCNQ 0.096 before and after the full progressive 

heating sequence. Representative survey spectra of a film of χF4TCNQ 0.096 before and after 

heating are given in Figure 5.7a. A comparison of relative atomic concentrations compiled 

from three separate films of χF4TCNQ 0.096 is given in Figure 5.7b. A comparison is made 

between the nitrogen atomic concentration relative to fluorine in order to determine if there 

was any chemistry occurring that would result in the loss of nitrogen or fluorine species 

from F4TCNQ. Then, using the C 1s core level spectra as representative primarily of P3HT, 

a comparison was made of the fluorine signal relative to carbon and the nitrogen signal 

relative to carbon. All three comparisons show no statistically significant difference 

between the comparative signals before and after the progressive heating experiment as 

determined by a paired Students’ t-test. This demonstrates that the F4TCNQ is clearly 

retained within the film. 

Comparisons of representative fitted N 1s, S 2p, F 1s, C 1s, and O 1s core level 

spectra before and after progressive heating in low oxygen conditions are given in Figure 

5.8. Most of the core level spectra show very minor to no alterations after the heating 

experiment. The sulfur spectra show the S 2p3/2 band affiliated with the thiophene at 163.8 

eV with a small polaron contribution with a S 2p3/2 band at 164.8 eV,76 with only a very 

minor growth of the polaron feature after heating. The F 1s spectra shows the characteristic 

band of F4TCNQ at 687.7 eV both before and after heating.154 The C 1s spectra are a bit 

more complicated to interpret, but the fitted bands are tentatively assigned to sp2 carbons 

in the alkyl chains of P3HT (284.6 eV),171 the carbons in the conjugated thiophene 

backbone (285.4 eV),78 the carbons in the nitriles of F4TCNQ (286.3 eV),172 the carbons 
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adjacent to the fluorine units in F4TCNQ (287.3 eV)173 and a shake-up/satellite feature 

originating from the alkyl chain carbons at 288.7 eV.173–175 The O 1s core level spectra 

show a feature due to the SiO2 present on the silicon substrate surface at 532.4 eV.176  

In contrast to the other core level spectra but fitting with observations made with 

FTIR, the N 1s core level spectra show the most dramatic changes induced by the 

progressive heating experiment. The fitted N 1s core level spectra in Figure 5.7a show a 

loss of the ICT band at 398.2 eV and the shake-up band at 401.6 eV in favor of the band at 

400.0 eV in corroboration with the loss of the ICT state observed in the FTIR spectra 

(justification of assignments explained in greater detail in Chapter 4).153–155,158  In Chapter 

4, the peak at 400.0 eV was assigned to be due to the CPX state of F4TCNQ while noting 

that others had assigned it to the neutral state.153–155 However, as can be seen in the IR 

spectra in Figure 5.5, there is no evidence for the neutral and very little CPX retained in 

the final heated films. The preferential formation of this band in the N 1s core level spectra 

appears to be correlated to the formation of the two new bands in the ν(C≡N) region of the 

FTIR spectra due to HF4TCNQ- at 2188 and 2153 cm-1. Therefore, it is hypothesized that 

the N 1s binding energy arising from the HF4TCNQ- would most closely resemble that of 

neutral F4TCNQ. This accounts for the presence, location, and intensity of the observed 

band at 400.0 eV, and this state is ultimately not resolvable from the CPX state within the 

resolution of the instrument. 
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Figure 5.7. (a) Survey spectrum taken of a film of χF4TCNQ 0.096 taken prior to (black) and 

after (red) the heating experiment in low oxygen environment. (b) Comparison of the total 

atomic ratio of nitrogen with respect to fluorine (N wrt F), fluorine with respect to carbon 

(F wrt C), and nitrogen with respect to carbon (N wrt C) before and after progressive 

heating of a film of χF4TCNQ 0.096 in rr-P3HT under low oxygen conditions.
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Figure 5.8. (a) N 1s (b) S 2p (c) F 1s (d) C 1s and (e) O 1s representative XPS core level 

spectra of a film of 0.096 χF4TCNQ in rr-P3HT at room temperature (top) and after the 

entirety of the progressive heating experiment under low oxygen concentration ([O2]< 1 

ppm) conditions (bottom). Note: The S 2p peak labels correspond to the 3/2 fitted band for 

each species. 

 

Mechanism of HF4TCNQ- Generation in Doped rr-P3HT Films 

Since there is spectral evidence for HF4TCNQ-, the mechanism for its formation in 

rr-P3HT films needs to be determined. As discussed in Chapter 3, the 

spectroelectrochemistry of solution phase F4TCNQ showed that HF4TCNQ- could be 

generated from the reaction of F4TCNQ•- with weak proton donors in acetonitrile, such as 

water. However, these initial heating experiments were conducted in a well-controlled 

environment ([O2] < 1 ppm), and therefore wouldn’t have much atmospheric water with 

which to react. It is therefore hypothesized that the rr-P3HT, specifically the hydrogens on 
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the -carbon of the hexyl chains, serves as the hydrogen source based on the well-known 

reactivity of this site.73,78,83  

Two possible mechanisms of this reaction are proposed and are given in Figures 

5.9 and 5.10. The first hypothesis is a hydrogen abstraction to directly form HF4TCNQ- 

from F4TCNQ•-. Homolytic cleavage of a hydrogen atom at the -carbon at the 3-position 

of the polaron thiophene could react directly with the ICT state of F4TCNQ, mimicking the 

electron coupled proton transfer reaction seen in solution, followed by rapid recombination 

of the radicals on the rr-P3HT backbone through electron rearrangement. The second 

hypothesis is a second reduction of F4TCNQ- to form F4TCNQ2- and the bipolaron state of 

P3HT (P3HT2+). The -carbon on the bipolaron then rapidly engages in a proton transfer 

to the F4TCNQ2- followed by subsequent electronic rearrangement of the P3HT. Either 

hypothesis leads to the formation of HF4TCNQ- and [P3HT- H]+.  Both mechanisms are 

plausible given the known reaction chemistry of these and other organic materials.83,177,178 
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Figure 5.9. Proposed mechanism of hydrogen transfer from P3HT•+ to F4TCNQ•- to form 

HF4TCNQ- and [P3HT-H]+. 
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Figure 5.10. Proposed mechanism of a second reduction from P3HT•+ to F4TCNQ•- to form 

F4TCNQ2- and P3HT2+ followed by an immediate proton transfer from P3HT2+ to 

F4TCNQ2- to form HF4TCNQ- and [P3HT-H]+.
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In order to test the hypothesis of rr-P3HT serving as the hydrogen/proton source, a 

χF4TCNQ 0.096 doped film of the polymer p(g42T-T)119 was progressively heated in a 

moderate oxygen environment (12 ppm < [O2] < 50 ppm).  The polymer p(g42T-T), 

structure given as an inset in Figure 5.11, was graciously synthesized and provided for this 

experiment by Dr. Iain McCullough.118,119 As alluded to in the introduction of this chapter, 

this polymer is distinct from P3HT in that it has a tetraethylene glycol side chains instead 

of 3-hexyl side chains119 and is being actively investigated for use in salt water batteries.179 

This polymer has been shown to be effectively doped by F4TCNQ and has exhibited double 

doping through formation of F4TCNQ2- at low dopant concentrations.119 As this polymer 

has no -carbon, there should be no formation of the HF4TCNQ- ion if the hypothesis is 

correct. The full FTIR spectra at each temperature point of the experiment are shown in 

Figure 5.11, and the expanded ν(C≡N) region plotted as both raw and normalized 

absorbances are given in Figure 5.12 along with the trend in the ICT and HF4TCNQ- states.  

The fitted spectrum of the freshly cast film shows the co-existence of bands due to 

F4TCNQ•- and F4TCNQ2-, as is known to occur for this system.118,119 Notably, there does 

appear to be some small degree of HF4TCNQ- present, as denoted by the purple fitted 

bands. It is possible that there is some water contamination in the polymer due to the 

polarity of the tetraethylene glycol sidechains. As discussed in Chapter 3, water can induce 

the formation of HF4TCNQ-. Regardless, there is no growth of the HF4TCNQ- bands 

relative to the F4TCNQ•- bands after heating, as can be seen in the trends given in Figure 

5.12c (plotted on the same scale as the trend plots in Figure 5.5). Indeed, the only change 

in the film after heating is an alteration of F4TCNQ2- bands to favor F4TCNQ•-. These 

findings are in agreement with the literature which suggested the stabilization of F4TCNQ 
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in doped p(g42T-T) relative to doped rr-P3HT119 (as well as the stabilization of F4TCNQ 

doped s-P3MEET, which also does not have an -carbon)168. This experiment shows that 

this stabilization is due to the mitigation of reaction chemistry to form HF4TCNQ- instead 

of prevention of dopant sublimation. 

 

 

Figure 5.11. Full IR spectra of χF4TCNQ 0.097 in p(g42T-T) taken after a room temperature 

anneal (top spectrum) and then progressively heated in moderate oxygen (12 ppm < [O2] < 

50 ppm) atmosphere for five minutes at each temperature, with an IR taken between 

temperature changes. Inset shows the structure of p(g42T-T).  
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Figure 5.12. Fitted IR spectra at each temperature point during the progressive heating of a film of χF4TCNQ 0.097 in p(g42T-T) under 

moderate oxygen conditions (12 ppm< [O2]< 50 ppm) plotted as (a) raw (b) normalized absorbances. The bands fit in red correspond to 

the ICT state of F4TCNQ (F4TCNQ•-), green correspond to the CPX state of F4TCNQ (F4TCNQδ-), purple correspond to HF4TCNQ- and 

blue correspond to F4TCNQ2-. Cyan peaks were added for the completion of the fit and are currently unidentified. (c) Trends in the 

deviation of ICT state (red) and the HF4TCNQ- bands from the absorbances of the respective states in the room temperature film. 
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Thermal Stability in Moderate Oxygen Environment 

The influence of ambient gases, such as O2 and H2O, on the F4TCNQ-doped rr-

P3HT films are of interest based on their observed impact on the conversion of the ICT 

state to the CPX state (discussed in Chapter 4).96 Based on the hypothesis that ambient 

gasses would likewise have an impact on the thermal chemistry observed in the films, the 

same progressive heating experiments were conducted in a glovebox with an oxygen 

concentration maintained between 12 and 50 ppm. The full FTIR spectra at each 

temperature point for representative films of χF4TCNQ 0.05, 0.096, and 0.13 in rr-P3HT are 

given in Figure 5.13. The expanded and fitted ν(C≡N) region of the FTIR spectra for 

χF4TCNQ 0.05, 0.096, and 0.13 are plotted with raw absorbance values in Figure 5.14 and 

with normalized absorbances in Figure 5.15. 

In contrast to the experiment conducted in the more environmentally isolated 

glovebox, the band at 2188 cm-1 due to HF4TCNQ- becomes apparent at the 60 °C 

temperature point in all films studied. The b1u mode of the ICT state (2194 cm-1) is lost 

more rapidly in this environment until the films are completely converted to HF4TCNQ- at 

the highest temperature point (120 °C). As can be seen in Figure 5.16, the most dramatic 

loss of the ICT state occurs after the 80 °C threshold. Interestingly, the bands due to the 

ν(C≡N)b1u and ν(C≡N)b2u modes of the ICT state, 2194 cm-1 and 2170 cm-1 respectively, 

appear to switch in their relative absorbances, i.e. the ν(C≡N)b2u appears to be retained in 

these heated films whereas the ν(C≡N)b1u mode is not. The reason for this is currently 

unclear, but is most likely the formation of a new species that has a similar vibrational 

frequency to the ν(C≡N)b2u mode of the ICT state. One hypothesis is that this is evidence 

of the formation of F4TCNQ2-. The ν(C≡N)b1u mode frequency of F4TCNQ2- is 2163 cm-1 
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and would therefore have contributions to the overall absorbance observed in this region. 

Regardless, these findings imply that there is a significant impact of a small amount of 

oxygen and/or water on the thermally induced chemistry. As an aside, the observation of 

the complete conversion to HF4TCNQ- in doped rr-P3HT in this heating environment was 

why this environment was used in the heating of p(g42T-T) discussed above.
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Figure 5.13. Full IR spectra of χF4TCNQ (a) 0.05, (b) 0.096 and (c) 0.13 in rr-P3HT taken 

after a room temperature anneal (top spectrum) and then progressively heated in moderate 

oxygen (12 ppm < [O2] < 50 ppm) atmosphere for five minutes at each temperature, with 

an IR taken between temperature changes. There was a minor instrumental overcorrection 

in the ν(C-H) region of the χF4TCNQ film that did not impact any conclusions. 
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Figure 5.14. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in a moderate oxygen environment (12 ppm < [O2] < 50 ppm) plotted with raw absorbance values. 
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Figure 5.15. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in a moderate oxygen environment (12 ppm< [O2] < 50 ppm) normalized to the most intense band in the region.  
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Figure 5.16. Trends in change with progressive heating in moderate oxygen conditions for 

each CT state of interest from room temperature prepared film for χF4TCNQ (a) 0.05 (b) 0.096 

and (c) 0.13 in rr-P3HT. Note: χF4TCNQ 0.096 trend plot is displayed as an average of 3 films 

with error bars representing ± 1 standard deviation about the mean whereas χF4TCNQ 0.05 

and 0.13 trend plots are the trends for one film.
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XPS experiments were conducted on three χF4TCNQ 0.096 films to corroborate the 

FTIR findings. Representative survey spectra before and after the heating experiment are 

given in Figure 5.17a. A comparison of the average relative atomic concentration ratios 

before and after the heating experiment for the three separate films are given in Figure 

5.17b. This figure shows no statistically significant loss of F4TCNQ relevant elements, as 

was seen in the heating experiment in the well-controlled glovebox, suggesting that there 

is no sublimation of F4TCNQ from this iteration of the progressive heating experiment as 

well. Comparisons of representative fitted N 1s, S 2p, F 1s, C 1s, and O 1s core level spectra 

before and after progressive heating in moderate oxygen conditions are given in Figure 

5.18. As with the previously described experimental set, most of the core level spectra 

show very minor to no alterations after the heating experiment for the F 1s, C 1s, and O 1s 

core level spectra. In contrast to the low oxygen progressive heating experiment, the S 2p 

core level spectra for this experiment shows a slight decrease in the fitted polaron 

component with a S 2p3/2 band with a peak at 164.8 eV. Additionally, the N 1s core level 

spectrum taken after the progressive heating experiment shows the band at 400.0 eV 

(assigned to HF4TCNQ-, described above) at a higher intensity than the 398.2 eV band 

(assigned to F4TCNQ•-). This is also in contrast to the low oxygen experiment which 

showed the two fitted bands having equal intensities at the conclusion of the progressive 

heating treatment. When considering these findings in correlation with the IR data, which 

showed partial conversion to HF4TCNQ- upon heating in the low oxygen environment and 

full conversion to HF4TCNQ- upon heating in the moderate oxygen environment, the 

assignment of the fitted band at 400.0 eV to HF4TCNQ- is therefore further substantiated. 
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Figure 5.17. (a) Survey spectrum taken of a film of χF4TCNQ 0.096 taken prior to (black) 

and after (red) the heating experiment in moderate oxygen environment. (b) Comparison 

of the total atomic ratio of nitrogen with respect to fluorine (N wrt F), fluorine with respect 

to carbon (F wrt C), and nitrogen with respect to carbon (N wrt C) before and after 

progressive heating of a film of χF4TCNQ 0.096 in rr-P3HT under moderate oxygen 

conditions. 
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Figure 5.18. (a) N 1s (b) S 2p (c) F 1s (d) C 1s and (e) O 1s representative XPS core level 

spectra of a film of 0.096 χF4TCNQ in rr-P3HT at room temperature (top) and after the 

entirety of the progressive heating experiment under moderate oxygen concentration (12 

ppm < [O2]< 50 ppm) conditions (bottom). Note: the S 2p peak labels correspond to the 

3/2 fitted band for each species.
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Influence of O2/H2O on HF4TCNQ- Formation 

As the above findings demonstrate, a small amount of O2 and/or H2O plays a 

significant role in the enhanced thermal formation of HF4TCNQ- in F4TCNQ-doped rr-

P3HT films. While the well-controlled environment heating experiments suggest that it is 

the -carbon of the alkyl chains of rr-P3HT that serves as the hydrogen source for the 

generation of HF4TCNQ-, there are clearly other reaction mechanisms that must be 

considered in order to account for the difference upon increasing [O2] by ca. 20-30 ppm. 

One of the initial hypotheses involved the generation of superoxide as the catalytic 

species for the promotion of the formation of HF4TCNQ-. Superoxide is known to form 

from an electron transfer event between the excited state of rr-P3HT and oxygen within the 

film79,80 and reacts with the -carbon of the alkyl chain to induce much of the known 

photodegradation chemistry affiliated with pure rr-P3HT.79,80,83,174 Furthermore, 

superoxide could serve as a proton or hydrogen shuttle through either HO2
• or HO2

-. DFT 

calculations done by Aoyama et al. suggest that a proton transfer reaction from the - 

proton on P3HT to superoxide is more favorable than a hydrogen abstraction.83 To test this 

hypothesis, χF4TCNQ 0.096 films were heated in the moderate oxygen environment while 

simultaneously either being exposed to 365 nm light (higher energy than the band gap of 

rr-P3HT for inducing the excited state)82 or kept completely in the dark. The full FTIR 

spectra of these two experiments are given in Figure 5.19. A comparison between the fitted 

ν(C≡N) region of the spectra for each experiment is given in Figure 5.20. As can be seen, 

there is almost no difference between the two experiments. In both cases, the F4TCNQ 

within the rr-P3HT film is still completely converted to HF4TCNQ-. For the UV-exposed 

films, there is a slight increased retention in the band at 2170 cm-1 whereas the films heated 
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in the dark begin to exhibit bands at 2224 cm-1, similar to what was observed in the aged 

doped rra-P3HT films (see Chapter 4). Regardless, the similarity in the formation of 

HF4TCNQ- in both cases suggests that the formation of superoxide is not likely the catalyst 

for this reaction. 

A second hypothesis was then established based on what is known of the chemistry 

and thermal properties of F4TCNQ. F4TCNQ•- is known to become more mobile at higher 

temperatures and this would therefore result in a higher probability for 

disproportionation,159,169 which would result in the formation of F4TCNQ and F4TCNQ2-

.167 As previously discussed, there is some possible evidence of F4TCNQ2- in the FTIR 

spectra through the apparent retention of the ν(C≡N)b2u which may instead be due to an 

overlap with the ν(C≡N)b1u of F4TCNQ2- at a similar frequency.116,118 The minor presence 

of F4TCNQ2- can be explained, as it is a very basic species and would rapidly react (kf = 1 

x 1010 M-1 s-1) with a proton donor in order to form HF4TCNQ- in analogous concerted 

reaction to the PCET mechanism observed in solution, discussed in Chapter 3.122 The 

proton donor could be the P3HT+• directly, as is suggested to be the case in the lowest 

O2/H2O environment. However, H2O could also serve as the proton donor due to the 

proclivity of the nitriles of F4TCNQ to strong hydrogen bonding interactions (see Chapter 

3). H2O could then be regenerated through proton abstraction from the P3HT+• or P3HT2+. 

In fundamental studies of the photo-oxidation mechanisms of pure rr-P3HT, the presence 

of atmospheric water has been demonstrated to increase reaction rates by a factor of 2.2.82
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Figure 5.19. Full IR spectra of a χF4TCNQ 0.096 in rr-P3HT film (a) progressively heated in 

moderate oxygen (12 ppm < [O2] < 50 ppm) atmosphere for five minutes under 365 nm 

UV irradiation at each temperature and (b) progressively heated in moderate oxygen (12 

ppm < [O2] < 50 ppm) atmosphere for five minutes while isolated from all light. 
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Figure 5.20. Fitted normalized ν(C≡N) region of a representative films of χF4TCNQ 0.096 in 

rr-P3HT progressively heated in a moderate oxygen environment while simultaneously (a) 

exposed to 365 nm light or (b) kept in the dark.
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  The reduction of H2O in the presence of O2 and P3HT+• is also energetically 

accessible (4.8 eV in a basic environment for the reduction of O2, 4.5 eV for the HOMO 

of P3HT+•).180 This reduction would result in the generation of the bipolaron which would 

react with the hydroxide species at the -carbon site to propagate the proposed reaction 

mechanisms. At standard temperature and pressure, the solubility coefficient for O2 in 

P3HT (Sg) has been calculated to be 0.22 v/v with a diffusion coefficient, D, of 1-3 x 10-8 

cm2/s.82,181 If the system, defined as the polymer film and surrounding atmosphere, is 

assumed to be at steady state conditions, higher [O2] in the atmosphere corresponds to an 

increase in the partial pressure of O2 at the gas-polymer interface, pg. If the system is 

likewise assumed to follow Henry’s law, an increase in pg corresponds to an increase in the 

concentration of O2 within the film, c. 

𝑐 = 𝑆𝑔𝑝𝑔    Equation 1. 

However, this is a simplified representation of the system that does not take into account 

the O2 concentration gradient formed from the hypothesized chemical reaction between O2 

and F4TCNQ/P3HT. This reaction results in a deviation from steady state conditions. If the 

reaction is assumed to occur primarily within the film, the mole fraction of O2, 𝑥𝑂2
, present 

at any point, z, within the film can be described by Equation 2:  

𝑥𝑂2
(𝑧) =

−𝑥𝑎𝑘𝑟𝑥𝑛
" 𝑧

𝐿𝑘𝑟𝑥𝑛
" −𝐷

+ 𝑥𝑎   Equation 2. 

where xa is the mole fraction of O2 in the annealing atmosphere, 𝑘𝑟𝑥𝑛
"  is the reaction rate 

constant, and L is the distance from the surface of the film to the point of reaction. With 

this description, as 𝑥𝑎 increases, there should be a heterogeneous increase in 𝑥𝑂2
 through 

the depth of the film. 



209 

It is also important to consider the temperature dependence of both Sg and D. It has 

been found experimentally that as the temperature of the film is increased, so too does D 

(3 x 10-7 cm2/s at 100 °C).82 The increased diffusion coefficient of both O2 and F4TCNQ•- 

at the studied temperatures also aids in explaining the thermal dependence on this reaction 

in addition to O2 and H2O dependence. The hypothesized O2/H2O dependent reactions are 

summarized mechanisms (8)-(11) in Scheme 1. 

Scheme 1. Proposed reaction mechanisms in heated F4TCNQ doped rr-P3HT films 

(1)   P3HT + F4TCNQ     P3HT+•  +  F4TCNQ-• 

(2)   P3HT  +  2 F4TCNQ    P3HT2+  +  2 F4TCNQ-• 

(3)   P3HT+• +  F4TCNQ-•       P3HT2+  +  F4TCNQ2- 

(4)   F4TCNQ-•  +  F4TCNQ-•     F4TCNQ  +  F4TCNQ2- 

(5)   P3HT+•  +  F4TCNQ-•       (P3HT-H)+  +  HF4TCNQ- 

(6)   P3HT+•  +  F4TCNQ2-      (P3HT-H)•  +  HF4TCNQ- 

(7)   P3HT2+ + F4TCNQ2-
    (P3HT-H)+  +  HF4TCNQ- 

(8)   O2  +  2 H2O  +  4 P3HT+•     4 OH-  +  4 P3HT2+ 

(9) P3HT2+ + OH-     (P3HT-H)+ + H2O 

(10) P3HT+•   +   OH-      (P3HT-H)•   +  H2O 

(11)   H2O   +  F4TCNQ2-       HF4TCNQ-   +  OH- 

 

Thermal Stability in Ambient Environment 

 F4TCNQ-doped rr-P3HT films were heated in ambient conditions in order to 

ascertain the limits of environmental O2/H2O impact on the thermally induced chemistry. 

The full FTIR spectra at each temperature point for a representative film of χF4TCNQ 0.05, 

0.096, and 0.13 in rr-P3HT are given in Figure 5.21. The expanded and fitted ν(C≡N) 

region of the FTIR spectra for χF4TCNQ 0.05, 0.096, and 0.13 are plotted in Figure 5.22 with 
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raw absorbances and in Figure 5.23 with normalized absorbances. The trends for the states 

of interest within each of these three dopant concentration films are given in Figure 5.24. 

The differences in the FTIR data between this experiment and the two conducted 

in the more controlled environments are first apparent from the growth in the partial charge 

transfer state (CPX), observed by the green fitted bands at ca. 2203 and 2177 cm-1, that 

occurs at temperatures between 60 and 80 °C which is not observed in the other 

experiments. Unfortunately, the FTIR spectra after the complete thermal exposure 

experiments become much more complicated to interpret. While there are bands that can 

be reasonably assigned to HF4TCNQ-, there are too many other chemical reactions 

occurring that convolute the spectra in this region. This includes the formation of a species 

with a band at the same frequency as the ICT state, which ultimately cannot be the ICT 

state as the UV-vis spectra (Figure 5.2) shows its complete disappearance. There is also an 

apparent difference in the spectra obtained based on dopant concentration within the film. 

While the χF4TCNQ 0.096 and 0.05 films behave in a similar fashion, the χF4TCNQ 0.13 film 

shows an enhancement in the low energy bands between 2168 and 2180 cm-1 that was also 

observed in the ambiently aged films of the same dopant concentration (Figures 4.19b and 

4.22b). This may be further evidence of the formation of F4TCNQ2- due to 

disproportionation, as the probability of F4TCNQ molecules diffusing through the film to 

react with another F4TCNQ molecule is inherently increased in the higher dopant 

concentration films; however, it is unclear at this point where there is also a subsequent 

dependence of this phenomenon with ambient exposures.
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Figure 5.21. Full IR spectra of χF4TCNQ (a) 0.05, (b) 0.096, and (c)  in rr-P3HT taken after 

a room temperature anneal (top spectrum) and then progressively heated in ambient 

atmosphere for five minutes at each temperature, with an IR taken between temperature 

changes.  
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Figure 5.22. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in ambient plotted with raw absorbance values. 
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Figure 5.23. Fit ν(C≡N) region of films of χF4TCNQ (a) 0.05, (b) 0.096, and (c) 0.13 in rr-P3HT at each temperature during progressive 

heating in ambient normalized to the most intense band in the region.  
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Figure 5.24. Trends in change with progressive heating in ambient conditions for each CT 

state of interest from room temperature prepared film for χF4TCNQ (a) 0.05 (b) 0.096 and (c) 

0.13 in rr-P3HT. Note: all trends are presented as an average of 3 films with error bars 

representing ± 1 standard deviation about the mean. 
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Further evidence of competing chemical reactions induced in ambient can be seen 

from the XPS data. Representative survey spectra for a film of χF4TCNQ 0.13 F4TCNQ before 

and after the heating experiment are given in Figure 5.25. A comparison of the relative 

atomic concentrations of nitrogen and fluorine from core level x-ray photoelectron spectra 

before and after the progressive heating experiment (Figure 5.25c) shows a statistically 

significant loss (as determined by a paired Students’ t-test, p=0.05) of nitrogen relative to 

fluorine as well as a statistically significant loss of nitrogen relative to carbon (p=0.001) 

whereas the fluorine signal is retained (no statistically significant loss). This suggests that 

other chemistry that may be occurring within the F4TCNQ-doped rr-P3HT films involves 

the loss of the nitrile groups of the F4TCNQ. These reactions could include the production 

of acetonitrile or the evolution of hydrogen cyanide, as has been observed in thermal 

desorption spectroscopy (TDS) studies with pure TCNQ.153 These findings suggest that 

while F4TCNQ-doped rr-P3HT films do produce HF4TCNQ- when heated under ambient 

concentrations of oxygen and water (30-55% humidity, 21% O2), the complete conversion 

observed under more controlled conditions (12 < [O2] < 50 ppm) is lost due to other 

interfering chemistries that are not fully elucidated at this time. 

A comparison of the fitted core level spectra for this experiment are shown in 

Figure 5.26. As with the other experiments, there is not much alteration in the F 1s and C 

1s core level spectra. The S 2p core level spectrum shows a loss in the polaron features at 

164.6 eV. The O 1s core level spectra do exhibit an atomic concentration increase of ca. 

3.0 ± 0.3% in the area of the O 1s bands relative to the C 1s bands, suggesting the 

incorporation of oxygen into the ambiently heated films. Finally, the N 1s core level spectra 

show the intensity of the 400.0 eV (HF4TCNQ-) as higher than that of the 398.6 eV (ICT) 
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band after the completion of the heating experiment, as was observed in the films heated 

under moderate oxygen conditions, and provides supplemental evidence for the formation 

of HF4TCNQ- within the broad spectral envelope that is formed after the ambient heating 

experiment. Interestingly, there does also seem to be a retention of the shake-up satellite 

feature at 401.6 eV, though that could be due to the higher concentration of F4TCNQ within 

this studied film (χF4TCNQ 0.13) compared to the others on which XPS was performed 

(χF4TCNQ 0.096).  

In sum, the chemistry induced by heating F4TCNQ-doped rr-P3HT films in ambient 

has shown to be incredibly complex. It is clear that larger environmental concentrations of 

O2 and H2O, combined with the presence of other ambient reactants (e.g. CO2 or O3), 

induce many other reactions in progressively heated films in addition to the eventual 

formation of HF4TCNQ-. Proof of other interfering chemistries stem from the multitude of 

new bands that arise in the ν(C≡N) region of the FTIR spectra which render spectral 

interpretation challenging. These other reactions could include oxygenation of the P3HT 

or F4TCNQ, as evidenced by the increase in the O 1s core level spectrum, as well as loss 

of nitrogen as evidenced by the statistically significant loss of nitrogen compared to the 

other F4TCNQ elements. Investigation of these other reaction products will be an 

interesting avenue of future work. 
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Figure 5.25. Survey spectrum taken of a film of χF4TCNQ 0.13 taken prior to (black) and  

after (red) the heating experiment in ambient environment. (b) Comparison of the total 

atomic ratio of nitrogen with respect to fluorine (N wrt F), fluorine with respect to carbon 

(F wrt C), and nitrogen with respect to carbon (N wrt C) before and after progressive 

heating of a film of χF4TCNQ 0.096 in rr-P3HT under ambient conditions. There is a 

statistically significant difference (as determined by a paired students’ t-test) in the atomic 

concentration percentage of nitrogen relative to fluorine and of nitrogen relative to carbon 

before and after the heating experiment, as denoted by the asterisks. 
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Figure 5.26. (a) N 1s (b) S 2p (c) F 1s (d) C 1s and (e) O 1s representative XPS core level 

spectra of a film of χF4TCNQ 0.096 in rr-P3HT at room temperature (top) and after the 

entirety of the progressive heating experiment under ambient conditions (bottom). Note: 

the S 2p peak labels correspond to the 3/2 fitted band for each species.
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Thermal Stability of F4TCNQ-doped rra-P3HT 

 Based on the difference observed in the F4TCNQ-doped rr-P3HT and F4TCNQ-

doped rra-P3HT on time-based charge transfer state stability discussed in Chapter 4 of this 

dissertation, a question arose regarding whether there would be an analogous difference in 

the thermal stability of the doped rra-P3HT films. With the understanding that the inclusion 

of dopant induces ordering within the rra-P3HT films,38,69,70 and that this ordering increases 

over time, it was hypothesized that thermal energy may also aid in the ordering of the 

polymer for a slight increase in the ICT state before any thermal chemistry to form 

HF4TCNQ- was induced. The full FTIR spectra of a film of χF4TCNQ 0.096 F4TCNQ in rra-

P3HT are given in Figure 5.27. As with the aging experiments discussed in Chapter 4, there 

is a clear separation of trends between those films in the low dopant regime (χF4TCNQ ≤ 

0.096) and those in the high dopant regime (χF4TCNQ > 0.096). Because of this, films of two 

different dopant concentrations in each regime (χF4TCNQ 0.05 and χF4TCNQ 0.096 for the low 

and χF4TCNQ 0.13 and χF4TCNQ 0.17 for the high) were prepared and progressively heated in 

ambient conditions.  

The expanded ν(C≡N) region of the IR spectra for each of these films at each 

temperature point is given in Figure 5.28. For band assignments and spectral fitting of the 

initial spectra from each film, refer to Figure 4.30. The heated spectra for these preliminary 

experiments were not subjected to spectral fitting as 1) they have not yet been tested for 

reproducibility, 2) the resulting spectral envelopes after the completion of the heating 

experiment are very broad, and 3) are of very low absorbance intensity for the low dopant 

concentration films.  However, even without the spectral fitting, two distinct trends can be 

seen. The first is that all films tend to form a broad envelope that seems to encompass the 
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ICT regime of the ν(C≡N) region while simultaneously having another broad band appear 

at 2223 cm-1. The broad envelope also begins to appear at lower temperatures. To note, the 

heightened reactivity of rra-P3HT over rr-P3HT was observed in photo-oxidation studies 

of the two pure polymers and was hypothesized to be due to alterations in the photophysics 

based on microstructural differences between the two polymers.82 It is possible that there 

are analogous heightened reactivity in rra-P3HT with thermal energy application as well. 

The new state at 2223 cm-1 was also observed in the doped rra-P3HT films after aging 

(Figure 4.34 and 4.35) and was tentatively assigned to either a very small CPX state with 

δ=0.1e or to a close coordination of the nitriles of the F4TCNQ•- with the polaron as was 

discussed in Chapter 4. The second trend is that the higher dopant concentration films 

formed sharper ICT bands at lower temperature exposures before eventually forming the 

broader spectral envelope. This observation is most clearly seen in the 80 °C FTIR 

spectrum of χF4TCNQ 0.17 (Figure 5.28d). 

To see if this was truly the ICT state forming, conductivity measurements were 

taken on the same four dopant concentration films prepared on ITO with interdigitated 

electrode contacts for device conductivity measurements. The conductivity of the χF4TCNQ 

0.05 and χF4TCNQ 0.096 in rra-P3HT were below the detection limit of the conductivity 

meter and so are not reported. Figure 5.29 shows the conductivity of a film of χF4TCNQ 0.13 

and χF4TCNQ 0.17 in rra-P3HT as a function of temperature. Both initial states start with 

conductivity values significantly lower than their analogous dopant fractions in rr-P3HT 

(ca. 1 S cm-1)30 as is expected due to the inherently lower conductivity of rra-P3HT 

compared to rr-P3HT due to the more amorphous mictrostructure.69 As the films are heated, 

the χF4TCNQ 0.13 film shows a rapid decrease in conductivity until it is below the limit of 
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detection for the instrument after 80 °C. This is indicative of the loss of the free charge 

carrier (F4TCNQ•-/ICT state). In contrast, the χF4TCNQ 0.17 film shows an increase in 

conductivity at 60 and 80 °C before a reduction in conductivity at higher temperatures. This 

increase in conductivity correlated with the formation of sharpened bands at 2194 and 2170 

cm-1 suggest that the ICT state is being induced at these lower thermal exposures. As 

discussed in Chapter 4, one hypothesis for the formation of the ICT state is thermally 

enhanced dopant-induced ordering of the rra-P3HT.  However, these experiments still need 

to be examined for reproducibility as well as direct observations of the microstructural 

changes in order to draw more definitive conclusions. 

 

Figure 5.27. Full IR spectra of χF4TCNQ (a) 0.05, (b) 0.096, (c) 0.13, and (d) 0.17 in rra-

P3HT taken after a room temperature anneal (top spectrum) and then progressively heated 

in ambient atmosphere for five minutes at each temperature, with an IR taken between 

temperature changes. 
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Figure 5.28. ν(C≡N) region of IR spectra of χF4TCNQ (a) 0.05 (b) 0.096 (c) 0.13 and (d) 0.17 

in rra-P3HT taken after a room temperature anneal (top spectrum) and then progressively 

heated in ambient atmosphere for five minutes at each temperature, with an IR taken 

between temperature changes. 
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Figure 5.29. Conductivity of χF4TCNQ 0.13 (black) and 0.17 (red) as a function of 

progressive heating. At temperatures above 80 °C, the conductivity of χF4TCNQ 0.13 was no 

longer large enough to be detectable and is therefore denoted by a dashed line. The error 

bars in the measurement correspond to the four contact points on one device substrate.
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Conclusions 

It has been demonstrated through this work that the thermal instability of F4TCNQ 

doped rr-P3HT films at temperatures between 60 and 120 °C is not due to sublimation of 

F4TCNQ, as has been previously proposed in the literature,119,168,170 but, rather, due to 

thermally activated reaction chemistry to form HF4TCNQ-, a weak dopant with no 

significant UV-vis absorption.122 F4TCNQ has been shown to be retained in the film at 

these temperatures under most heating conditions and not sublimed via XPS, which shows 

no significant loss of F4TCNQ relevant signals in the core level spectra after the 

progressive heating treatment. The IR data suggest that progressive heating of a film of 

F4TCNQ-doped rr-P3HT between 60 and 120 °C instead induces a thermally activated 

reaction between the ICT state of F4TCNQ (F4TCNQ•-) and the hydrogen on the -carbon 

of the P3HT polaron or bipolaron (P3HT•+/P3HT2+) to form HF4TCNQ- and [P3HT-H]+.  

It has also been shown that there is a clear environmental effect on the formation 

of HF4TCNQ- where a small amount of O2 and/or H2O acts as a catalyst but ambient 

environment, in which there are higher concentrations of O2 and H2O among other reactive 

gas species, cause a multitude of additional reaction chemistries. A proposed summary of 

possible reaction mechanisms resulting in the formation of HF4TCNQ- are given in Scheme 

1. Reactions (1)-(4) describe the initial doping state mechanisms within the film at room 

temperature, (5)-(7) describe the possible reactions within the heated films in low O2/H2O 

environments, and (8)-(11) correspond to possible O2 and H2O facilitation reactions. These 

mechanisms are proposed in order to explain the dependence on the heating environment 

on the observed formation of HF4TCNQ-.  
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Finally, preliminary experiments on the ambient thermal stability of F4TCNQ-

doped rra-P3HT show a similar broad spectral envelope to the ambiently heated F4TCNQ-

doped rr-P3HT corresponding to multiple additional reaction chemistries. However, there 

is also evidence that suggests that at lower temperature exposures (≤80 °C) sharp bands 

appearing at typical ICT frequencies in χF4TCNQ 0.17 films were formed in correlation with 

a tenfold rise in conductivity. This could have interesting implications for annealing 

temperature choice in film processing to induce higher conductivity from a more 

amorphous polymer. 

Overall, the findings described in this chapter show the importance of controlling 

environmental exposures of these doped organic semiconductor films during testing to 

more accurately simulate working conditions as even minor fluctuations in ambient gas 

exposure can dramatically impact the thermally induced chemistry observed. It also points 

towards the importance of using analytical tools that can directly monitor the dopant in all 

chemical states, as otherwise critical pieces of information regarding stability may be lost. 

This chapter is based on one published paper and one paper in preparation: 1) Watts, K. 

E.; Neelamraju, B.; Ratcliff, E.L.; Pemberton, J. E. “Thermally Induced Formation of 

HF4TCNQ- in F4TCNQ-doped rr-P3HT”, Journal of Physical Chemistry Letters, 2020, 

11(16, 6586-6592. 2) Watts, K. E.; Neelamraju, B.; Ratcliff, E.L.; Pemberton, J. E. 

“Influences of Oxygen on Thermal Stability of F4TCNQ-doped rr-P3HT”, in prep for 

submission to Chemistry of Materials. 

 



226 

CHAPTER 6: NANOSCALE CHEMICAL IMAGING OF 

F4TCNQ-DOPED P3HT 

 As has been discussed in the previous two chapters of this dissertation, the model 

system of F4TCNQ-doped P3HT as an active layer in novel organic electronic devices 

exhibits much more complicated chemistry than what has been put forth in the literature. 

Variables as fundamental as the processing methodology can dramatically impact the 

morphology of the film44,74 which can impact the chemistry of the film as shown in Figure 

6.1. There is a dramatic difference in the IR spectra between films (Figure 6.1a and b) 

prepared from dropcasting and spincasting techniques. Because of these concerns, 

analytical imaging techniques were pursued to observe the connection between film 

processing, film morphology, and subsequent charge transfer state.  

Several groups have used variations of AFM to try to understand this connection. 

Jacobs et al. used AFM to show the morphological differences induced from co-processing 

versus sequential processing of F4TCNQ-doped P3HT films.74 Tang et al. used AFM paired 

with Kelvin probe force microscopy (KPFM) to show that P3HT aggregates before the 

polymer engages in a charge transfer reaction with F4TCNQ.182 Duong et al. used 

conductive-AFM (c-AFM) to show nanoscale high conductivity domains in F4TCNQ-

doped P3HT films.183 However, even though inferences can be made from these 

experiments about the chemical nature of the affiliated charge transfer state, none of these 

techniques provide a direct visualization of the charge transfer states within the film. 

To directly correlate the charge transfer state of F4TCNQ to morphology, nanoscale 

spectroscopic chemical imaging techniques are necessary. Photoluminescence (PL) 

imaging has been employed in analysis of F4TCNQ-doped P3HT films by monitoring 
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doping via localized PL quenching; however, this technique cannot directly probe the 

precise chemical state of F4TCNQ (neutral vs. CPX vs. ICT vs. HF4TCNQ-).44,184 Recently, 

there has been a surge in research involving infrared nanospectroscopy imaging techniques 

including infrared scattering-scanning near-field optical microscopy (IR s-SNOM),185 

photothermal induced resonance microscopy,186 and photo-induced force microscopy 

(PiFM).187,188 Of the aforementioned techniques, PiFM has been reported in the literature 

most frequently for the analysis of doped polymer systems. PiFM relies on the dipole 

induced in the sample through s-SNOM techniques and its relative strength of interaction 

with the mirror dipole induced in the scanning tip which therefore has the added benefit of 

non-contact mode operation.187 This technique has since been applied to the study of 

nanoscale domains in an all-polymer solar cell active layer189 and to studying the domain 

sizes of nanoscale patterning of F4TCNQ-doped P3HT films.190 However, the usage of 

nano-IR imaging techniques to investigate the correlation of chemical and charge transfer 

states with morphology has not yet been reported. 

This chapter will focus on investigations into critical variables impacting 

morphology of F4TCNQ-doped P3HT films (both rr-P3HT and rra-P3HT), such as casting 

method, substrate type, dopant concentration, and solvent choice. It will be shown that each 

of these variables can dramatically impact the observed doped film morphology: ranging 

from homogenous spincast films on smooth substrates to the induced formation of 

crystallite features when films are spincast onto roughened substrates with mixed solvent 

systems. A variety of imaging modalities are explored to answer the two fundamental 

questions arising from the initial AFM sample survey: 1) What is the chemical identity of 

the crystallite features by particular casting methodologies? and 2) Is there a correlation 
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between morphology and charge transfer state of F4TCNQ? The imaging modalities of 

interest include AFM, c-AFM, Raman microscopy, and synchrotron infrared 

nanospectroscopy (SINS) which employs an IR s-SNOM endstation with synchrotron 

radiation. It will be shown that while interesting information can be gleaned from the two 

former techniques, it is in fact the SINS data that are suitable to unravel the questions 

regarding localized chemical and charge transfer states within the morphological context 

of differently processed F4TCNQ-doped P3HT films.  

 

Figure 6.1. (a) Raw and (b) normalized ν(C≡N) region of the IR spectra of the χF4TCNQ 0.17 

dropcast film (black) and the spincast film (red). 5 x 5 μm AFM mechanical amplitude 

images of χF4TCNQ 0.17 in rr-P3HT on polished Si (c) center part of dropcast film (d) outer 

edge of dropcast film (e) representative area of spincast film. AFM images were collected 

in tapping mode with Cypher AFM at UA Keck Imaging Facility.
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Experimental Methods 

Atomic Force Microscopy (AFM) 

An Asylum Cypher AFM (Oxford Instruments) in tapping mode with a silicon 

cantilever (f:200-400 kHz, k: 20-75 N/m, HQ-300-Au, Oxford Instruments) was used for 

preliminary surveys of samples. Reported values of rms roughness were calculated as the 

average of 3, 1 x 1 μm subsections of 5 x 5 μm height images. Conductive-AFM (c-AFM) 

was performed using the environmental scanner accessory to create an isolated 

environment around the sample, purged with an active flow of Ar gas, and was operated in 

contact mode using a conductive Ti/IR coated silicon cantilever (f:58-97 kHz, k:1.4-5.8 

N/m, ASYELEC-01, Oxford Instruments). AFM images were obtained first without any 

applied potential and then iterated in ± 500 mV increments to determine which applied 

potential would result in the best image. Potential maps never exceeded ± 1 V.  I-V curves 

were then taken at points in the image as applied triangle waves ± 1 V in four cycles at 1 

Hz. All data and images were processed using the Cypher software (Asylum).  

Raman Microscopy 

Raman microscopy was performed using a Renishaw InVia confocal Raman 

microscope. A 514 nm laser was used for all imaging at 1% laser power (approx. 50 mW), 

and the Raman signal was collected on a CCD with a 1024 x 256 pixel array (26 x 26 μm 

pixels). The 2400 grooves/mm grating was used for initial full spectral characterization in 

areas of interest on a sample from 4000 to 100 cm-1 in one 10 s accumulation and a spectral 

resolution of 3 cm-1. All Raman microscopy chemical maps were collected in static mode 

using the 1200 grooves/mm grating centered at 1700 cm-1 (1008-2336 cm-1 spectral range) 

with two 10 s spectral acquisitions averaged per pixel and a spectral resolution of 1.5 cm-
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1. The number of pixels obtained varied with the size of the analyzed area and are specified 

for each image shown. The mapping data was processed using WiRE (Windows-based 

Raman Environment, Renishaw).  

Synchrotron Infrared Nanospectroscopy (SINS) 

Infrared scanning-scattering near field optical microscopy (s-SNOM) is a technique 

developed for nanoscale chemical imaging in the IR. First described in the early 

2000s,191,192 IR s-SNOM was utilized with only moderate success until the incorporation 

of high irradiance broadband sources such as either continuous wave lasers or synchrotron 

radiation.185,188,193,194 Synchrotron radiation has the added benefits over laser and thermal 

based sources in that it is 10x the spectral width of the broadest laser sources and 1000x 

higher spectral irradiance compared to thermal sources.185,195 Figure 6.2a shows a 

comparison of the spectral irradiance profile of a beamline compared to a thermal source. 

Synchrotron infrared nanospectroscopy (SINS) has since been used for a diverse range of 

applications from surface phonon polariton mapping185 to nanophase separation in block 

co-polymers196 to monitoring chemical changes in genetically altered fungal cell walls.197 
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Figure 6.2. (a) Spectral irradiance achievable in a single acquisition for s-SNOM 

broadband IR sources. Of importance are the IR synchrotron light from ALS Beamline 5.4 

(calculated, re-dashed; experimental detector-limited, red-solid and a 1,000 K blackbody 

source (black). (Adapted with permission from 185). (b) Comparison of representative 

single beam spectra taken from blank gold from ALS Beamline 5.4 (red) and from the 

IRRAS at UA (black). To note: a representative spectrum from Beamline 2.4 could not be 

obtained because of the proprietary software, but the single beam values above 2000 cm-1 

are essentially 0.  
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s-SNOM overcomes the diffraction limit for IR imaging by focusing the IR 

radiation source to an AFM tip. The tip confines the electromagnetic radiation to its 

diameter, typically about 20 nm, and enhances the scattered signal via the lightning rod 

effect. The tip is oscillated at a frequency close to the fundamental frequency of the 

cantilever, inducing higher order harmonics in the scattered light based on the near-field 

signal’s nonlinear dependence on the sample to tip distance (d) as described by Equation 

2.1:  

𝛼𝑒𝑓𝑓 =
𝛼

1−(
𝛼∗𝛽

16𝜋∗(𝑟+𝑑)3)
    Equation 6.1188 

where αeff is the effective polarizability of the tip, α and β are the polarizability of the tip 

(modeled as a sphere for simplification) and the point dipole induced in the sample by the 

tip, respectively, and r is the radius of the tip.188 The interference from the far-field signal, 

which is only very weakly dependent on tip-sample distance, can then be avoided by 

locking in detection to one of the higher order harmonics of the scattered signal using a 

lock-in amplifier.185,188 Throughout this work, the second optical harmonic was used for 

signal detection. To differentiate between AFM images collected that are representative of 

the physical morphology of the film and the optical response, the terms “mechanical” and 

“optical will be respectively applied. 

The amplitude (A) and phase (φ) of the scattered near-field signal are proportional 

to the complex refractive index, �̂�, of the investigated material, where the amplitude is 

proportional to the real component, n, and the phase is proportional to the imaginary 

component, κ. The imaginary component of the SINS response, directly proportional to the 

phase of the signal, can be extracted to yield the absorption coefficient information.185 

However, based on the thickness of the samples studied (ca. 15 nm), the phase spectra were 
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deemed to adequately represent the near field absorption signatures.198 The obtained 

amplitude and phase spectra from the sample are then normalized to the spectral response 

from a blank gold or silicon substrate via Equations 2.2 and 2.3, depending on the substrate 

of the sample film, in order to correct for the instrument response function:185 

|𝐴(�̅�)| =
|𝐴(�̅�)|𝑠𝑎𝑚𝑝

|𝐴(�̅�)|𝑟𝑒𝑓
     Equation 6.2 

𝜑(�̅�) = 𝜑(�̅�)𝑠𝑎𝑚𝑝 − 𝜑(�̅�)𝑟𝑒𝑓    Equation 6.3 

 SINS data in this dissertation were collected at the Advanced Light Source (ALS) 

at Lawrence Berkeley National Laboratory (LBNL) in Berkeley, CA at beamlines 2.4 and 

5.4. ALS is a third-generation synchrotron operating in top-off mode to maintain a constant 

500-mA current of 1.9-GeV electrons. The power of the infrared synchrotron radiation 

used for experiments was approximately 500 μW (700-5,000 cm-1) and does not result in 

significant localized heating at the point of the film being analyzed.185  

Samples for SINS analysis were typically prepared ca. 1-2 days in advance of the 

trip following the film preparation procedures described in Chapter 4. Once made, the 

sample films were all characterized by IRRAS to obtain the chemical starting state for each 

sample and by AFM to ascertain the heterogeneity of the film and mark any areas of interest 

for SINS analysis. The films were then placed into plastic holders, secured with carbon 

tape, and vacuum sealed in a plastic bag in an Ar atmosphere glovebox to ensure that they 

would be under inert conditions for as long as possible. Upon returning from the 

synchrotron, the samples were again analyzed by IRRAS to determine what chemical 

changes were induced during transport and temporary ambient exposures.  

Beamline 2.4 at ALS is the commercial SINS endstation using neaSpec’s 

neaSNOM system. Cantilevers (PtIr coated, neaSpec Nano-FTIR tips) are mounted onto 
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the AFM probing head with a heat-activated glue and then the entire assembly is placed 

into the neaSNOM holder. A full frequency sweep was performed for each new cantilever 

to find the tapping frequency followed by AFM laser alignment for optimal detection. The 

set point tapping voltage was adjusted as needed to maintain a free tapping of 

approximately 100 nm (70-80%) when not in contact with a sample. Once the tip is fully 

characterized, the sample to be analyzed is mounted onto a magnetic disc with carbon tape. 

The piezo stage used for the sample in this system is highly sensitive to placement of the 

magnetic backing disc. If the sample is not well aligned with the magnetic field of the piezo 

stage, there will be large amounts of sample drift. Care should be taken to make sure that 

the magnetic disc for the mounted sample is magnetically aligned with the piezo to 

minimize sample drift during analysis. Once the sample is introduced into the AFM 

chamber, a region of interest is found, and the tip is brought into contact with the sample, 

the IR collection parameters need to be optimized. The parabolic mirror can be “auto 

aligned” when a new tip is used and should yield a second harmonic optical amplitude 

intensity of approximately 3 V. The interferogram should then be checked to make sure 

that the full center burst is aligned to the right, as the top of the center burst to the left edge 

determines the spectral resolution. This can be adjusted by modification of the 

interferometer center setting. AFM images were most frequently collected as 2 x 2 μm over 

100 x 100 pixels with 10.2 ms integration time per pixel (scan rate of 2 μm/s). IR spectra 

were typically collected as 30 scan averages with 20 ms integration time per scan resulting 

in a 10 min spectral acquisition at 8 cm-1 resolution. IR light is detected using an external 

liquid N2 cooled MCT detector that needs to be filled about every 18 h. A background 

AFM and IR scan should be collected on a bare substrate before sample analysis. To 



235 

minimize drift impact on IR spectrum collection, an AFM image should be collected after 

each IR scan to re-position the tip to the desired location. This should be done to obtain 3-

6 replicate IR scans in the same area to be co-averaged in data post-processing. The IR 

spectra are first processed using neaPlot software (neaSpec) for accurate phase correction. 

The spectra are then exported and plotted in Origin (OriginLab). 

Beamline 5.4 at ALS is the non-proprietary SINS beamline created at ALS as an 

ultra-broadband SINS system, with chemical imaging capabilities from the near-IR to 

terahertz frequencies.185 Briefly, the SINS instrument set-up at beamline 5.4 is constructed 

through a combination of a modified rapid-scan FTIR (Nicolet 6700, Thermo Scientific) 

and a modified AFM (Innova, Veeco/Bruker). 500 μW of synchrotron IR passes through a 

KBr beamsplitter to either be focused onto a platinum silicide (PTSi-NCH, Nanosensors) 

AFM tip by a custom parabolic mirror (N.A. ~0.4, Nutek) or sent to the scanning mirror of 

the rapid-scan FTIR via a delay line. The recombined reflected light from both sources are 

detected at a liquid N2 cooled MCT detector (refilled approx. every 8-10 h). 

For data acquisition at beamline 5.4, the AFM probing head is removed to take 

out/replace samples and/or tips (PtSi coated, Nanosensors). The sample is mounted to a 

magnetic disc via carbon tape and subsequently placed onto the sample stage. The sample 

is focused to a desired area of interest and then de-focused by 500 μm through the AFM 

controller software (Bruker Nanodrive AFM) in order to prevent crashing the tip onto the 

sample upon replacement of the AFM probing head. Once the probing head is replaced, 

the AFM laser should be manually adjusted such that it is centered on the cross hairs and 

yields a signal ca. 1.4-1.5 V. The set point tapping voltage for the AFM tip was set to 3.7 

V unless otherwise noted. Once the tip is brought into contact with the sample, the 
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parabolic mirror should be manually adjusted, iterating the x, y, and z- axis alignment, to 

maximize the O2A/O3A signal on the spectroscope (O2A approx. 300 μV on blank Au). 

AFM images were usually collected as 2 x 2 μm images over 512 x 64 pixels at a scan rate 

of 0.2 Hz. Omnic software was used to acquire the first and second harmonic single beam 

IR data using the “dual channel polarization” menu in Omnic, where “input A” is the first 

harmonic and “input B” is the second harmonic. The spectra were acquired for 800 scans 

at 8 cm-1 resolution, resulting in a 10 min spectral acquisition. The sample drift was less of 

an issue with this beamline, but AFM images were still collected in between IR collections 

to verify tip position on the sample for the IR measurement. The single beam data acquired 

were first processed using a GUI, written by Omar Khatib,199 which Fourier transforms the 

input data and normalizes the sample to the blank substrate to output the amplitude and 

phase spectra of the sample. The phase spectra are then imported into Omnic for further 

baseline correction before exporting and plotting in Origin. The AFM images acquired 

from this beamline are analyzed and plotted with Gwyddion, a free AFM image processing 

software. 

For all collected SIN spectra, bands are labeled if the intensity of the peak was 

greater than 3x that of the full peak-to-peak noise of the same spectrum. Peak-to-peak noise 

was calculated for each spectrum between 870 and 950 cm-1 as this range contains no bands 

from either F4TCNQ or P3HT has little noise observed in the single beam SIN spectrum 

on pure gold (Figure 6.2b). All spectral peak labels are color coded with neutral F4TCNQ 

in black, ICT state (F4TCNQ•-/P3HT•+) in red, CPX state (F4TCNQδ-/P3HTδ+) in green, 

HF4TCNQ- in purple, and unknown bands in light blue.  
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Results and Discussion 

Film Morphology Characterization by AFM 

 Previous research into F4TCNQ-doped P3HT films describes the use of dropcast 

films for FTIR analysis, even though spincast films were used for the majority of other 

measurements (UV-vis, conductivity, photoluminescence, etc).52,55,200 However, 

fundamental chemical phenomena of these doped films, including the chemistry discussed 

in previous chapters of this dissertation and others recently discussed in the literature, can 

only be observed when the thinner, more device relevant spincast films are 

analyzed.56,170,201,202 For example, Figure 6.1 shows a comparison of the morphologies 

(Figure 6.1 c-e) and the subsequent differences in the ν(C≡N) region of the FTIR spectra 

(Figure 6.1a and b) between a dropcast and a spincast film of χF4TCNQ 0.17 prepared on 

polished silicon.  Although the center of the dropcast film is comparable to the spincast 

film by average rms roughness (2.3 ± 0.3 nm and 1.8 ± 0.3, respectively), the dropcast 

films are clearly more heterogeneous in nature. As can be seen by comparing Figure 6.1c 

and 6.1d, multiple types of crystallite features are formed in the outer ring of the dropcast 

film that are not observed in the spincast film. The film thicknesses also differ, with 

representative films and line scans shown in Figure 6.3. The center of dropcast films were 

measured to have a thickness of 140 ± 33 nm (n=4) and the spincast films were measured 

to have a film thickness of 20 ± 8 nm (n=6).  The diversity in the morphology between the 

spincast and dropcast films is correlated to observed differences in the IR spectra (Figure 

6.1a and b). The dropcast film combines the two bands at 2194 cm-1 [ν(C≡N)b1u] and 2187 

cm-1 [(ν(C≡N))ag] observed in the spincast film to one band at 2191 cm-1.97,98 Likewise, the 

ν(C≡N)b2u band in the dropcast film, observed at 2171 cm-1 is red-shifted by 4 cm-1 and 
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increases in relative intensity in the spincast film. These spectral and morphological 

differences show that dropcast films are not adequate representations for explaining 

phenomena observed in spincast films in other experiments. 

 

 

Figure 6.3. Mechanical height AFM images of films of χF4TCNQ 0.17 in rr-P3HT (a) 

dropcast and (b) spincast onto Si. The dashed lines in both images show are the sampling 

locations of the line scans given in (c) and (d), respectively. Images were collected in 

tapping mode with Cypher AFM at UA Kecking Imaging Facility. 

 

  

  



239 

Other variables that could influence the morphology of F4TCNQ-doped P3HT films 

on the nanoscale were subsequently evaluated via AFM. The first additional variable 

investigated was the roughness of the underlying substrate. The Si wafers used for IR 

experiments are thermally polished on one side with an average rms roughness of 88 ± 8 

pm (Figure 6.4a). The opposite side of the wafers are etched Si with an average rms 

roughness of 8.6 ± 0.9 nm (Figure 6.4b). Dropcast and spincast films of χF4TCNQ 0.17 were 

prepared on the etched side of Si and the resulting AFM images are shown in Figure 6.5a 

and b. As can be seen from the images, there is an abundance of diversely shaped crystallite 

features formed from both the dropcasting and spincasting methods. To test whether 

substrate roughness induces crystallite features, a series of evaporated Au substrates were 

cleaned and etched by submersion in simmering piranha solution (3:1 H2SO4:H2O2 at 190 

°C) for different lengths of time. Substrates submerged for 1 min resulted in an average 

rms surface roughness of 0.8 ± 0.05 nm (Figure 6.4c), those submerged for 2 min showed 

an average rms roughness of 2.7 ± 0.4 nm (Figure 6.4d), and those submerged for 20 min 

showed an average rms roughness of 7.3 ± 0.8 nm (Figure 6.4e). The resulting spincast and 

dropcast films of χF4TCNQ 0.17 on each substrate type are shown in Figure 6.5. As the 

surface roughness of the underlying Au increases, so too do the number of crystallite 

features observed by each casting methodology. Most of these features are rod-like in 

appearance but the features present on the spincast film on the highly roughened gold 

surface (Figure 6.5h) are rounder. These differences in shape suggest possible chemical 

differences in their composition, but these differences cannot be elucidated from AFM 

imaging alone. 
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Figure 6.4. 5 x 5 μm mechanical height AFM images of (a) Polished Si [88 ± 8 pm] (b) 

etched Si [8.6 ± 0.9 nm] (c) 1 min piranha cleaned Au [0.8 ± 0.05 nm] (d) 2 min piranha 

cleaned Au [2.7 ± 0.4 nm] (e) 20 min piranha cleaned Au [7.3 ± 0.8 nm] used as underlying 

substrates in doped film morphology experiments. Rms roughness values are given in 

brackets. Images were collected in tapping mode with Cypher AFM at UA Keck Imaging 

Facility. 
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Figure 6.5. AFM mechanical amplitude images of χF4TCNQ 0.17 in rr-P3HT of (a), (c), (e), 

(g) dropcast films and (b), (d), (f), (h) spincast films on (a), (b), etched Si [8.6 ± 0.9 nm] 

and (c-h) a series of increasingly roughened Au substrates as determined by the average 

rms roughness values calculated for the underlying substrate. (c) and (d) are 0.8 ± 0.05 nm 

rms roughness Au, (e) and (f) are 2.7 ± 0.4 nm rms roughness Au, and (g) and (h) are 7.3 

± 0.8 nm rms roughness Au. Images were collected in tapping mode with Cypher AFM at 

UA Keck Imaging Facility. 
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 The next variable investigated was how the F4TCNQ concentration within the film 

could impact the observed morphology. Figure 6.6 shows the images obtained for films of 

pure rr-P3HT (Figure 6.6a), χF4TCNQ 0.012 (Figure 6.6c), and χF4TCNQ 0.096 (Figure 6.6e) 

in rr-P3HT all prepared by spincasting onto polished silicon. No crystallite features were 

observed in any of these films and the average roughness of the films increased with dopant 

concentration. The values of the average rms roughness for each film are given in Table 

6.1. This correlation of film roughness with dopant concentration is in agreement with the 

literature.183  

A similar study was performed by exploring the impact of dopant concentration on 

film morphology of F4TCNQ-doped rra-P3HT. The results, given in Figure 6.6, show that 

while the trend of increasing average rms roughness of the films with higher dopant 

concentrations is still present, the doped rra-P3HT films have reduced surface roughness 

compared to their analogously doped rr-P3HT counterparts. The pure rra-P3HT film 

(Figure 6.6b) was found to have an average surface roughness of 0.25 ± 0.021 nm, which 

is comparable to pure rr-P3HT (Table 6.1). However, χF4TCNQ 0.012 (Figure 6.6d) and 

χF4TCNQ 0.096 (Figure 6.6e) in rra-P3HT were found to have an average surface roughness 

significantly lower than the same dopant concentrations in rr-P3HT (Table 6.1). These 

findings show that even at very low dopant concentrations in rr- and rra-P3HT, significant 

morphological differences can be observed that can ultimately be correlated to differences 

in conductivity and in observed charge transfer state.
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Figure 6.6. AFM mechanical amplitude images of spincast (a) pure rr-P3HT (b) pure rra-

P3HT (c) χF4TCNQ 0.012 in rr-P3HT (d) χF4TCNQ 0.012 in rra-P3HT (e) χF4TCNQ 0.096 in rr-

P3HT and (f) χF4TCNQ 0.096 in rra-P3HT. Images were collected in tapping mode with 

Cypher AFM at UA Keck Imaging Facility.



244 

Table 6.1. Average rms roughness values for films in Figure 6.5a 

χF4TCNQ rr-P3HT (nm) rra-P3HT (nm) 

0 0.39 ± 0.043 0.25 ± 0.021 

0.012 4.3 ± 0.41 0.19 ± 0.022 

0.096 5.8 ± 0.52 0.8 ± 0.11 

aValues tabulated as the average of 3 1 x 1 μm subsections of one 5 x 5 μm mechanical 

height AFM image 
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Conductive AFM Measurements 

 Duong et al. successfully employed conductive AFM to study F4TCNQ-doped rr-

P3HT films to locate doped sites within the polymer matrix.183 This experiment was 

reproduced using the Cypher AFM in the Keck Imaging Facility on a spincast χF4TCNQ 0.17 

doped rr-P3HT film prepared on Au (n=1) with the results shown in Figure 6.7. To note, 

conductive AFM could not be performed on equivalently doped rra-P3HT films due to 

their low conductivity. As can be seen in Figure 6.7, there are clear areas of high current 

flow over the smaller background current as was similarly seen in the work performed by 

Duong et al.183 There is a possibility that the roughness of the underlying gold substrate 

partially contributes to the variations in conductance; however, the high current areas 

observed are constrained to smaller regimes than the roughness features of either the doped 

film or the underlying substrate. In fact, in an overlay of the current response with the 

simultaneously obtained mechanical height image (Figure 6.7c), there appears to be little 

correlation between film morphology and measured conductance. Space charging induced 

in the film may play a role in small changes in the conductance as a function of film height. 

Through the formation of a space charge region, the measured current density is 

proportional to the film thickness, L. The dependence is usually described by the Mott-

Gurney law as L3, but in conductive AFM experiments this dependence is further impacted 

by the diameter of the conductive AFM tip.203 However, the overall lack of correlation 

between film height and conductance suggests that there is another variable contributing 

to the heterogeneity of the observed conductance. It is hypothesized that the high 

conductance areas in the film are more likely correlated to concentrated areas of dopant 

within the film, in agreement with hypotheses proposed by Duong et al.183 
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Figure 6.7. Spincast χF4TCNQ 0.17 in rr-P3HT AFM images on Au. (a) AFM mechanical 

height, (b) conductivity with +0.5 V applied and (c) overlay of images in (a) and (b). (d,e) 

I-V curves generated over the course of four cycles of ±1V. at (d) high current spot labeled 

“1” and (e) low current spot labeled “2”. Images and I-V curves collected in contact mode 

with Cypher AFM at UA Keck Imaging Facility. 

 

To determine the nature of the current response in a “hot spot” versus the 

background, I-V curves were generated at several points across the film. A representative 

hot spot I-V curve (n=3) is given in Figure 6.7c and a representative background I-V curve 

(n=2) in Figure 6.7d. These I-V curves were obtained by holding the tip at a fixed position 

in contact with the film and cycling the applied potential from -1 V to +1 V for four cycles 

to ascertain any charging effects. As the potential is cycled on a “hot spot”, there is a build-

up of current density to the point where the current flow has gone beyond the limit of 

detection for the probe. On the other hand, the current response with cycled applied 
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potential in the background areas is relatively low and stable. This suggests that the 

concentration of the ICT state, which is the more conductive charge transfer state, is 

increasing as the potential is cycled in the high conductance areas of the film. One 

hypothesis for why this occurs is that continuous potential cycling could be enhancing 

dopant migration to these regions, as F4TCNQ/F4TCNQ•- diffusion is a known 

phenomenon in doped P3HT films.169 However, if this were true, an increase in current 

would be expected as the applied potential is cycled in other regions of the film which is 

not the case (see in Figure 6.7e). A more likely hypothesis is that the applied potential 

induces additional charge transfer between rr-P3HT and F4TCNQ, resulting in conversion 

of co-existent neutral/CPX states to the more conductive ICT state. Ultimately, these data 

can show the difference between no charge transfer and ICT regimes through identification 

of low versus high conductance areas. However, there is not a conclusive way of 

determining where the CPX state might be localized relative to these two regimes.  

 To investigate whether conductive AFM could provide insight into the identity of 

the crystallite features that are formed in some of the films, a dropcast film of χF4TCNQ 0.17 

doped rr-P3HT was prepared on Au (n=1). The conductive AFM images are shown in 

Figure 6.8 and clearly show an inverse of the behavior observed in the spincast film shown 

in Figure 6.7. In these films, the background matrix retains high current flow while the 

crystallite features are essentially current-silent regions. However, it is important to note 

that the highest conductance measured in this film is three orders of magnitude lower than 

the highest current measured for the spincast film discussed above. The presence of a 

significant number of low conductance crystallites with a moderately conductive 

background matrix provides some important molecular insights about the nature of the 
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features. It is hypothesized that the crystallite features are neutral F4TCNQ, as pure rr-

P3HT would exhibit small conductivity. The significant presence of neutral F4TCNQ 

features would suggest that F4TCNQ was not able to successfully dope the P3HT, i.e. the 

concentration of F4TCNQ acting as dopant within the polymer is reduced, thereby reducing 

the apparent conductivity of the background polymer matrix.    

 These studies with conductive AFM, though limited in sample size and scope, 

provided enough evidence to formulate preliminary hypotheses regarding the correlation 

of F4TCNQ localization with conductivity within rr-P3HT films. The conductive AFM 

experiments conducted on the spincast doped film corroborated the findings of Duong et 

al.183 and revealed the heterogeneous dispersal of dopant throughout the polymer matrix 

through the varying levels of conductance. Conductive AFM experiments conducted on 

the dropcast film suggest that the crystallite features formed are most likely neutral 

F4TCNQ.  However, the lack of chemical specificity with conductive AFM renders it 

unable to pinpoint precisely where CPX regimes are localized relative to ICT.  The quest 

to answer this question led to the use of vibrational microscopy and nanospectroscopy. 

 

Figure 6.8. Dropcast χF4TCNQ 0.17 in rr-P3HT AFM images on Au. (a) AFM mechanical 

amplitude in contact mode and (b) Conductivity image with +1 V applied. Images collected 

in contact mode with Cypher AFM at UA Keck Imaging Facility.



249 

Raman Microscopy Measurements 

 Raman microscopy was conducted at the Kuiper Imaging facility at the University 

of Arizona with the hope that it would provide chemical molecular imaging that would 

answer the two remaining questions: 1) What is the chemical identity of the crystallite 

features? and 2) Is there a correlation between morphology and charge transfer state? To 

address the first question, the same dropcast χF4TCNQ 0.17 doped rr-P3HT film on Au that 

was prepared for the c-AFM experiment discussed above was analyzed. An optical image 

of the analyzed area of the film is given in Figure 6.9a and shows very large crystallite 

features. Figure 6.9b shows Raman spectra taken from three regions of the film: on the 

center of a crystallite feature (spectrum 1), on the edge (spectrum 2), and on the background 

matrix (spectrum 3). The Raman spectra shown are representative of the corresponding 

areas throughout the film and are extracted from a 336 pixel Raman chemical map (average 

of two 10 s acquisitions) taken of the 40 x 30 μm optical image (each pixel corresponding 

to a 2 μm step).  

Most of the bands below 1643 cm-1 are due to a combination of neutral F4TCNQ 

and neutral P3HT. Assignments are given in Table 6.2.97,204 The band at 1643 cm-1 is 

known to originate from F4TCNQ•-, and so can be used as a marker of its location.97,98 The 

bands at 2227 cm-1 and 1665 cm-1 are indicative of the presence of neutral F4TCNQ.97,98 

Notably, the ν(C≡N) region of the Raman spectrum does not display the same degree of 

peak frequency sensitivity to electron density as in the FTIR.97 As shown in Figure 6.9b, 

the ν(C≡N) band due to F4TCNQ•- is a weak band at 2220 cm-1, which is only a 9 cm-1 shift 

from the neutral form in contrast to the 32 cm-1 shift observed upon reduction in the FTIR. 

This is due to the active vibrational modes monitored with each technique; the asymmetric 



250 

stretching modes are observed in FTIR and the symmetric stretching modes are observed 

in Raman. As F4TCNQ is reduced, electron density populates the LUMO level localized to 

the nitrile units, weakening their bond strength.52,54 The symmetric ν(C≡N) modes are not 

impacted to the same extent as the asymmetric ν(C≡N) modes most likely due in part to 

asymmetry in the calculated wavefunction affiliated with the LUMO level as shown and 

discussed in the literature.45,52,54 Therefore, the intensity of the band at 1643 cm-1 was 

chosen as a marker of F4TCNQ•- and the intensity of the band at 2229 cm-1 as a marker of 

F4TCNQ to generate Raman spectral maps.  

The spectral maps are shown both individually and overlaid in Figure 6.10. These 

maps clearly show that neutral F4TCNQ is localized to the crystallite features and that 

F4TCNQ•- is predominantly present in the polymer background matrix; although, as seen 

in the extracted Raman spectra, there is some evidence for F4TCNQ•- in the regions with 

the crystallite features, which are hypothesized to originate from doped polymer residing 

underneath the crystallite features. 

 To determine if this technique could be used to determine the location of CPX or 

ICT charge transfer states on a more device relevant substrate, a spincast film of χF4TCNQ 

0.11 doped rr-P3HT on polished silicon was analyzed. The film chosen for Raman 

microscopy had been stored in a glovebox for > 6 weeks and was confirmed to have a 

detectable amount of the CPX state via FTIR (CT state conversion described in detail in 

Chapter 4). The results of the Raman microscopy experiment are shown in Figure 6.11. 

There was no spectral evidence for neutral F4TCNQ anywhere in the scanned region. The 

two chemical maps generated correspond to the intensity of the bands at 2218 cm-1 and 

1643 cm-1, which both correspond to F4TCNQ•-. As an aside, the frequency of the ν(C≡N)ag 
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mode for F4TCNQ•- is different in this sample (Figure 6.11d, 2218 cm-1) from the 

previously discussed sample (Figure 6.9b, 2220 cm-1). Though this difference is close to 

the spectral resolution (1.5 cm-1) with the 1200 grooves/mm grating, it is possible that there 

is a contribution to this shift due to the difference in film thickness. A similar trend in minor 

alterations of peak frequency as a function of film thickness is observed in the FTIR as was 

seen in Figure 6.1b and discussed above. 

Even though both frequencies (1643 and 2218 cm-1) should correspond to the 

location of F4TCNQ•-, several sections of the chemical maps do not seem to be correlated 

to each other. Extracted Raman spectra (Figure 6.11d) from different areas of the image 

show almost no differences between the spectra, and the color bars of the generated Raman 

spectral maps indicate that the maps represent very minor fluctuations in intensities. The 

spectra presented in Figure 6.11d are ultimately representative of all spectra collected in 

this region and in the two other regions of this film that were analyzed. As all of the bands 

in these spectra can be assigned to either P3HT or F4TCNQ•-, there are no readily 

identifiable bands that can be assigned to the CPX state. This corresponds with the lack of 

literature on identification of the CPX state using Raman spectroscopy. Therefore, while 

Raman microscopy is useful for determining the identity of large (μm) features, it does not 

have the spectral resolution for determining the location of CPX relative to ICT states 

within a film due to the reduced sensitivity in the Raman active vibrational modes to 

electron density.
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Figure 6.9. (a) Optical microscope image of crystallites on a film of dropcast χF4TCNQ 0.17 

in rr-P3HT on Au. (b) Raman spectra taken from points 1 (blue), 2 (red), and 3 (black) 

from the optical microscope image.  
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Table 6.2. Raman spectral assignments of F4TCNQ-doped rr-P3HT 

Frequency (cm-1) F4TCNQ assignment rr-P3HT assignment Reference 

1096  δ(C-H) 204,205 

1241 F4TCNQ•-: ν(ring)ag  97,98 

1273 F4TCNQ•-: ν(ring)ag  97,98 

1383  ν(Cβ-Cβ)skeletal 204,205 

1457 
F4TCNQ / F4TCNQ•-:  

ν(C-C)ag 
ν(Cα=Cβ)symmetric 97,98,204,205 

1643 F4TCNQ•-: ν(C=C)ag  97,98 

1665 F4TCNQ: ν(C=C)ag  97,98 

2223 F4TCNQ•-: ν(C≡N)ag  97,98 

2229 F4TCNQ: ν(C≡N)ag  97,98 
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Figure 6.10. Raman spectral maps of bands at (a) 2229 cm-1 (spectral marker for F4TCNQ) 

and (b) 1643 cm-1 (spectral marker for F4TCNQ•-) from the area shown in the optical 

microscope image in Figure 6.8a. (c) Overlay of maps presented in (a) and (b) showing the 

localization of neutral F4TCNQ to the crystals and F4TCNQ•- to the surrounding matrix. 
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Figure 6.11. (a) Optical microscope image a film of spincast χF4TCNQ 0.17 in rr-P3HT on 

Au. The Raman maps collected in this region for bands at 2218 cm-1 and 1643 cm-1 are 

shown in (b) and (c), respectively. (d) Raman spectra extracted from point 1 (black) and 

point 2 (red).
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Synchrotron Infrared Nanospectroscopy Measurements 

 Knowing that Raman spectroscopy lacked the spectral resolution to differentiate 

between CPX and ICT state regions in these films, IR nanospectroscopic imaging methods, 

i.e. SINS, were pursued. SINS measurements were performed at ALS over several trips. In 

the interest of maximizing the diversity of samples studied for determining the limits of the 

technique, many of the films to be discussed were not studied in replicate. Therefore, the 

data presented provide a qualitative scope of the ability of the technique for studying OSC 

films; future work will be necessary to quantitatively analyze the reproducibility of spectra 

from particular film compositions. 

 In the initial set of experiments for SINS method optimization, control samples of 

pure rr-P3HT, pure rra-P3HT, and pure F4TCNQ were spincast and dropcast onto polished 

Si, SiN, and Au in order to determine what sample preparation methods struck the best 

balance between optimized signal while simulating device relevant conditions. It was 

determined that there was no statistically significant impact of substrate on the film 

thickness. Spincast films prepared on moderately roughened Au were determined to 

adequately optimize these two considerations due to the depth of penetration of the tip’s 

electric field (comparable to the tip radius, ~25 nm) paired with the reflectivity and low IR 

absorbance of the Au.206 Figure 6.12 shows the mechanical height image, second harmonic 

optical amplitude (O2A) image, and representative spectra for pure rr-P3HT and pure rra-

P3HT films; analogous data for pure F4TCNQ is shown in Figure 6.13. The AFM images 

correspond well to those observed with tapping mode AFM discussed above (Figure 6.6a 

and b). Representative SIN spectra (7 spectra obtained per film, 1 film of each polymer 

type studied) do not show many bands with the exception of small bands at 2933 cm-1 and 
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822 cm-1 (assignments in Table 6.1) observed in the rr-P3HT spectrum; however, only the 

band at 822 cm-1 has a S/N > 3.157 This shows that neutral P3HT is essentially spectrally 

silent by this method on this beamline, especially when considering the comparatively low 

throughput in the ν(C-H) region (Figure 6.2).  

Pure F4TCNQ, on the other hand, has very strong bands as can be seen in Figure 

6.13c. Placement of the AFM tip directly over any one of the crystallite features (3 pure 

F4TCNQ samples studied, 6 spectra obtained per sample) yields the spectrum shown in 

black in Figure 6.13c. The assignments of the bands observed in these near field 

measurements compared to the far field frequencies (obtained from the IRRAS system at 

UA) are given in Table 6.4. Placement of the tip anywhere off the crystallite features yields 

the representative spectrum (of 3 spectra acquired) shown in red in Figure 6.13c which 

does not have any bands with S/N > 3. This is important to note as it shows that if there 

were trace amounts of F4TCNQ•- due to charge transfer from the underlying Au substrate 

(as observed in experiments by Koch et al.)158, it is not detectible on this instrument. This 

implies that any observation of F4TCNQ•- in F4TCNQ-doped P3HT film samples must 

originate from CT between F4TCNQ and the polymer. 

 LiF4TCNQ was then synthesized to determine if F4TCNQ•- could be observed. The 

synthetic procedure employed followed that described in the literature116 with additional 

lyophilization of the product followed by sublimation for purification. The resulting 

material was a purple/black powder that was readily dissolved in acetonitrile and spincast 

onto a Au substrate. The resulting mechanical height, mechanical amplitude, mechanical 

phase, and O2A images taken are given in Figure 6.14 along with a comparison between 

the IRRA spectrum and the SIN spectrum taken of this sample (2 samples prepared, 6 
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spectra obtained). The majority of the observed bands in the SIN spectrum can be assigned 

to F4TCNQδ- (i.e. CPX state) based on the red shift of the bands relative to those of neutral 

F4TCNQ, as described by Equation 4.1. The bands are similar in frequency to those seen 

in the far field IRRA spectrum and those reported in the synthesis paper by Lu et al.116 The 

peak frequencies of the bands are not the same as F4TCNQ•- due to strong coordination of 

Li+. The theory of the location and coordination of the counter cation on the observed 

frequency shift in F4TCNQ vibrational bands is explored in detail in Haworth et al.98 There 

are two bands in the SIN spectrum at 1252 and 1750 cm-1 that cannot be assigned to a 

known F4TCNQ species. Although their identity cannot be conclusively determined, it is 

likely that they originate from a contaminant present in LiF4TCNQ as these bands are also 

observed in the far field spectrum. Contaminants aside, the results from the SINS 

experiment on LiF4TCNQ show the efficacy of this technique in monitoring charge transfer 

states of F4TCNQ.98,116
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Figure 6.12. (a,b) Mechanical height and (c,d) second harmonic optical amplitude images 

of (a,c) rr-P3HT and (b,d) rra-P3HT spincast on Au. (e) Representative SIN spectra for 

each film compared to the far-field transmission spectrum of P3HT. Images were collected 

at Beamline 5.4 at ALS. Images are 512 x 64 pixels collected at 0.2 Hz over a 2 x 2 μm 

area.  
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Table 6.3. Assignments of P3HT IR active modes in far and near field measurements 

FFa Frequency (cm-1) Assignments157 NFb Frequency (cm-1) 

3060 ν(CH) NDc 

2958 ν(CH3)oop ND 

2925 ν(CH2)oop 2933 

2856 ν(CH2)ip ND 

1512 ν(ring)as ND 

1458 ν(ring)s ND 

1379 δ(CH3) ND 

823 δ(CH) 822 

723 ρ(CH3) ND 
aFF=Far Field bNF= Near Field cND=Not Detected 

 

Table 6.4. Assignments of F4TCNQ IR active modes in far and near field measurements 

FFa Frequency (cm-1) Assignment97,98 NFb Frequency (cm-1) 

2227 ν(C≡N), b1u NDc 

2214 ν(C≡N), b2u ND 

1598 ν(C=C)ring, b2u 1601 

1552 ν(C=C)exo,b1u ND 

1395 ν(C-C)ring, b2u 1399 

1341 ν(C=C)ring, b1u 1343 

1191 ν(C-CN), b2u ND 

976 ν(C-F), b2u 979 
aFF=Far Field bNF= Near Field cND=Not Detected 
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Figure 6.13. (a) Mechanical height and (b) second harmonic optical amplitude images of 

neutral F4TCNQ spincast on Au. (c) SIN spectra from a point 1 (on F4TCNQ, black) and 

point 2 (off F4TCNQ, red). Images were collected at Beamline 5.4 at ALS. Images are 512 

x 64 pixels collected at 0.2 Hz over a 2 x 2 μm area.  
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Figure 6.14. (a) Mechanical amplitude, (b) mechanical phase (c) mechanical height and 

(d) second harmonic optical amplitude images of LiF4TCNQ spincast on Au. (e) SIN 

spectrum from point 1 (c,d) on LiF4TCNQ (red) and the comparative far-field IRRA 

spectrum (black) taken of the sample before travel to ALS. Images in (a) and (b) were 

collected using the Cypher AFM in the UA Keck Imaging Facility. Images in (c) and (d) 

were collected at Beamline 5.4 at ALS. Images in (c) and (d) are 512 x 64 pixels collected 

at 0.2 Hz over a 2 x 2 μm area. All spectral peak labels are color coded with neutral 

F4TCNQ in black, CPX state (F4TCNQδ-) in green, and unknown bands in light blue. 
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Table 6.5. Comparison and assignment of some observed LiF4TCNQ SINS bands 

F4TCNQ FFa 

Frequency (cm-1) 

F4TCNQ•- FF 

Frequency (cm-1) 
Assignment97,98,116 

LiF4TCNQ NFb 

Frequency (cm-1) 

2227 2194 ν(C≡N), b1u 2225, 2207 

2214 2173 ν(C≡N), b2u ND 

1598 1536 ν(C=C)ring, b2u 1535 

1552 1501 ν(C=C)exo,b1u ND 

1395 1345 ν(C-C)ring, b2u 1384 

1341 1337 ν(C=C)ring, b1u ND 

1191 1200 ν(C-CN), b2u ND 

NDc 1143 ν(ring), b1u ND 

976 967 ν(C-F), b2u 976 

aFF=Far Field bNF= Near Field cND=Not Detected 
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 After concluding the initial control studies, the next set of samples studied were 

spincast χF4TCNQ 0.17 doped P3HT films. This dopant concentration was selected as it is 

the highest dopant concentration that is still device relevant.207 The additional assumption 

made was that the higher dopant concentration would lead to higher absorbance bands 

affiliated with the CT states of F4TCNQ in the SIN spectra. Figure 6.15 and Figure 6.16 

show data taken from spincast films of χF4TCNQ 0.17 doped rr-P3HT on Au taken from 

Beamlines 2.4 and 5.4, respectively. The SIN spectrum shown in Figure 6.15c and d was 

taken from a dark region of the O2A image. This spectral location was selected (of the 12 

obtained from various regions of this film), as the darker regions of O2A images 

correspond to regions of higher absorbance. Therefore, this spectrum showed the most 

absorption compared to others taken from the sample. The band at 1143 cm-1 is assigned 

to F4TCNQ•- (Table 3.1), and the two bands at 1298 and 1333 cm-1 are assigned to known 

P3HT•+ absorbances as described in the literature based on effective conjugation coordinate 

(ECC) theory.204 The band at 977 cm-1 can be attributed to neutral F4TCNQ (Table 3.1), 

which was also observed in the far field spectrum obtained for the sample (Figure 6.15c) 

There are also two bands that can be observed in the ν(C≡N) region (shown in an expanded 

view in Figure 6.15d). The band at 2190 cm-1 can be assigned to the b1u mode of F4TCNQ•- 

at 2190 cm-1 and the band at 2204 cm-1 can be assigned to the b1u mode of the CPX. 

However, these two bands are buried within a region of a significant degree of noise, and 

may not, in fact, be real. Indeed, though many assignments can be attributed to known ICT 

state frequencies, the overall signal to noise is quite poor in the SINS data to be 

conclusively believed. 
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Figure 6.15. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rr-P3HT spincast from chlorobenzene on Au. (c) SIN spectra from point 1 

(red) and the comparative far-field IRRA spectrum (black) taken of the sample before 

travel to ALS. (d) Expanded ν(C≡N) region of spectra in (c). Images collected at Beamline 

2.4 at ALS. Images are 100 x 100 pixels at a rate of 0.2 Hz over a 2 x 2 μm area. Spectral 

peak labels are color coded with neutral F4TCNQ in black, ICT state (F4TCNQ•-/P3HT•+) 

in red, CPX state (F4TCNQδ-/P3HTδ+) in green, and unknown in light blue.  
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In contrast to the film analyzed at Beamline 2.4, a large crystallite feature was 

observed on the χF4TCNQ 0.17 doped rr-P3HT film studied at Beamline 5.4 and is shown in 

the AFM images in Figure 6.16. The feature is defined by the lighter area of the height 

image and the corresponding darker area of the O2A image. To determine if the crystallite 

feature corresponded to neutral F4TCNQ or a specific charge transfer state, one SIN 

spectrum was taken on a highly absorbing area of the feature while another spectrum was 

taken in more moderately absorbing region off of the feature. These spectra are given in 

Figure 6.16c and are compared to the far field IRRA spectrum collected for this film after 

the SINS experiments. As can be seen, there is very little signal in the SINS data. In both 

spectra, there only two bands with absorbances above a S/N threshold of three are found 

in the spectrum collected from the crystallite feature. These two bands at 832 cm-1 and 869 

cm-1 are tentatively assigned to P3HT•+ based on similar bands reported in the literature.204 

However, in the spectra of P3HT•+ reported in the literature, these two bands were much 

weaker in absorbance relative to other bands in the 1100-1400 cm-1 region. It is possible 

that some of the weaker bands in either SIN spectra correspond to some of these known 

vibrational modes of P3HT•+; however, as their S/N value is between 2-3, they cannot be 

conclusively identified as real bands. Furthermore, the lack of bands originating from the 

F4TCNQ•- counterion in these spectra is concerning. At this point in the methodology 

development and experimental process, it was hypothesized that the F4TCNQ was 

homogeneously distributed throughout the film, leading to too low of a concentration in 

any one area of the film for adequate SINS detection.  This low concentration, homogenous 

distribution of F4TCNQ also made it challenging to conclusively pinpoint locations of 

P3HT•+ relative to spectrally silent neutral polymer.
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Figure 6.16. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rr-P3HT spincast from chlorobenzene on Au. (c) SIN spectra from point 1 

(a,b) on the crystallite feature (blue), from point 2 (a,b) off of the feature (red) and the 

comparative far-field IRRA spectrum (black) taken of the sample after travel to ALS. 

Images were collected at Beamline 5.4 at ALS. Images are 512 x 64 pixels collected at 0.2 

Hz over a 1 x 1 μm area. Spectral peak labels are color coded with the ICT state (F4TCNQ•-

/P3HT•+) in red. 
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Next, χF4TCNQ 0.17 doped rra-P3HT films were studied at both beamlines to 

ascertain if F4TCNQ-doped rra-P3HT films suffered from the same lack of signal intensity. 

Figure 6.17 shows imaging performed at Beamline 2.4 and SINS data collected for one 

film. The AFM images show a mostly homogenous film except for a small round feature 

in the upper left quadrant. Figure 6.17c shows the two SIN spectra collected from areas off 

(1) and on (2) the feature compared to the IRRA spectrum collected after travel to ALS. 

As can be seen, the two SIN spectra are similar to each other with spectrum “2” being the 

noisier of the two. Although there are several broad envelopes in the SIN spectra that 

correspond to known P3HT•+ contributions also observed in the IRRA spectrum,204 there 

are only two bands in SIN spectrum “2” at 1560 cm-1 and 970 cm-1 are above an appropriate 

S/N threshold. These two bands are assigned to red shifts of the ν(C=C)b2u and ν(C-F)b2u 

modes, respectively, from their neutral peak frequency locations (see Table 6.5).97 As was 

observed for LiF4TCNQ (see Figure 6.14e and Table 6.5), the peak frequencies lie between 

the known F4TCNQ and F4TCNQ•- frequencies for these vibrational modes. This suggests 

that the bands observed in this sample may be indicative of F4TCNQ in a CPX state,114 

which is in agreement with what is known about F4TCNQ-doped rra-P3HT films (see 

discussion in Chapter 4).  

Two independently prepared films of χF4TCNQ 0.17 doped rra-P3HT were studied at 

Beamline 5.4 as a comparison to the data collected at Beamline 2.4. The film highlighted 

in Figure 6.18 was chosen for discussion as there was the presence of a triangularly shaped 

feature on the surface that was clearly more absorbing than the surrounding film (Figure 

6.18b). Two SIN spectra were taken from this particular film, one from an absorbing 

feature (Figure 6.18c,1) and one from an area representative of the surrounding film (Figure 
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6.18c, 2). Spectrum 2 is representative of the spectra collected from the other film studied 

at this beamline in that there are no bands observed with intensities above the S/N 

threshold. Conversely, the spectrum taken from the absorbing feature (spectrum 1), which 

should be noted is an anomaly between the two samples studied, did show significant bands 

which are labeled in Figure 6.18c. The proposed assignments for these bands are 

summarized in Table 6.6. The spectrum appears to be an amalgamation of bands 

originating from F4TCNQ, F4TCNQ•- (ICT), F4TCNQδ- (CPX), P3HT•+, and even 

HF4TCNQ- in addition to a band at 1430 cm-1 that has no correlation to a known state of 

either F4TCNQ or P3HT. The IRRA spectrum is dominated by the broad envelopes from 

the P3HT•+ in the fingerprint region with a couple of sharper bands. The bands in the IRRA 

spectrum at 1394, 1489, 1614, 2198, and 2216 cm-1 all correspond to bands observed in 

SIN spectrum 2 and confirm the co-presence of F4TCNQ•-, F4TCNQδ-, and HF4TCNQ- 

within this film. This highly absorbing feature on the film provides preliminary spectral 

evidence for co-existence of these charge transfer states. The raised nature of the feature 

(see Figure 6.18a) indicates that this is a region of concentrated F4TCNQ within the film. 

The appearance of additional bands not observed in the IRRA spectra suggest that these 

concentrated regions are not very common within the film. However, the appearance of the 

strong band at 1430 cm-1 with no known identity may also point to this feature being a 

contaminant with the other newly appearing bands at known F4TCNQ CT state frequencies 

solely coincidental. Ultimately, although there is preliminary evidence for SINS revealing 

the co-localization of CT states, the disparity in absorbance between the two SIN spectra 

further suggests that spectral signal sensitivity is tied to localized F4TCNQ concentration 

as was hypothesized with the F4TCNQ-doped rr-P3HT films. 
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Figure 6.17. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rra-P3HT dropcast from chlorobenzene on Au. (c) SIN spectra from film 

at point 1 (red), point 2 (blue), and the comparative far-field IRRA spectrum (black) taken 

of the sample after travel to ALS. Images collected at Beamline 2.4 at ALS. Images are 

100 x 100 pixels at a rate of 0.2 Hz over a 2 x 2 μm area. Spectral peak labels are color 

coded with the CPX state (F4TCNQδ-/P3HTδ+) in green.  
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Figure 6.18. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rra-P3HT spincast from chlorobenzene on Au. (c) SIN spectra from film at 

point 1 (red), point 2 (blue), and the comparative far-field IRRA spectrum (black) taken of 

the sample before travel to ALS. Images were collected at Beamline 5.4 at ALS. Images 

are 512 x 64 pixels collected at 0.2 Hz over a 5 x 5 μm area. Spectral peak labels are color 

coded with neutral F4TCNQ in black, ICT state (F4TCNQ•-/P3HT•+) in red, CPX state 

(F4TCNQδ-/P3HTδ+) in green, HF4TCNQ- in purple, and unknown bands in light blue 
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Table 6.6. Observed Frequencies and Assignments from SIN spectrum 1 in Figure 6.18c 

Observed NF 

Frequency 

(cm-1)a,b 

Assignment 

Theoretical FF 

Frequency  

(cm-1)c 

Reference 

Observed 

in 

IRRAS? 

2217 F4TCNQδ-: ν(C≡N)b1u 2198-2225 30,96,114 Yes 

2198 F4TCNQ•-: ν(C≡N)b1u 2194 97,98 Yes 

1642 HF4TCNQ-: ν(C=C) 1650 208 No 

1612 F4TCNQ•-: ν(C=C)ring,a1g 1620 98 Yes 

1543 F4TCNQδ-: ν(C=C)b2u 1536-1598 30,96,114 No 

1504 
F4TCNQ•-: ν(C=C)b1u

 

HF4TCNQ-: ν(ring) 

1501 

1505 
97,98,208 No 

1488 HF4TCNQ-: ν(ring) 1486 208 Yes 

1430 Unknown   No 

1392 P3HT•+ 1394-1390 204 Yes 

1356 F4TCNQδ-: ν(ring)b2u 1346-1394 114 No 

976 F4TCNQ: ν(C-F)b2u 976 97,98 No 
aNF=Near Field bFrequency values taken from spectrum 1 of Figure 6.17 
cFF=Far field 
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To address the issue of diluted F4TCNQ concentration throughout the films, a new 

sample preparation procedure was investigated. It was hypothesized that induced neutral 

F4TCNQ formation might serve as a visual cue for concentrated regions of charge transfer 

states of F4TCNQ within the polymer. To this end, χF4TCNQ 0.17 films in rr-P3HT and rra-

P3HT were prepared in duplicate from stock solutions of F4TCNQ dissolved in acetonitrile 

and P3HT dissolved in chloroform. All previously discussed experiments were conducted 

with films formed with both materials dissolved in chlorobenzene, in which both molecules 

are moderately soluble. The pairing of acetonitrile and chloroform was chosen as they are 

inherently miscible solvents, but F4TCNQ is not soluble in chloroform and P3HT is not 

soluble in acetonitrile. As an aside, the thicknesses of these films were assumed to be 

comparable to the 15 nm thickness observed for films cast from chlorobenzene. 

The resulting films were first characterized with IRRAS and tapping mode AFM at 

the UA Keck Imaging Facility. The results of these experiments are shown in Figure 6.19. 

There are several differences observed between these films and those cast from 

chlorobenzene. Most notably, these mixed solvent films show the formation of crystallite 

features, with a slightly larger number formed in doped rr-P3HT (Figure 6.19a and b). 

These crystallite features can be separated into two different shapes which will be referred 

to as “long” and “round”. The ν(C≡N) region of the IRRA spectra (Figure 6.19e) shows 

the clear presence of neutral F4TCNQ in addition to F4TCNQ•- in the χF4TCNQ 0.17 doped 

rr-P3HT film, suggesting that these features may be neutral F4TCNQ precipitating out of 

the doped matrix as was observed in the Raman microscopy experiment discussed above. 

The χF4TCNQ 0.17 doped rra-P3HT film (Figure 6.19e) also shows the small presence of a 

band originating from neutral F4TCNQ. However, in contrast to the films cast from 
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chlorobenzene (see Chapter 4), there is a dramatic increase in the ICT state in the doped 

rra-P3HT films prepared from the mixed solvent system.  One hypothesis that might 

explain this difference concerns the relative solubilities of the materials. Both rra-P3HT 

and F4TCNQ are only semi-soluble in chlorobenzene and the solutions need to be heated 

for ca. 20 min at 80 °C to fully dissolve. In contrast, rra-P3HT is readily soluble in 

chloroform, only taking a few minutes at room temperature before full dissolution is 

reached. F4TCNQ is likewise readily soluble in acetonitrile. It is hypothesized that since 

no heat is necessary to maintain the solubility of the two materials when they are mixed, 

there is a greater time in solution for an energy minimized configuration of F4TCNQ within 

the resulting film to be reached. Although IR cannot explicitly provide insight as to 

microstructural arrangement of F4TCNQ within the rra-P3HT network, data shown in 

Chapter 4 supports preferential formation of the ICT state in χF4TCNQ 0.17 doped rra-P3HT 

films over time (Figure 4.34). Future work should investigate if the increased presence of 

the ICT state suggests that this alternative processing method may be of interest for 

increasing conductivity in the more amorphous polymer. 
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Figure 6.19. AFM mechanical amplitude images of spincast χF4TCNQ 0.17 in (a) rr-P3HT 

and (b) rra-P3HT prepared from ACN/CHCl3 mixed solvent on Au. A sub-image (white 

box area of a) is presented with (c) mechanical amplitude and (d) mechanical phase to 

highlight the two different types of crystallite features observed. (e) Comparison of the 

ν(C≡N) region of χF4TCNQ 0.17 in rr-P3HT (black) and rra-P3HT (red) cast from the mixed 

solvent system. Images were collected in tapping mode with Cypher AFM at UA Keck 

Imaging Facility. Spectral peak labels are color coded with neutral F4TCNQ in black, ICT 

state (F4TCNQ•-/P3HT•+) in red, and CPX state (F4TCNQδ-/P3HTδ+) in green.  
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The mixed solvent films of χF4TCNQ 0.17 doped rr-P3HT and rra-P3HT were 

subsequently taken to ALS to determine if the crystallite features could be used as markers 

for regions of more concentrated F4TCNQ within the polymer matrix. Figure 6.20 shows 

spectral data from such a mixed solvent film a film taken at Beamline 5.4. A second film 

of χF4TCNQ 0.17 doped rr-P3HT was studied at Beamline 2.4; the data presented herein are 

representative of both films. These spectra clearly show the existence of both “long” and 

“round” crystallites in these films (spectra 1 and 2 in Figure 6.20c, respectively) which 

give rise to distinct spectra. Of particular note in these spectra, SIN spectrum 1 was taken 

on a “long” crystallite” and is representative of three spectra taken from similar features. 

In addition to the two most intense bands at 978 and 1600 cm-1 known to be attributable to 

neutral F4TCNQ, two other prominent bands at 1398 and 1343 cm-1, corresponding to the 

ν(ring)b2u and ν(ring)b1u modes of neutral F4TCNQ, respectively, are present in a ~1:1 

absorbance ratio. In contrast, SIN spectrum 2 was taken on a “round” crystallite and is 

representative of three spectra taken from similar features. This spectrum shows the same 

four bands but with the 1398 and 1343 cm-1 bands present in a ~1:2 absorbance ratio and 

with diminished absorbance intensities in the 978 and 1600 cm-1 bands. These absorbance 

ratio differences along with the narrowness of the observed bands point toward a significant 

difference in crystallographic orientation of crystalline neutral F4TCNQ within these films. 
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Figure 6.20. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rr-P3HT spincast from mixed ACN/CHCl3 on Au. (c) SIN spectra from 

film at point 1 on a “long” feature (black), point 2 on a “round” feature (red), and point 3 

on the surrounding matrix (green). (d) IRRA spectra of this film taken before (black) and 

after (red) ALS analysis. Images were collected at Beamline 5.4 at ALS. Images are 512 x 

64 pixels collected at 0.2 Hz over a 5 x 5 μm area. All spectral peak labels are color coded 

with neutral F4TCNQ in black, ICT state (F4TCNQ•-/P3HT•+) in red, HF4TCNQ- in purple, 

and unknown bands in light blue. 

 

The use of IR nanospectroscopy (i.e. SINS) as a method for nano-crystallography 

has been discussed in the literature as applied to understanding relative orientations of 

protein secondary structures206,209,210 and calculating the orientation of thin films of 

perylenetetracarboxylic dianhydride (PTCDA) on a surface.206,211 These calculations have 

been performed based on the starting assumption of a spherical-dipole originating from the 
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AFM tip apex as shown in Figure 6.21a.210,212 This polarizable sphere then creates an 

anisotropic optical scattering response in the sample (see Figure 6.21b) which 

preferentially enhances the near field vibrational modes in the sample with dipole moments 

parallel to the tip axis (perpendicular to the surface).206,211 This results in vibrational mode 

enhancement dependent on molecular orientation of the sample. 

 

 

Figure 6.21. (a) Electron energy loss spectroscopy (EELS) image showing the electric field 

enhancement at the AFM tip apex (adapted with permission from 212). (b) Schematic 

showing the anisotropic polarization enhancement of the near field signal based on 

molecular orientation (adapted with permission from 210). 

 

Based on what is known about surface selection rules for IR vibrational mode 

enhancement discussed above, the two bands at 1398 cm-1 and 1344 cm-1 can be used to 

infer the relative orientation of the neutral F4TCNQ crystallite features. These two bands 

can be used because the DFT calculations presented in Chapter 3 show that the dipole 

moment changes induced by these two vibrational modes are orthogonal to each other (see 
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Figure 6.22). In the region from 900-1700 cm-1, two additional bands at 1600 and 976 cm-

1 have dipole moment changes parallel to the 1398 cm-1 band. Unfortunately, other bands 

calculated to have dipole moment changes parallel to that for the band at 1344 cm-1 are too 

weak in intensity to be observed (see Table 3.1). Based on the calculated intensities of each 

of band (Table 3.1), the relative absorbance values observed in bulk transmission 

experiments (Figure 4.3), and the SINS measurements of pure neutral F4TCNQ on Au 

(Figure 6.13c), there is a clear enhancement of the absorbances of all bands with dipole 

moment changes parallel to the 1398 cm-1 band from the “long” crystallites (spectrum 1, 

Figure 6.20c). On this basis, it is proposed that F4TCNQ adopts an “edge-on” orientation 

in these crystallite features as pictorially represented in Figure 6.22. Alternately, the 

“round” crystallite form of F4TCNQ is proposed to correspond to an “end-on” orientation 

such that enhancement of the 1344 cm-1 transition dipole moment while the 1600, 1398, 

and 976 cm-1 bands are suppressed in absorbance, as observed in spectrum 2 in Figure 

6.19c. Interestingly, the far-field spectrum taken of this film prior to the ALS examination 

(Figure 6.20d, black) shows the 1:2 absorbance intensity ratio between the 1398 and 1343 

cm-1 bands. 

 

Figure 6.22. Ball and stick model of F4TCNQ displaying the dipole displacement vector 

of the 1344 cm-1 and 1398 cm-1 vibrational modes and the inferred orientation of F4TCNQ 

growth based on the vibrational mode enhancements. 
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Of additional note are the changes observed in the far field measurements taken of 

this film on the IRRAS instrument at UA before and after the experiments at ALS. Like 

the ν(C≡N) region discussed above, the fingerprint region of this film also shows signs of 

both F4TCNQ and F4TCNQ•-. The far-field spectrum of this film taken prior to SINS 

examination (Figure 6.20d, black) shows a 1:2 absorbance ratio between the 1398 and 1343 

cm-1 bands. However, in the far-field spectrum taken of this film after the SINS experiment, 

during which the film was exposed to light and ambient conditions for approximately 1 

week, there is a clear growth in absorbance of the 1398 cm-1 band relative to the 1343 cm-

1 band to more closely resemble the 1:1 absorbance ratio. There are two possible 

explanations for this phenomenon. The first, and more likely hypothesis, is that the far field 

spectra were obtained from slightly different locations on the film surface, with one 

location having a higher number density of “round” crystallites relative to “long” 

crystallites. However, it could also be that the “round” crystallites formed first but that the 

“long” crystallites are the preferred orientation that are achieved slowly over time. For 

either explanation, it is significant to note that observation of these spectral differences was 

only possible through exploration of these films at the nanoscale made possible by the near-

field approach of SINS. 

With knowledge that the relative absorbances of the bands at 1398 cm-1 and 1344 

cm-1 could be used as a more quantitative identifier for crystallite orientation, a line scan 

was conducted over several features to a) further confirm the reliability of this orientation 

reporter and b) provide an estimate of the spatial resolution of the line scan measurement. 

The measured line is denoted in Figure 6.23a by the white line covering 3 μm of the film 

split into 16 pixels in 0.2 μm increments. Figure 6.23b shows the spectra collected at each 
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pixel (800 scans at 8 cm-1 resolution) and Figure 6.23c plots the phase intensity (which is 

correlated to absorbance) of the bands at 1398 cm-1 and 1344 cm-1 at each pixel. Spectra 

from the “round” crystalline features, for the most part, show a smaller phase intensity for 

the 1398 cm-1 band relative to the 1344 cm-1 band; however, for the “long” crystallite 

features a range of ratios close to 1:1 are observed, but all ratios are not identical to 1:1. 

Pixel 4, taken from the center of a “long” crystallite feature (Figure 6.22c), shows a 1:1 

phase intensity ratio of the two bands. However, pixels 3 and 8, taken from edges of “long” 

crystallite features, show a 1344 cm-1 band with a significantly larger phase intensity than 

the 1398 cm-1 band. This suggests that the “long” crystallite features may be comprised of 

a mixed F4TCNQ orientations in some crystallite features depending on how the F4TCNQ 

precipitates out of the doped film. 

 

Figure 6.23. (a) Second harmonic optical amplitude image of χF4TCNQ 0.17 in rr-P3HT 

spincast from mixed ACN/CHCl3 on Au with the overlaid arrow showing the direction and 

location of the linescan. (b) SIN spectra from film taken in 200 nm intervals along the white 

arrow marked in (a). (c) Trend in optical phase of bands at 1398 (red shaded area of b) and 

at 1344 cm-1 along line scan (blue shaded area of b). Image in (a) and spectra were collected 

at Beamline 5.4 at ALS. Image is 512 x 64 pixels collected at 0.2 Hz over a 5 x 5 μm area. 
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Recalling that the justification for this new solvent processing procedure was to 

provide a visual cue for concentrated F4TCNQ within the polymer, the surrounding matrix 

of the χF4TCNQ 0.17 doped rr-P3HT film was studied. A spectrum taken from between two 

crystallite features given in Figure 6.20c and in the spectra taken between crystallite 

features in the line scan in Figure 6.23c show preliminary evidence of bands originating 

from F4TCNQ•-. To explore this more, higher sensitivity SIN spectra were collected 

between crystallite features in a different region of the same film. Images from this area 

are shown in Figure 6.24a and b and a representative spectrum (of 3 collected) is shown in 

Figure 6.24c. With the exception of two bands at 937 cm-1 and 990 cm-1, all bands observed 

from spectra taken between crystallites can be assigned to either F4TCNQ•- or P3HT•+. 

Assignments for the bands are given in Table 6.7.  

The band at 1491 cm-1 in the SIN spectrum could correspond to either F4TCNQ•- 

or HF4TCNQ-. The assignment to F4TCNQ•- is corroborated by the presence of other bands 

originating from this species; however, this band is observed at 1500 cm-1 in the far field 

spectrum (see Chapter 3). On the other hand, the assignment for HF4TCNQ- is corroborated 

through a closer correlation to the far field frequency (1486 cm-1) and the strong appearance 

of this band in the IRRA spectrum taken of this sample (Figure 6.24c). The lack of other 

bands that correlate to HF4TCNQ- do not necessarily rule this assignment out as the 1486 

cm-1 band is among the strongest bands for this species.  

These spectra confirm the hypothesis that neutral F4TCNQ formation could be used 

as a visual cue for the highest concentration of F4TCNQ-doped rr-P3HT regions for 

spectral confirmation of the ICT state within the nanoscale morphology of a film. 

Furthermore, the SIN spectrum in Figure 6.24c shows many bands that are obscured in the 
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far field IRRA spectra by neutral F4TCNQ and broad background due to P3HT•+ which 

further highlights the benefit of the SINS technique in analysis of the location of less 

strongly absorbing species. Arguably, though, the most important finding is that this 

relatively minor change in F4TCNQ-doped rra-P3HT film processing resulted in a wealth 

of information about processing impacts on film morphology and charge transfer state. 

With just the minor alteration from a pure solvent to a mixed solvent system in film 

processing and the application of nanocrystallographic interpretation of SINS data, 

significant insight can be made into the orientation of neutral F4TCNQ crystalline feature 

growth from a doped rraP3HT film. These findings have opened the door for many future 

research endeavors to tease out the nuance of co-solvent impact on morphology and charge 

transfer states as well as expanding the reach of application of nanocrystallographic SINS. 
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Figure 6.24. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rr-P3HT spincast from mix of ACN/CHCl3 on Au. (c) SIN spectra from 

film at point 1 (red) and the comparative far-field IRRA spectrum (black) taken of the 

sample after travel to ALS. Images were collected at Beamline 5.4 at ALS. Images are 512 

x 64 pixels collected at 0.2 Hz over a 5 x 5 μm area. Spectral peak labels are color coded 

with the ICT state (F4TCNQ•-/P3HT•+) in red and unknown bands in light blue.  
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Table 6.7. Observed Frequencies and Assignments from SIN spectrum 1 in Figure 6.24c 

Observed NF 

Frequency 

(cm-1)a,b 

Assignment 

Theoretical FF 

Frequency 

(cm-1)c 

Reference 
Observed 

in 

IRRAS? 

1620 F4TCNQ•-: ν(C=C)ring,a1g 1620 98 Yes 

1491 
F4TCNQ•-: ν(C=C)exo,b1u 

HF4TCNQ-: ν(ring) 

1500 

1486 

97,98 

208 

No 

Yes 

1395 P3HT•+ 1394-1390 
204 Yes 

1141 P3HT•+ 1129-1151 
204 Yes 

990 Unknown   No 

962 F4TCNQ•-: ν(C-F)b2u 967 
97,98 No 

937 Unknown   No 
aNF=Near Field bFrequency values taken from spectrum 1 of Figure 6.23 cFF=Far field 
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 A single film of χF4TCNQ 0.17 doped rra-P3HT on Au prepared from the mixed 

solvent system was studied at Beamline 5.4; the data are shown in Figure 6.25. Figure 

6.25c shows all SIN spectra taken from the three areas identified in the AFM images in 

Figure 6.25a and b (height and O2A, respectively). The far-field spectrum shown was 

collected prior to the SINS experiment. Band assignments are given in Table 6.8. The SIN 

spectra have bands that can be assigned predominantly to F4TCNQ•-, consistent with what 

is suggested by the far field spectrum (Figure 6.19). A band at 1487 cm-1 and a small 

shoulder at 1640 cm-1 in spectra from points 1 and 2 are attributable to HF4TCNQ-. It is 

hypothesized that trace water present in the acetonitrile serves as a proton source to induce 

the formation of HF4TCNQ- under ambient conditions with no heat.  

Spectrum 1 is the only SIN spectrum collected that shows bands in the ν(C≡N) 

region. Significantly, the ν(C≡N) envelope in spectrum 1 contains bands that correspond 

to both F4TCNQ•- (2194 cm-1) and F4TCNQδ- (2210 cm-1). The IRRA spectrum taken of 

this film before the SINS experiment (black spectrum in Figure 6.25c) shows a dominant 

ICT band with only a small CPX shoulder in contrast to the almost equal intensity between 

the bands in the SIN spectrum. This finding suggests that F4TCNQ-doped rra-P3HT films 

formed from co-processing in the mixed solvent system might be forming the CPX state 

over time and/or with ambient exposure. One hypothesis for why certain regions of the 

film exhibit bands visible in the ν(C≡N) region is the surface selection rules as described 

above. If F4TCNQ•- is in a “end-on” orientation with respect to the surface in the polymer 

film, there would be an enhancement of these otherwise weakly absorbing vibrational 

modes.206,211 It is known that ordered rr-P3HT, and therefore any incorporated F4TCNQ•-, 

preferentially adopts an “edge-on” orientation with respect to the surface which might seem 
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to discredit this hypothesis. However, since this film is comprised of rra-P3HT, and 

therefore predominantly amorphous, it is possible that other orientations incorporating 

F4TCNQ•- exist.  

 

Figure 6.25. (a) Mechanical height and (b) second harmonic optical amplitude images of 

χF4TCNQ 0.17 in rra-P3HT spincast from mix of ACN/CHCl3 on Au. (c) SIN spectra from 

film at point 1 (red), point 2 (green) and point 3 (blue) and the comparative far-field IRRA 

spectrum (black) taken of the sample before travel to ALS. Images were collected at 

Beamline 5.4 at ALS. Images are 512 x 64 pixels collected at 0.2 Hz over a 2 x 2 μm area. 

All spectral peak labels are color coded with ICT state (F4TCNQ•-/P3HT•+) in red, CPX 

state (F4TCNQδ-/P3HTδ+) in green, HF4TCNQ- in purple, and unknown bands in light blue.  
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Table 6.8. Observed Frequencies and Assignments from SIN spectra in Figure 6.25c 

Observed NF 

Frequency 

(cm-1)a,b 

Assignment 

Theoretical FF 

Frequency 

(cm-1)c 

Reference 
Observed 

in 

IRRAS? 

2210 F4TCNQδ-: ν(C≡N)b1u 2206-2210 30,56,114 Yes 

2194 F4TCNQ•-: ν(C≡N)b1u 2192-2194 97,98 Yes 

1642 HF4TCNQ-: ν(ring)b1u 1650 208 No 

1616, 1618 F4TCNQ•-: ν(C=C)ring,a1g 1620 98 Yes 

1487 HF4TCNQ-: ν(ring) 1486 
208 Yes 

1467 Unknown    

1392-1395 P3HT•+ 1394-1390 
204 Yes 

1347 F4TCNQ•-: ν(C-C)ring,b2u 1345 
97,98 Yes 

1200 F4TCNQ•-: ν(C-CN)b2u 1200 
97,98 Yes 

1157-1161 P3HT•+ 1129-1151 
204 Yes 

aNF=Near Field bFrequency values taken from spectra in Figure 6.23 cFF=Far field 
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 Because of the dramatic differences in the FTIR spectra between the two solvent 

systems used for film casting and the observed growth of the CPX state in the films 

prepared from the mixed solvent system, the stability of the CT states in films prepared 

from the mixed solvent system was further investigated with IRRAS and SINS. Figure 6.26 

shows a series of IRRA spectra for a χF4TCNQ 0.17 doped rra-P3HT film over the course of 

six weeks of storage under light and ambient conditions. Figure 6.26a shows the full spectra 

while 6.26b shows the expanded and fit view of the ν(C≡N) region. The ν(C≡N) region 

exhibits an overall reduction in intensity and increased broadening, much like what was 

observed in the dark and inert aging of more moderately F4TCNQ-doped rra-P3HT films 

cast from chlorobenzene (Figure 4.34). HF4TCNQ- is clearly forming with time based on 

the growth of bands at 2187, 1640, and 1487 cm-1. This provides additional evidence for 

the hypothesis presented above that water present in the solvent can act as a catalyst for 

HF4TCNQ- formation without heat. Furthermore, two CPX bands grow in with time 

corresponding to δ = 0.7e (2205 cm-1) and δ = 0.3e (2216 cm-1). The CPX band at 2216 

cm-1 is hypothesized to be due to F4TCNQ coordination with the underlying Au substrate, 

as this band has only been observed experimentally on films prepared on Au. The time 

dependent formation of the CPX band at 2205 cm-1 in films prepared by co-processing in 

the mixed solvent system contrasts the formation of the ICT state over time (Figure 4.34) 

in films co-processed in chlorobenzene. However, these experiments corroborate the 

observation of both ICT and CPX states in the SIN spectra shown in Figure 6.25c. 

Unfortunately, SIN spectra collected from χF4TCNQ 0.17 doped rra-P3HT films aged for six 

weeks yielded inconclusive results and will need to be studied in future work. 
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Figure 6.26. (a) Full series of IRRA spectra for a film of χF4TCNQ 0.17 in rra-P3HT cast on 

Au from the mixed solvent system freshly cast (purple) and monitored during storage in 

light and ambient conditions over the course of six weeks. (b) Expanded and fit ν(C≡N) 

region of the spectra in (a) plotted with absorbances normalized to the maximum in the 

region. Spectral peak labels are color coded with neutral F4TCNQ in black, ICT state 

(F4TCNQ•-/P3HT•+) in red, CPX state (F4TCNQδ-/P3HTδ+) in green, and HF4TCNQ- in 

purple.  
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Conclusions 

This work has demonstrated the usefulness of AFM as a way of monitoring changes 

in morphology induced by variables in film processing. Spincasting and dropcasting 

resulted in films with different thicknesses and morphologies and so should not be used 

interchangeably for spectroscopic analysis of F4TCNQ-doped films. Dopant concentration 

and polymer regioregularity also result in changes to the average rms roughness of the 

films and therefore must be accounted for as variables when studying the relationship 

between charge transfer state and film morphology. Work with AFM has also demonstrated 

that the roughness of the underlying substrate of the film appears to be correlated with the 

formation of crystallite features. C-AFM was used to investigate the implications of 

morphological differences between dropcast and spincast films on the conductivity. A 

dropcast film showed obvious crystallite features that were not conductive, suggesting that 

these features were predominantly comprised of neutral F4TCNQ. The spincast film 

prepared at the same dopant concentration exhibited higher current flow than the dropcast 

film, most likely due to the retention of F4TCNQ as a dopant within the polymer matrix 

instead of precipitating out of the film as a neutral crystallite feature. However, doping 

heterogeneity was observed throughout the film. Current hotspots were observed to charge 

with potential cycling, suggesting increased ICT formation in these regions. Dopant 

migration could also partially explain these charging effects, but charging was not observed 

in low current regions when the applied potential was cycled to the same extent.  

The downside to AFM and c-AFM is that there is no chemical information obtained 

during the measurement that can be correlated with morphology, i.e. conclusively 

identifying the identity of the crystallite features as F4TCNQ. Raman microscopy and SINS 
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were therefore employed as additional analytical tools for direct correlation of chemical 

and morphological information. Raman microscopy showed that the crystallite features on 

dropcast films were neutral F4TCNQ precipitated from the film. However, this technique 

lacks the spectral and spatial resolution to differentiate between CPX and ICT regimes in 

a more morphologically homogenous spincast film.  

SINS, on the other hand, has been demonstrated to allow spectral differentiation of 

F4TCNQ•-, F4TCNQδ-, and HF4TCNQ- in localized regions <50 nm. Unfortunately, signal 

intensity from these very thin device-relevant films is the limiting factor in spectral 

interpretation for this technique. Overall, SINS has preliminarily exhibited the potential to 

correlate morphology of device relevant films with chemical state of the polymer matrix 

and dopant in F4TCNQ-doped P3HT films. Experimental optimization of signal as well as 

spatial resolution should be the focus of future work on this and other blended/doped 

organic active layer systems in order to realize the full potential of this method for 

characterization of doped organic semiconducting polymer films at the nanoscale. 

An unintended but important additional outcome from the SINS research was the 

observation of charge transfer state alteration with mixed solvent systems and the 

subsequent application of nanocrystallography to understand neutral F4TCNQ growth from 

those same F4TCNQ-doped rra-P3HT films. The choice to employ a mixed solvent system 

had no basis as a method for film processing in the literature; instead, it was chosen as a 

method of concentrating F4TCNQ within specific regions of the polymer to enhance the 

subsequent F4TCNQ•-/P3HT•+ spectral signal. χ0.17 F4TCNQ-doped rra-P3HT processed 

with mixed solvent was shown to have a dominant ICT state mixed with neutral F4TCNQ 

which was not observed with pure chlorobenzene processing. In addition to the alteration 
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in charge transfer state, the formation of small F4TCNQ crystallites in a variety of 

orientations with this processing method also granted the opportunity to effectively explore 

the application of nanocrystallographic techniques. Though these findings were not part of 

the original goal of this work, they have opened the door to a host of new research avenues 

considering the impact of solvent on film morphology and charge transfer states as well as 

the application of nanocrystallography for molecular orientation of semiconductor systems 

on surfaces. Future work also needs to be done to understand the device relevance and 

functionality of these new, alternative solvent processing methods.  
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CHAPTER 7: INVESTIGATIONS OF PHOTO-OXIDATIVE 

DEGREDATION OF PUSH-PULL MOLECULES 

High efficiency organic photovoltaic devices (OPVs) have relied on the 

development of new donor and acceptor materials to optimize opto-electronic properties. 

To date, the highest single-junction organic photovoltaic devices have demonstrated >15% 

power conversion efficiencies (PCE)213 and  reported tandems with PCE ~15-17%.214,215 

Current design guidelines for materials utilize a push-pull concept with alternating electron 

donating (D) and withdrawing or accepting (A) building blocks, a concept that has been 

successful for both polymeric and molecular systems.  The push-pull concept enables 

manipulation of the electron density about different parts of the molecule/oligomer for 

facile tuning of the band gap and redox properties. Such exquisite control over the opto-

electronic properties provides opportunity for alternative applications for organic 

photovoltaic systems, such as integration of photovoltaics in semi-transparent windows, 

laptop screens, automobile windshields, and greenhouse enclosures.7,216,217  

 Many different push-pull materials have been studied in recent years for blended 

heterojunctions.  Historically, one predominant core unit for donors is the (4,8) alkoxy-

substituted benzo[1,2-b:4,5-b']dithiophene (BDT) unit, which is a symmetric and coplanar 

structure that is easily modified with good electron delocalization and high hole 

mobilities.218–220 Examples of BDT systems of interest in this chapter are shown in Figure 

7.1. These systems of interest expand upon the BDT donor core through the addition 

terthiophene (3T) spacers on either side of the BDT unit, creating a BDT-3T 

donor’/donor/donor’ core (D’-D-D’).39 The extended conjugation, planar structure, and 

liquid crystalline behaviour exhibited through previous work of this core type have been 
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suggested for high performance OPVs.40,41,221  The endcaps for systems with the BDT-3T 

core then are electron withdrawing/accepting to provide the “pull” component of the 

molecule. One previously studied iteration of this structure is a rhodanine endcapped small 

molecule (SMRh – see Figure 7.1) which has been used to construct OPVs with PCE >9% 

and fill factors as high as 70%.4  

Importantly, small push-pull molecules can have unique interactions compared to 

polymeric analogs, as the extent of delocalization of electron density is confined to a small 

oligomer unit.222 Such effects could potentially make the molecules more susceptible to 

chemical degradation, but, if mechanisms are understood, could also enable design of 

optimized OSC materials with enhanced stability. Generally, the electron donor material 

in the blended heterojunction has been considered the more photo-unstable component.42 

For the initial SMRh OPV, Sun et al. reported that degradation was still observed in the 

device, which they attributed to the metal contact.4 They suggested that the stability is 

enhanced by switching to small molecule systems and/or the 3T spacers over the polymeric 

systems described above; however, no chemical degradation information was provided.   

This chapter focuses on the degradation chemistries of a class of small molecule 

donors inspired by the highly efficient and commercially available SMRh derivative: 

rhodanine endcap with alkylthieneyl pendants on the BDT-3T core. The focus of the 

experiments described in this chapter was strictly on the chemistry of the active layer 

independent of degradation effects induced by device relevant contacts. DFT was used by 

researchers at NREL to design a class of three molecules with similar opto-electronic 

properties to SMRh, achieved by simply changing the endcap to benzothiazoleacetonitrile 

(SMCN), pyrazolone (SMPy), or barbituric acid (SMBA) functional groups. The chemical 
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structures for these new molecules are given in Figure 7.1 and their calculated frontier 

orbitals are shown in Figure 7.2  These molecules were also designed to have similar 

electronic properties so as minimize the impact of redox potential differences on chemical 

degradation (see Figure 7.3).  

This chapter will describe the usage of x-ray photoelectron spectroscopy and 

ultraviolet photoelectron spectroscopy in understanding the photo-oxidative degradation 

pathways of these three new molecules synthesized by the researchers at NREL. 

Importantly, it will be shown that alterations in the densities of states observed from the 

UPS data do not necessarily correlate to the most extreme chemical degradation observed 

by the XPS data. An understanding of the chemistry of the endcaps can be achieved by 

monitoring the N 1s core level spectra, as there are no nitrogen components in the core of 

the molecule, and a subsequent understanding of the chemistry of the core can be achieved 

through monitoring the S 2p core level spectra as only the SMCN endcap has a sulfur 

component. It will be shown that the extent of photo-oxidative chemistry of the endcap 

observed in the endcap elements correlates to the extent of chemistry observed in the core. 

Lastly, the impact of the inclusion of PC71BM as an additional electron acceptor component 

within thin films of these molecules will be explored. It will be shown that PC71BM appears 

to stabilize films of these new push-pull small molecules from photo-oxidizing chemistry. 
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Figure 7.1. Chemical structure of the three molecules studied (SMCN, SMPy, and SMBA), 

and the molecule these three structures were inspired from (SMRh). All molecules have 

the same BDT-3T core and the endcaps were varied in each molecule with their respective 

structures listed separately.
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Figure 7.2. Contour plots of Kohn-Sham molecular orbitals of (a) SMCN (b) SMPy and (c) SMBA calculated with DFT by Dr. Ross 

Larsen. Displayed are the HOMO, LUMO, LUMO+1, LUMO+2 and LUMO+3 levels for contours at ±0.02 a.u.
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Figure 7.3.  Energy band diagrams of the three molecules synthesized, incorporating 

results from UPS, XAS, and DFT. LUMO+x and LUMO+x+1
 gaps were estimated from 

different element core transitions specified next to the value. (XAS data were collected by 

Dr. Erin Ratcliff, DFT calculations were done by Dr. Ross Larsen, and figure prepared by 

Dr. Erin Ratcliff).
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Experimental Methods 

Materials 

The small molecule semiconductors SMCN, SMPy, and SMBA were synthesized 

by NREL3 and received as 100 nm films on Au coated glass slides (Cr as adhesive) which 

were subsequently stored in the dark in an Ar atmosphere glovebox. The simulated light 

exposure was conducted with a four-bulb DC halogen lamp (Sylvania 58321) array for 48 

hours in ambient by researchers at NREL and were shipped to UA under inert conditions 

to mitigate further degradation. 

X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed with a Kratos Axis Ultra X-ray photoelectron spectrometer 

with a monochromatic Al Kα source (1486.6 eV) at a base pressure of 10-9 Torr. 

Photoelectrons were collected in a hemispherical analyzer and detected with a photodiode 

array. 20 eV pass energy was used for all element specific spectral acquisitions. All 

baseline correction and spectral fitting was conducted in Vision Processing software 

(Kratos Analytical). Resulting XP spectra were first baseline corrected and then fit using a 

40% Gaussian, 60% Lorentzian peak shape. N 1s and O 1s spectra were baseline corrected 

using a linear subtraction method, and S 2p and C 1s spectra were baseline corrected with 

a Shirley method.152 The FWHM of fitted peaks were generally constrained to be no larger 

than 1.2 eV. The peaks are then optimized using the Vision Processing software algorithm 

to minimize the χ2 value. 

In order to determine the most accurate fitting for the XPS of the degraded small 

molecule films, the pristine spectra were first fit according to a chemical model based on 

the unique electronic environments of each atom and their relative abundances. The 
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degraded film spectra all showed charging effects, due to the degradation of the molecules, 

and so a mathematical charging correction was employed. All degraded spectra were 

shifted by the calculated average of the deviation of the C 1s sp3 peak and the S 2p3/2 

thiophene peak from their pristine states for each molecule. The tabulated correction factors 

applied are given in Table 7.1. The spectral fitting parameters ascertained from the pristine 

analogs were then overlaid onto the charge-corrected degraded spectra in order to 

determine the extent of change from the original model. Finally, the minimum number of 

additional peaks, applied with the above described constraints, were added to account for 

additional spectral contributions and peaks were removed that were deemed to no longer 

be present. The fitted peaks were then optimized by minimizing the χ2 value with the Vision 

Processing algorithm, as previously described. A step-by-step depiction of this procedure 

as applied to the fitting of the N 1s spectra of degraded SMPy is given in Figure 7.4.  

UV-Photoelectron Spectroscopy (UPS) 

UP spectra were collected with the same Kratos Axis Ultra X-ray photoelectron 

spectrometer with a He(I) excitation source (21.2 eV). A -9.00 V bias was applied to the 

sample to enhance collection of the lowest kinetic energy electrons during UPS analysis. 

Three spectra were acquired from three different spots on a sample to verify homogeneity 

of film. All UP spectra were referenced to the Fermi level (EF) of a clean, polycrystalline 

gold sample. To calculate the ionization energy, high resolution scans were taken focused 

on the secondary edge and on the fermi edge of the UP spectra. Example spectra for SMPy 

are given in Figure 7.5a and b, respectively. The secondary and fermi edge onsets were 

calculated as the x-intercept of a linear fit on each respective edge of the UP spectra. 

Examples of this fitting procedure for the secondary and fermi edge of SMPy spectra are 
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shown in Figure 7.5 c and d, respectively.  The x-intercept of each linear fit was obtained 

for each of the three replicate UP spectra and averaged for the final calculation of the 

ionization energy. The ionization energy of each molecule was calculated by the equation 

given in Equation 7.1 where IE is the ionization energy, So is the kinetic energy onset for 

the secondary edge of the UP spectrum, Fo is the kinetic energy onset for the Fermi edge 

of the UP spectrum, and hν is the energy of the incident He (I) light (21.22 eV).  

𝑆𝑜 + ℎ𝜈 − 𝐹𝑜 = 𝐼𝐸    Equation 7.1 
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Table 7.1. Charging correction factors for the degraded OSC films. 

OSC Film 
C 1s sp3 shift 

(eV) 

S 2p3/2 thiophene shift 

(eV) 

Average shift 

(eV) 

SMCN 0.39 0.33 0.36 

SMCN blend 0.22 0.11 0.16 

SMPy -0.95 -1.24 -1.1 

SMPy blend 0.34 0.12 0.23 

SMBA -0.27 -0.26 -0.26 

SMBA blend 0.19 0.00 0.09 
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Figure 7.4 Steps of fitting photodegraded SMxx XP spectra using the N 1s spectra from 

degraded SMPy as an example. (a) The spectra are first shifted by an independently 

determined charge correction factor (see Table 7.1) and baseline corrected. (b) The fitted 

bands from the pristine XP spectra are applied. In the case of SMPy, they are two bands 

due to the imine nitrogen (dashed blue) and the amide nitrogen (dashed red). (c)  Bands 

from the pristine model that do not fit the degraded spectra are removed and the minimum 

number of additional peaks are added with the appropriate constraints to minimize the 

resulting χ2 of the fit. For SMPy, only the amide nitrogen band is present in the degraded 

spectrum and is denoted by the solid red line. Two bands are then added, denoted by the 

dashed green and purple lines, as the minimum number of added bands for the best fit.  
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Figure 7.5. Steps of calculating ionization energy using SMPy UP spectra as an example. 

a) High resolution UP spectrum focused on the secondary edge. b) High resolution UP 

spectrum focused on the Fermi edge. c) Linear fit applied to the secondary edge to 

determine the x-intercept for the secondary edge onset. d) Linear fit applied to the Fermi 

edge to determine the x-intercept for the Fermi edge onset.  
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Results and Discussion 

NREL prepared 100 nm films of the three molecules of interest with one film set 

kept under dark and inert conditions while a second film set was exposed to a tungsten-

halogen array for 48 hours. Figure 7.6 shows changes in the UV-vis spectra induced in 

these films over the course of 11 days of exposure, where photodegradation is clearly 

apparent within the first 48 hours. The films were then sent to UA for photoelectron 

spectroscopic analysis. The UP spectra for the pristine and degraded pure films of each of 

the three molecules are given in Figure 7.7. The respective degraded spectra of each of the 

films all show significant alterations in the density of states, primarily through the loss of 

the small fine-features close to the Fermi edge. As the endcaps for each molecule induce 

the Fermi edge features, the loss of these features in the degraded spectra suggests that 

degradation is occurring at the endcaps. Initial experiments performed by NREL using 

FTIR to investigate possible degradation chemistry proved inconclusive as the spectra were 

too complex/spectrally congested to reasonably interpret. XPS was therefore chosen as the 

principal analytical tool for understanding the chemical degradation of these molecules. 

Furthermore, XPS provides surface sensitive information (i.e. the regions of the film that 

are expected to degrade first) based on the restriction of the measurement to the inelastic 

mean free path of the ejected photoelectrons from the elements of interest. Comparisons of 

the survey spectra obtained for the pristine and degraded films of SMPy, SMBA, and 

SMCN are given in Figure 7.8. 
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Figure 7.6 UV-Vis absorptance (FA) spectra taken over a period of 11 days for (a) SMCN 

(b) SMPy and (c) SMBA. (d) CIE L*a*b* coordinate system representation of the UV-Vis 

for four molecules including SMRh. Data collected by Dr. Bharati Neelamraju. 
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Figure 7.7. Fermi edge of UP spectra for the pristine (a, c, e) and degraded (b, d, f) films 

of SMCN, SMPy, and SMBA, respectively. The spectra are simultaneously presented in 

5x magnification (dashed lines) to highlight some of the Fermi fine features present in the 

pristine films. Note: No charge correction was applied to the UP spectra obtained for the 

degraded films. 
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Figure 7.8. Comparison of pristine (black) and degraded (red) survey spectra for (a) SMCN 

(b) SMPy and (c) SMBA. 
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Chemical Degradation of Pure Materials: SMCN  

Figure 7.9 compares the N 1s, S 2p, C 1s, and O 1s core level spectra for SMCN 

before and after degradation, with the assignments and peak binding energies of all fitted 

bands in Table 7.2. Focusing first on the N 1s spectra, and thereby the endcaps of the 

molecule, the pristine sample shows two N 1s bands with peaks at 398.9 and 399.6 eV 

attributed to the nitrile172 and benzothiazole223 groups, respectively (peaks 1 and 2). The 

SMCN film exposed for 48 h under ambient illumination shows clear evidence of 

degradation. The N 1s spectra of the degraded film exhibits a greatly reduced 

benzothiazole:nitrile N 1s ratio, going from 1:1 in the pristine films to 1:3 in the degraded 

film. Thus, it is hypothesized that the resultant N 1s species associated with peaks 3 and 4 

are due to benzothiazole decomposition. This assertion is corroborated by no change in the 

ν(C≡N) peak observed with this molecule in the corresponding FTIR spectra (experiments 

conducted by NREL, not shown in this work). The binding energy of peak 3 (400.8 eV) is 

attributed to amide nitrogens in the literature224 and is identical to the binding energy 

observed for amido nitrogens in SMPy and SMBA (see Tables 4.3 and 4.4, respectively). 

The binding energy of peak 4 (402.2 eV) has been previously attributed to the formation 

of nitroso (N=O) species in the literature.172,225 The proposed mechanisms of formation of 

amides and nitroso species are discussed below and are shown in Figure 7.10. 

The N 1s core level spectra serve as a good functionality for tracking alterations in 

the endcap; the S 2p spectra (shown in Figure 7.9b), on the other hand, are a good 

functionality for tracking alterations in the BDT-3T core. Indeed, the endcap of SMCN is 

the only endcap of the three studied with an incorporated sulfur atom. The model for the 

pristine S 2p spectrum for SMCN, therefore, has bands due to the thiophene components 
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of the BDT-3T core (peak 1)78 and due to the benzothiazole component of the endcap (peak 

2).  The spectral data for degraded SMCN does indicate direct sulfur oxidation upon 

degradation through the presence of a peak at 168.3 eV (peak 3).78 There is a small 

reduction in the contribution from the benzothiazole sulfur, which implies the 

benzothiazole forming SOx species instead of the BDT-3T core.78 

The C 1s core level spectra of the pristine and degraded SMCN films are shown in 

Figure 7.9c. The chemical model generated for the molecule accounted for four 

energetically distinct carbon atoms: sp2, sp3, S-C=N + C≡N, and the joining carbon between 

the thiazole and nitrile functionalities. These four species have a ratio of 50:40:4:2 within 

SMCN, and the fits were applied and optimized accordingly such that the areas of the fits 

matched the appropriate ratio. The assignments of the final fits for the pristine spectrum 

are given in Table 7.2.78 In the degraded spectra, an increase in a higher binding energy 

shoulder can be observed, implying the formation of more oxidized carbon species. This 

higher energy shoulder can be reasonably fit to three additional carbon species which can 

be assigned to varying degrees of oxygenation.78 However, as the contributions to the 

overall C 1s envelope of the S-C=N, C≡N, and joining C atoms were relatively small, it is 

challenging to determine their relative contributions to the degraded spectrum when 

considering the formation of the new oxidized species. Based on the retention of the nitrile 

fit in the N 1s core level spectra of the degraded film, it is unlikely that the carbon in the 

nitrile functionality has engaged in any photooxidative chemistry.  

The oxygen spectra show dramatic changes between the pristine and degraded films 

(Figure 7.9d). These spectra are presented as unfit, as the degraded spectra were deemed 

too complex to fit accurately, and unnormalized to demonstrate the extent of change in the 
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absolute intensity values of the two measurements. The small amount of signal in the O 1s 

spectrum of the pristine film is most likely due to silica contamination or gold oxide from 

substrate based on observation of signal observed from Au 4f and Si 2p (Figure 7.8) and 

on communication with the scientists at NREL about the purity of the samples. The O 1s 

spectrum from the degraded sample shows a +10% increase in oxygen by mass compared 

to the pristine film spectra that could be due to any number of direct oxygenation reactions 

in the molecule, which will be discussed in greater detail below, in addition to 

incorporation of H2O or O2 through chemisorption into the film.  

To account for all the previously discussed changes in the XP spectra, several 

reaction mechanisms are hypothesized. Photochemical incorporation of a hydroxide group 

with saturation of the imine bond226 and radical cleavage227 have been proposed reaction 

pathways in the literature. In the solid state benzothiazole derivatives irradiated in oxygen 

are known to form excimers that eventually lead to the formation of superoxide.228 It is 

hypothesized that the hydroperoxyl radical and hydroxide anion generated from the 

reaction between superoxide and water vapor would react with the benzothiazole to 

produce the nitroso functionality observed in the N 1s core level spectrum.225,228–231 Water 

could also become incorporated through hydrogen bonding in the end cap which would 

also help to explain the observed +10% increase in oxygen by mass (Figure 7.9d, calculated 

in Vision Software). The hypotheses of observed sulfur and carbon degradation are based 

on previous studies of P3HT photo-oxidation; it is hypothesized that the oxidized carbon 

and oxidized sulfur species form through radical reactions at the aliphatic side chains of 

the BDT-3T core73,78 and the sulfur of the benzothiazole, respectively.  Each of these 

mechanisms are shown in Figure 7.10.  
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Figure 7.9. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 1s 

and (d) O 1s core level spectra for pure SMCN films. The assignments for the labeled fitted 

bands are given in Table 7.2.
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Table 7.2. Chemical assignments of fitted bands for SMCN films 

  

Orbital Assignment 
Binding 

Energy (eV)a 
Width (eV) Peak Label 

Nitrogen 1s Nitrile172 398.9 1.19 1 

 Benzothiazole232 399.6 1.19 2 

 Amide224 400.8 1.2 3 

 Nitroso172 402.2 1.19 4 

Sulfur 2p Thiophene78 164.4b 1.07 1 

 Thiazole223 165.1 0.98 2 

 SOx
78 168.3 1.19 3 

Carbon 1s sp2 171 284.9 1.15 1 

 sp3 171 285.5 1.15 2 

 C-CNc 233 286.6 1.15 3 

 CN + S-CN233 287.3 1.15 4 

 C-OH78 286.3 1.19 5 

 C=O78 287.4 1.19 6 

 HO-C=O78 288.9 1.20 7 

aPeaks were fit using 40% Gaussian/60% Lorentzian peak shapes. bAll binding energies reported for S 

2p are for the S 2p3/2 peak. The S 2p1/2 peak was held at a constant distance of 1.18 eV away from the S 

2p3/2 as well as at 0.511 times the height as per Thermo Scientific recommendations. cThe bolded C is the 

assigned C for the band. 



315 

 

 

 

 

Figure 7.10.  Possible reactions for the (a, b) SMCN endcap and (c) BDT-3T core 

degradation based on alterations observed in the N 1s, S 2p, C 1s, and O 1s core level XP 

spectra.

a 

b 

c 
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Chemical Degradation of Pure Materials: SMPy  

Figure 7.11 compares the N 1s, S 2p, C 1s, and O 1s core level spectra for SMPy 

before and after degradation, with the assignments and peak binding energies of all fitted 

bands in Table 7.3. The pristine film has two contributions to the N 1s spectrum at 399.8 

and 400.9 eV from the pyrazolone endcap, corresponding to the imine234 (peak 1) and 

amide224 (peak 2) nitrogen atoms, respectively, in a 1:1 ratio.  After a 48 h photon dose, a 

nearly complete loss of the imine nitrogen is observed while the amide nitrogen is largely 

retained. Concomitantly, two higher binding energy bands at 402.2 and 403.2 eV emerge. 

The two additional, higher binding energy N 1s peaks are hypothesized to originate from 

photoactivated ring opening reactions resulting in functional groups such as carbonyls and 

nitrosos172,231 or N-hydroperoxy230 groups. The mechanisms of the formation of these 

oxygenated nitrogen species are discussed below and are shown in Figure 7.12. 

In addition to showing the most degradation in the endcap compared to the other 

two molecules, SMPy also shows the greatest degradation of the BDT-3T core as observed 

in comparison of the S 2p core level spectra. The pristine spectrum shows only bands 

originating from the thiophene components (peak 1) of the BDT-3T core, but fitting of the 

degraded spectrum suggests the presence of four additional sulfur species. Peak 2 in Figure 

7.11b is attributed to partial oxidation of the thiophene ring (thiopheneδ+), likely by charge 

transfer to the SMPy endcap which facilitates oxidative chemistry. The formation of this 

state was not observed in the SMCN S 2p degraded spectrum most likely due to the sulfur 

chemistry occurring at the SMCN endcap instead of in the BDT-3T core. Peaks 2 through 

4 are hypothesized to be direct further oxidation of the S atoms in the BDT-3T core, as was 

observed to a significantly lesser degree in the degraded S 2p core level spectrum of 
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SMCN. To reiterate, previous work on the photochemical degradation of poly(3-

hexyl)thiophene (P3HT) has shown that thiophene groups are readily oxidized in ambient 

conditions to form sulfoxide (S=O), sulfinate ester, and sulfone species,73,78 corresponding 

to peaks 2, 3 and 4. At long exposure times, the FTIR data (work performed by NREL, not 

shown) confirms the presence of sulfone and sulfoxide species between 1200 and 1000 cm-

1. The mechanism of formation of these species on the BDT-3T core is shown in Figure 

7.12. 

The C 1s core level spectra of the pristine and degraded SMCN films are shown in 

Figure 7.11c. The chemical model generated for the molecule accounted for four 

energetically distinct carbon atoms: sp2, sp3, amine + imine, and amide. These four species 

have a ratio of 46:54:4:2 within SMPy, and the fits were applied and optimized accordingly 

such that the areas of the fits matched the appropriate ratio. The assignments of the final 

fits for the pristine spectrum are given in Table 7.3.78 In the degraded spectra, an increase 

in a higher binding energy shoulder can be observed, implying the formation of more 

oxidized carbon species similar to what was observed in SMCN but to a much greater 

intensity. This higher energy shoulder can be reasonably fit to four additional carbon 

species which can be assigned to varying degrees of oxygenation.78 These peaks have been 

attributed to the formation of various oxygenated carbon groups at the hexyl side chains of 

the thiophene through a multistep oxygenation reaction instigated by an initial hydrogen 

abstraction from the alpha carbon in the chain, as was shown in Figure 7.10. Furthermore, 

the appearance of peaks at 1715 and 1785 cm-1 in the infrared spectrum for the photo-

oxidative degradation of SMPy (work done by NREL, not shown) has also been seen before 
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in the literature for the photo-oxidative degradation of P3HT73,78 and confirms the 

formation of C-O and C=O species.  

The pristine and degraded O 1s spectra are presented in Figure 7.11d as unfit, as 

the degraded spectra were deemed too complex to fit accurately, and unnormalized to 

demonstrate the extent of change in the absolute intensity values of the two measurements. 

The small amount of signal observed in the pristine O 1s core level spectrum can be 

attributed to the amide oxygen in the pyrazalone endcap as well as to small amounts of 

SiO2 contamination as discussed with SMCN. As calculated by the Vision software 

algorithm, there is a 28% increase in oxygen by mass within the degraded SMPy film which 

corresponds to the extensive oxygenation chemistry observed in each of the studied core 

level spectra (N 1s, S 2p, and C 1s) discussed above. 

The formation of oxygenated nitrogen, sulfur, and carbon species are hypothesized 

to originate from free-radical reactions with singlet oxygen or hydroxyl radicals as 

ascertained through EPR experiments described in the literature with other organic 

systems.79,83,235–237 Several mechanisms for singlet oxygen scavenging by pyrazolone 

derivatives have been reported for pyrazolone-based structures of  interest to 

pharmaceutical238 and dye239,240 industries. Other possible reaction pathways include a 

[4,2] Diels Alder reaction to form quasi-ozone species241–244 and/or a photochemical ring 

rearrangement.245  These mechanisms are shown in Figure 7.12. Singlet oxygen scavenging 

most likely contributes to why the degradation chemistry observed in SMPy was more 

extreme than that observed for SMCN. It is also hypothesized that the increased reactivity 

of the endcap led to the increased reactivity of the BDT-3T core. 
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Figure 7.11. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 

1s and (d) O 1s core level spectra for pure SMPy films. The assignments for the labeled 

fitted bands are given in Table 7.3. 
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Table 7.3. Chemical assignments of fitted bands for SMPy films 

 

Orbital Assignment 
Binding 

Energy (eV)a 
Width (eV) Peak Label 

Nitrogen 1s Imine234 399.6 1.20 1 

 Amide224 400.8 1.09 2 

 Nitroso172 402.2 1.18 3 

 Nitroso225 403.2 1.15 4 

Sulfur 2p Thiophene78 164.4b 1.07 1 

 Thiopheneδ+ 76 165.3 1.19 2 

 SOx
78 167.6 1.19 3 

 SOx
78 169.1 1.20 4 

 SOx
78 169.9 1.04 5 

Carbon 1s sp2 171 284.9 1.12 1 

 sp3 171 285.5 1.12 2 

 Imine + Amine224 286.7 1.12 3 

 Amide224 287.7 1.12 4 

 C-OH78 286.1 1.18 5 

 C=O78 287.1 1.19 6 

 O-C=O78 288.3 1.18 7 

 Anhydride78 289.6 1.18 8 

aPeaks were fit using 40% Gaussian/60% Lorentzian peak shapes. bAll binding energies reported for S 

2p are for the S 2p3/2 peak. The S 2p1/2 peak was held at a constant distance of 1.18 eV away from the S 

2p3/2 as well as at 0.511 times the height as per Thermo Scientific recommendations. 
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Figure 7.12.  Possible reactions for the (a) SMPy endcap and (b) BDT-3T core degradation 

based on alterations observed in the N 1s, S 2p, C 1s, and O 1s core level XP spectra.

a 

b 
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Chemical Degradation of Pure Materials: SMBA 

Figure 7.13 compares the N 1s, S 2p, C 1s, and O 1s core level spectra for SMBA 

before and after degradation, with the assignments and peak binding energies of all fitted 

bands in Table 7.4. Focusing first on the N 1s core level spectrum (Figure 7.13a), pristine 

SMBA exhibits only a single band at 400.8 eV, corresponding to the two electronically 

identical imide nitrogen atoms in the barbituric acid endcap (peak 1).224 After 48 h of 

ambient light exposure, two new bands emerge at a higher binding energy (peak 2, 402.2 

eV) and at a lower binding energy (peak 3, 400.0 eV). Interestingly, in the degraded 

spectrum there is still a large band that can be assigned to the imide functionality. This 

suggests that either a) many SMBA endcaps remain undegraded or b) the photo-

degradation product of the barbituric acid must also contain some imide or amide 

functionalities. One hypothesis for the degradation is that photoexcitation promotes a 

delocalization of the excited state electron within one of the imide functional groups, which 

then undergoes ring opening with CO elimination.246–248 The formation of a secondary 

amide would account for the slight reduction in binding energy to form a band at 400.0 

eV249 and also account for the retention of the imide peak at 400.8 eV. This secondary 

amide can then subsequently react with singlet oxygen or hydroxyl radicals to form a 

nitroso species, accounting for the high binding energy band at 402.2 eV which was also 

observed and assigned to nitroso species in SMCN and SMPy degradation.231 These 

mechanisms are shown in Figure 7.14.  

 Relative to SMPy and SMCN, SMBA shows little evidence for direct sulfur 

oxidation and only a small presence of the thiopheneδ+ feature at 165.1 eV as shown in 

Figure 7.13b.  This observation suggests that the chemistry induced in the SMBA ring does 
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not lead to changes in bonding of the BDT-3T core. It is hypothesized that this ring opening 

process alters the electron withdrawing nature of the endcap, giving rise to photobleaching 

of the chromophore and the preferential formation of thiopheneδ+, but allows retention of 

the overall BDT-3T structure. 

The C 1s core level spectra of the pristine and degraded SMCN films are shown in 

Figure 7.13c. The chemical model generated for the molecule accounted for six 

energetically distinct carbon atoms: sp2, sp3, amine, amide, imide, and anhydride. These 

six species have a ratio of 44:80:4:4:2:2 within SMPy, and the fits were applied and 

optimized accordingly such that the areas of the fits matched the appropriate ratio. The 

assignments of the final fits for the pristine spectrum are given in Table 7.4. In the degraded 

spectra, an increase in a higher binding energy shoulder can be observed, implying the 

formation of more oxidized carbon species of an intermediate intensity relative to the high 

binding energy shoulders observed for SMCN and SMPy. This higher energy shoulder can 

be reasonably fit to three additional carbon species which can be assigned to varying 

degrees of oxygenation.78 These peaks have been attributed to the formation of various 

oxygenated carbon groups at the hexyl side chains of the thiophene through a multistep 

oxygenation reaction instigated by an initial hydrogen abstraction from the alpha carbon in 

the chain, as was discussed above and shown in Figure 7.10.  

The pristine and degraded O 1s spectra are presented in Figure 7.13d as unfit, as 

the degraded spectra were deemed too complex to fit accurately, and unnormalized to 

demonstrate the extent of change in the absolute intensity values of the two measurements. 

The small amount of signal observed in the pristine O 1s core level spectrum can be 

attributed to the imide oxygens in the barbituric acid endcap as well as to small amounts 
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of SiO2 contamination as discussed with SMCN. As calculated by the Vision software 

algorithm, there is a 9% increase in oxygen by mass within the degraded SMPy film which 

corresponds to the comparatively lesser oxygenation chemistry observed in each of the 

core level spectra discussed above. 

 

Figure 7.13. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 

1s and (d) O 1s core level spectra for pure SMBA films. The assignments for the labeled 

fitted bands are given in Table 7.4. 
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Table 7.4. Chemical assignments of fitted bands for SMBA films 

  

Orbital Assignment 
Binding 

Energy (eV)a 
Width (eV) Peak Label 

Nitrogen 1s Imide224 400.8 1.2 1 

 Nitroso172 402.2 1.17 2 

 Secondary Amide249 400.0 1.17 3 

Sulfur 2p Thiophene78 164.4b 1.07 1 

 Thiopheneδ+ 76 165.1 1.18 2 

Carbon 1s sp2 171 285.0 1.18 1 

 sp3 171 285.5 1.18 2 

 Amine224 286.8 1.18 3 

 N-C=O224 287.4 1.19 4 

 N2-C=O224 288.4 1.18 5 

 Anhydride78 289.6 1.18 6 

 C-OH78 286.1 1.09 7 

 C=O78 287.1 1.17 8 

 O-C=O78 288.5 1.19 9 

aPeaks were fit using 40% Gaussian/60% Lorentzian peak shapes. bAll binding energies reported for S 

2p are for the S 2p3/2 peak. The S 2p1/2 peak was held at a constant distance of 1.18 eV away from the S 

2p3/2 as well as at 0.511 times the height as per Thermo Scientific recommendations. 
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Figure 7.14. Proposed mechanisms for the degradation of the barbituric acid endcap of 

SMBA based on alterations in the N 1s and O 1s core level spectra.
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Chemical Degradation of PC71BM Blended Films  

The stabilizing effect of fullerene derivatives has been discussed in the literature 

with other types of semiconducting materials, namely polymeric semiconductors such as 

P3HT250 and PPV.251 It has been proposed that this general stabilization effect is due to the 

sub-ns quenching of the excited state induced in the semiconducting material, preventing 

subsequent intramolecular degradation mechanisms from occurring;71 dynamics are 

controlled by the electron affinity of the fullerene.252 More simply, creating faster electron 

transfer to the fullerene acceptor, relative to the rate of electron transfer to singlet oxygen, 

could decrease photo-degradation pathways.250 

 While measuring rates of electron transfer are beyond the scope of the work 

discussed in this chapter, a qualitative analysis of the impact of PC71BM inclusion is still 

useful. Figure 7.15 shows a comparison between the degraded and pristine survey spectra 

collected for all three PC71BM blended films. Figures 7.16, 7.17, and 7.18 show 

comparisons between the pristine and degraded PC71BM blended films of SMPy, SMBA, 

and SMCN, respectively.  

The degraded core level spectra of SMCN blended with PC71BM (Figure 7.16) 

appear to be almost identical to the degraded core level spectra of the pure SMCN film, 

with the exception in the alteration in the chemical model for the C 1s spectrum to account 

for the incorporation of PC71BM. This suggests that the degradation pathways for photo-

oxidation of SMCN does not stem from the formation of singlet oxygen from the excited 

state of SMCN (which PC71BM would otherwise quench).237,250,251 Instead, the 

mechanisms proposed in Figure 7.10 show degradation pathways induced through the 
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combination of light and water, through direct photolysis, or through the excimer of two 

SMCN molecules generating superoxide. 

Conversely, the fullerene incorporation appears to decrease ambient photo-

degradation for both SMPy and SMBA. The impact of PC71BM can be most dramatically 

observed in the case of the highly reactive SMPy; in the blended film, the oxygenation of 

the thiophene is decreased and retention of the imine nitrogen peak is observed. As noted 

in Figure 7.12, most of the proposed pathways for the degradation of the SMPy endcap 

involve the formation of singlet oxygen which would be quenched in the presence of 

PCBM. It is hypothesized that the reduction in degradation of the endcap due to the 

quenching of the excited state of the small molecule provides additional stability to the 

BDT-3T core. This would explain why the degradation products are likewise decreased in 

the SMPy blended film to levels similar to that observed in SMCN. Similar degradation 

mitigation is observed for SMBA. The proposed degradation mechanism for SMBA 

involved ring-opening from the excited state of the molecule (Figure 7.14). In the same 

vein as quenching the formation of singlet oxygen, it would appear that PC71BM was 

likewise able to quench the excited state of the SMBA, stabilizing both the end cap and the 

BDT-3T core from the same level of degradation as observed in the pure film. 

However, as Figure 7.19 shows, the changes induced in the density of states 

between the pristine and degraded blended films are identical to the changes induced in the 

pure films. This shows that electronic rearrangement of materials does not necessarily 

correlate to chemical degradation, and it is therefore necessary to understand both facets of 

a material’s stability in order to make a wholistic assessment of the feasibility of a material 

for device usage. 
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Figure 7.15. Comparison of survey spectra of pristine (black) and degraded (red) a) SMCN 

b) SMPy and c) SMBA all blended with PC71BM. Note: The signal for the pristine blended 

SMPy survey spectrum in b) is low in intensity because the sample wasn’t properly aligned 

within the instrument. 
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Figure 7.16. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 

1s and (d) O 1s core level spectra for SMCN films blended with PC71BM. 
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Figure 7.17. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 

1s and (d) O 1s core level spectra for SMPy films blended with PC71BM.Error! Bookmark 

not defined. 
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Figure 7.18. Comparison of pristine (top) and degraded (bottom) (a) N 1s (b) S 2p (c) C 

1s and (d) O 1s core level spectra for SMBA films blended with PC71BM. 
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Figure 7.19. Fermi edge of UP spectra for the pristine (a, c, e) and degraded (b, d, f) 

PC71BM blended films of SMCN, SMPy, and SMBA, respectively. The spectra are 

simultaneously presented in 5x magnification (dashed lines) to highlight some of the Fermi 

fine features present in the pristine films. Note: No charge correction was applied to the 

UP spectra obtained for the degraded films.
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Conclusions 

Photobleaching of organic semiconductor materials is becoming a targeted topic as 

the field of OPV branches towards new technological developments.  The work described 

in this chapter investigated the effect of endgroup substitution on three new push-pull small 

molecules following an A-D’-D-D’-A molecular design on the extent and possible 

mechanisms of degradation, independent of redox potential. From this work we were able 

to show that the pyrazolone endcapped small molecules showed the least chemical stability 

under simultaneous light and ambient exposure while SMCN and SMBA showed similar, 

relatively mild degradation patterns. The degradation of the BDT-3T core in all cases can 

be described by two main phenomena: 1) reduced, localized electron density on the sulfur 

(thiopheneδ+) and 2) oxidation of the sulfur species to higher oxidation states. From the 

XPS analysis of SMPy, it was inferred that a lack of chemical stability of the endcap 

correlated to instability of the core of the molecule. Future molecular designs should focus 

on low reactivity endcaps and systems that, once excited, have a rapid way to disperse the 

exciton out of the more reactive sites of the molecule. This concept is further supported by 

comparison between SMPy and SMBA which show reduced degradation upon inclusion 

of an additional electron acceptor within the film. Comparison of the UPS and XPS results 

speak to the importance of a thorough consideration of both electronic and chemical 

stability when designing new materials, with consideration of plausible degradation 

pathways based on chemical traits and not just on redox properties. Once stable molecules 

are identified, it is generally hypothesized that inclusion of additional electron acceptors or 

donors to create blended heterojunctions should reduce degradation.  
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push-pull small molecule donors for organic photovoltaics: spectroscopic degradation of 

acceptor endcaps on bithienylbenzo[1,2-b: 4,5-b’] dithiophene cores", J. Mater. Chem. A, 

2019, 7, 19984-19995. 
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CHAPTER 8: UHV RAMAN SPECTROSCOPIC 

INVESTIGATION OF OXIDIDATIVE DEGRADATION OF α-

SEXITHIOPHENE 

As was alluded to in the previous chapter, understanding the photo-oxidative 

chemistry that is induced in large molecules currently of interest for novel organic 

electronic devices can be quite complex to unravel. Work has been done on exposure of 

molecules of interest to bulk ambient conditions and then spectroscopically monitoring the 

materials before and after exposure to the photo-oxidizing conditions.3 The alterations 

induced in the chemical structure can then be monitored by vibrational spectroscopy which 

allows for direct observation of the cleavage and formation of new chemical bonds. 

However, as was found in monitoring the push-pull molecules synthesized by NREL, 

molecules of interest for modern organic electronics have complex starting-state spectra, 

owing to the complexity of their chemical structure, that render analysis of the photo-

oxidized spectra more challenging to interpret. Furthermore, the principal atmospheric 

reactants inducing any observed chemistry can be quite complicated to elucidate (O2 vs 

O2
•- vs 1O2 vs O3) from these bulk ambient degradation studies. Therefore it is important 

to examine the photo-oxidative reaction chemistry at more fundamental level by a) using 

small molecule analogs of the more complex species of interest to have less complex 

starting spectra and b) studying the reaction chemistry induced on these small molecule 

analogs by isolated components of ambient gas (H2O, O2, CO2, O3, etc.) to determine which 

are the most reactive species. 
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Previous work from the Pemberton group has shown the efficacy of studying the 

Raman spectroscopy of small molecule models for unravelling the spectral changes 

observed in more complex molecules. As an example, work on tris-(8-hydroquinoline) 

aluminum (Alq3) done by Dr. Rob Davis, which has been used as an electron transport 

layer and the electroluminescent material in organic LEDs,17,18 revealed the complex nature 

of the Raman spectra generated through interfacial reactions between Alq3 and vapor 

deposited low work function metals.19–21,253 This led to follow-up work by Dr. Matt 

Schalnat and Dr. Dallas Matz on the reaction chemistry at the interface between low work-

function metals and small molecule analogues of Alq3, e.g. benzene and 

pyridine.89,90,92,254,255 Similar small molecule model work was employed for 

semiconducting polymers including trans-stilbene as an analogue for poly(p-

phenylenevinylene) (PPV)75 and α-terthiophene91 and α-sexithiophene76,93 (3T and 6T, 

respectively) for P3HT.  

Likewise, the need for understanding the reactive ambient species for organic 

semiconductor deterioration mechanisms has also been demonstrated in the literature. The 

most relevant work for this dissertation regards the investigation of the oxidative chemical 

degradation mechanisms of P3HT. For many years, superoxide (O2
•-) and singlet oxygen 

(1O2) were both proposed as the reactive species inducing the photo-oxidative deterioration 

of P3HT with experiments that were incapable of distinguishing between the two species.81 

Manceau et al. then designed an experiment to photo-generate isolated 1O2, monitored with 

a fluorescent probe, in a flow cell with P3HT.77 Under these conditions, no degradation 

was observed, pointing towards O2
•- as the degradation chemistry initiator. Chen et al. later 

validated this finding through isolated generation of O2
•-, monitored by ESR, and 
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subsequent observation of the degradation chemistry previously described in the 

literature.73,78–80,82,83 This meaningful insight into the degradation chemistry of P3HT 

allowed for effective stabilization methods, such as the inclusion of radical oxygen 

scavengers into an active layer matrix, to be employed.  

Ultrahigh vacuum, or UHV, provides a well-controlled environment into which 

small amounts of isolated gasses can be introduced. The UHV chamber currently present 

in the Pemberton lab is equipped with a differentially pumped, vertically translatable vapor 

phase capillary dosing line designed by Dr. Pawel Mrozek and modified by Dr. Adam 

Hawkridge. This system has been employed with success by many previous group 

members to unravel important chemistries ranging from interfacial reactions of volatile 

organics with low work function metals89,90,92,254,255 to the reaction of ice with vapor phase 

HNO3.256,257 This set-up provides a convenient way to prepare OSC films via vapor 

deposition followed by gas introduction via the capillary array dosing line. The sample can 

then be translated to the analysis section of the UHV chamber for in situ Raman 

spectroscopy allowing for continual monitoring of the OSC film after iterations of reactive 

gas exposure. 

This chapter will discuss efforts to first prove the efficacy of a UHV-based gas 

introduction technique followed by in situ Raman spectroscopy for identification of 

degradation products induced in OSC films by different isolated gases. The focus of this 

proof-of-concept work will be on the oligomer α-6T, a small-molecule analog of P3HT, 

and its reaction with oxygen. The first proof-of-concept experiment to be discussed 

includes only minor adaptations of the existing capillary array dosing equipment. A 

comparison will then be made between this first experiment and a second proof-of-concept 
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experiment conducted with a new dosing shroud designed by TJ Blackburn. It will be 

shown that, thus far, degradation products have only been induced via the first method and 

hypotheses regarding the failure with the new dosing system will be discussed. 

Experimental Methods 

Silver Substrate Cleaning 

Polished silver surfaces were used as reflective substrates to study the impact of 

oxygen dosing onto organic thin films. The surfaces were first planarized using 1200 and 

2000 grit SiC sandpaper. 800 grit SiC sandpaper was used sparingly and was mostly 

reserved for re-planarization of damaged surfaces. The surfaces were then mechanically 

polished according to the procedure developed by Schoenfisch.258 The surfaces are 

mounted into brass and aluminum holders, held perpendicular to the surface of a 

commercial polishing wheel with continuous rotation of the holders independent of the 

polisher. The surfaces are then sequentially polished at 60 rpm, first with MicroCloth™ 

and an aqueous slurry of 1.0 μm diameter Al2O3 for approx. 1 h followed by 30 min with 

MasterTex™ and an aqueous slurry of 0.3 μm diameter Al2O3. The surfaces were rinsed 

copiously and sonicated in water in between each polishing step in order to avoid cross 

contamination of the alumina particles.  

Mechanically polished surfaces were then annealed at ca. 1100 K under an H2 flame 

for 30 s to remove organic contaminants and further reduce surface roughness.259 Once 

annealed, the surfaces were immediately immersed in a covered dish with water for a 

minimum of 10 min to cool and minimize re-contamination. The glassware used for all 

cleaning steps were cleaned by soaking in a base bath consisting of 500 g KOH, 2 L water, 
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and 4 L isopropanol overnight, rinsed copiously with water, and dried in a 400 K oven for 

an hour before use. 

After cooling for 10 min, surfaces underwent a thorough chemical cleaning 

procedure originally developed by Taylor260,261 and Tiani262 in this laboratory. The surface 

was first soaked in concentrated H2SO4 for 5 min to oxidize organic contaminants and 

rinsed with water. The surface was then submerged in HClO4 for 1 min, to further oxidize 

organic contaminants, followed immediately by submerging the surface in a 1:1 mixture 

of 0.6 M HCl and 4 M CrO3 for one minute with constant agitation/stirring. While in the 

HCl/CrO3 mixture, the silver surface itself is oxidized to yield Ag+ which then forms an 

insoluble AgCl precipitate. The surface is then sonicated in water for ca. 10 min until all 

the AgCl precipitate is removed, exposing a fresh layer of Ag. The surface is then 

subsequently submerged in concentrated NH4OH for 10 min to remove any residual AgCl 

that may be present. The surface is then rinsed with water and submerged in concentrated 

HClO4 for 5 min to neutralize any residual NH4OH. The surface is then rinsed copiously 

and stored in Milli-Q water until use. The refractive index and extinction coefficients of 

the surfaces were checked with ellipsometry to confirm the efficacy of the polishing and 

cleaning procedure (n: 0.18-0.26, k: 3.89-4.05).263 

The surfaces were dried with N2 and mounted into “VG”-style holders relatively 

soon after cleaning. The surfaces were held in place in the holders via three set screws 

secured with Vacseal® high vacuum sealant (Space Environmental Labs). The surfaces are 

then introduced into the ultra-high vacuum chamber through the sample entry chamber. 
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Ultra-high Vacuum Chamber 

A CAD drawing of the ultra-high vacuum chamber, originally designed by Dr. 

Powel Mrozek and modified by Dr. Adam Hawkridge, is given in Figure 2.6. The chamber 

is divided into three principal chambers: sample entry, sample preparatory (prep), and 

analysis chambers. 

The sample entry chamber was used to rapidly introduce the prepared surfaces 

discussed in the previous section to high vacuum pressures (<10-6 torr) from ambient with 

minimal impact on the ultra-high vacuum environment of the other two chambers. The 

sample entry chamber is pumped by a 210 L/s model TMU 261P turbomolecular pump 

(Pfeiffer Vacuum) backed by a RV8 rotary vane roughing pump (Edwards Vacuum). The 

pressure is monitored via a PKR 251 cold cathode gauge (Pfeiffer). The sample entry 

chamber is isolated from the prep chamber by a 6” gate valve. The samples are placed onto 

a translational arm to move the surfaces between the entry and prep chambers when the 

entry chamber has pumped down to appropriate pressures. 

All sexithiophene deposition and gas dosing were conducted in the prep chamber 

which had a base pressure maintained at 1 x 10-9 torr and working pressures < 2 x 10-7 torr. 

This chamber was pumped with a 440 L/s model TPU 521 PL corrosion-resistant 

turbomolecular pump (Pfeiffer Vacuum) backed by an RV8 rotary vane roughing pump 

(Edwards Vacuum). The pressures were continuously monitored using a model 350 hot-

filament ion gauge (controller: Granville-Phillips) with FIL-7A W filaments. UHV Raman 

spectroscopy was conducted with the sample in the analysis chamber. The base pressure of 

the analysis chamber was maintained by a PS-100 ion pump (Thermionics) at 5 x 10-10 torr 

which was monitored by an identical hot-filament ion gauge as used in the prep chamber. 
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The pressures in the prep and analysis chambers were maintained through a bake-out 

procedure described previously92 and iterative running of titanium sublimation pumps to 

remove H2O and O2. These pumps consist of SB-1020 titanium sublimation cartridges 

(Thermionics Laboratory Inc.) using TSP-12-PE Ti filaments (Duniway Stockroom Corp.) 

and powered by a 922-0032 titanium sublimation control unit. Samples could be transferred 

between the prep and analysis chambers on a copper sample holder on a 1.5 m DE-204B 

closed-cycle He-cooled transfer arm (Advanced Research Systems). This transfer arm was 

equipped with a K-type thermocouple (Chromel-AuFe) and heating cartridges connected 

to a temperature controller (Cryocon).  
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Figure 8.1. (a) Top and (b) side CAD renderings of the UHV chamber (prepared by TJ 

Blackburn and used with permission).   
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Thin Film Deposition and Gas Dosing 

Thin films of α-sexithiophene (α-6T) on silver were constructed in the prep 

chamber by vapor deposition using a Knudsen cell consisting of a ceramic crucible 

wrapped with a Ta wire to facilitate heating. Ca. 5 mg of α-6T were placed into a cut EPR 

tube, serving as a quartz crucible, inserted into the ceramic crucible of the Knudsen cell, 

and introduced to vacuum. The α-6T was outgassed by slowly increasing the current 

applied to the cell to 0.7 A and allowing the temperature and pressure to stabilize overnight. 

Prior to vapor deposition, the silver surface was first heated to 400 K for approx. 4 

h before cooling to ca. 80-90 K overnight. Substrates were held face up and out of the cone 

of vapor while the current applied to the Knudsen cell was slowly increased to 1.6 A and 

the temperature to 250 °C at which point a deposition rate of approx. 1 Å/min was observed 

via QCM using density and acoustic impedance values previously described by Sang 

(Maxtek).93 Once the rate was established, the silver surfaces were translated into the cone 

of vapor and inverted until a mass thickness of 100 Å was obtained. 

O2 was dosed onto the surface of the vapor deposited α-6T film through a stainless 

steel dosing line that was pumped to high vacuum (ca. 10-7 torr) by a 220 L/s TMU 260 P 

turbomolecular pump (Pfeiffer Vacuum) backed with a by a RV8 rotary vane roughing 

pump (Edwards Vacuum). The pressure the dosing lines were monitored by a PKR 251 

cold cathode gauge (Pfeiffer). The introduction of O2 was controlled by first opening the 

valve between the dosing lines and the prep chamber to maintain high vacuum in the lines. 

The 3” gate valve to the dosing line turbomolecular pump was then closed and the precision 

leak valve was opened. Finally, the valve to a 50 cc stainless steel cylinder pre-filled with 

O2 was slowly opened and the pressure rise observed in the dosing line cold cathode gauge 
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was calibrated against the pressure rise observed in the prep chamber as monitored by the 

hot-filament ion gauge. A calibration curve was constructed correlating the rise in pressure 

in the dosing line with the rise in pressure in the prep chamber in order to approximate the 

Langmuirs of O2 deposited on the surface, where one Langmuir is defined to be the 

thickness of a layer of adsorbate, in this case O2, for 1 s at 1 x 10-6 torr.264 Once the 

calibration was obtained, the O2 valve was closed. The dosing shroud was brought down 

until the shroud was brought into contact with the surface, locked into place, and the O2 

line was re-opened until the pressure was observed at the dosing line cold cathode gauge 

correlated to an effective pressure of 1 x 10-7 torr through the shroud on the surface and 

was left in place for ca. 45 min before full retraction of the dosing shroud and closure of 

the O2 cylinder valve to the dosing lines. 

 

Figure 8.2. Schematic of the UHV vapor deposition and dosing procedure. (a) Vapor 

deposition rate of α-6T was first determined by monitoring deposition rate onto QCM 

crystal. (b) Once rate was ca. 1 Å/min, the silver stub was brought into the vapor path and 

inverted to deposit α-6T. (c) O2 introduced onto sample surface through capillary array 

doser. 
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UHV Raman Spectroscopy 

A 532 nm Verdi 2W Nd:YVO4 laser (Coherent) was used as the excitation source 

for all Raman experiments conducted on surfaces in UHV conditions. The laser was set at 

100 mW of power at the source which corresponds to approx. 30 mW at the sample with 

the sample tilted to 60° relative to the surface normal. The radiation was p-polarized with 

respect to the surface of the sample through a 45° rotation FR-2C425 λ/2 Fresnel-Rhomb 

(CVI Laser Optics). The radiation was directed upwards to the sample via a 90° step-up 

mirror and a 150 mm focal length plano-convex lens yielding a spot size of ca. 1.2 mm. A 

full description of the optical bench configuration can be found elsewhere.92 The 

monochromator (Spex 270M) was operated with an entrance slit width of 18.5 μm and a 

1200 grove/mm blazed grating (630 nm) was used to yield a spectral bandpass of 5 cm-1 at 

100 cm-1. Raman spectra were collected with a 1600 x 400 pixel back illuminated DU-

971P Newton EM CCD (Andor Technology) which was cooled to -75 °C (controlled via 

SOLIS software, Andor Technology). All Raman spectra were acquired with 120 

collections of 5s integration (10-min/spectrum) unless otherwise noted. Baseline correction 

and spectral processing were done in Omnic. 

Results and Discussion 

First Dosing Approach 

 Evaluation of the capillary dosing technique for inducing gas-specific reaction 

chemistry on sexithiophene was first conducted using the capillary dosing array designed 

by Dr. Pawel Mrozek and Dr. Adam Hawkridge with only minor adjustments. Figure 8.1 

shows the adaptations that were made to the volatile materials inlet of the capillary dosing 

array to accommodate for the introduction of gasses. The adjustments were made to allow 
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for direct coupling of a 50 cm3 gas cylinder to a precision leak valve and included a series 

of valves to make sure that a) the gas cylinder could be taken on and off of the coupling 

site while maintaining a pre-set positive gas pressure in the cylinder (40 psi) and b) 

pressures of <1 x 10-8 torr at the capillary dosing array turbo pump side of the vacuum 

chamber could be maintained with removal of the gas cylinder. 

 

 

Figure 8.3. Schematic of the first dosing line into the preparatory chamber of the UHV 

adapted for direct gas introduction.
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 α-6T with oxygen dosing was chosen as the system for proof-of-concept work on 

the efficacy of this experimental and instrumental design as the photo- and thermo-

oxidation chemistry of conjugated thiophenes has been well characterized as discussed 

above.73,77–80,82,83 A 100 Å film of α-6T was vapor deposited onto a cooled silver substrate 

(~80 K) in UHV. A Raman spectrum was taken of the initial state of the film and is shown 

in Figure 8.4 with the corresponding band identifications given in Table 8.1. The spectrum 

closely resembles Raman spectra obtained by Dr. Lingzi Sang for α-6T. The film was then 

exposed to O2 in three increments of approximately 1 O2 molecule/3x108 molecules of 

surface α-6T with a Raman spectrum taken after each exposure point. The spectra obtained, 

as can be seen in Figure 8.5, show almost no change from the original spectrum. It was 

hypothesized that the reaction chemistry was thermodynamically impeded due to the low 

temperature of the silver substrate.  

The substrate was warmed to ambient temperatures in UHV (~272 K) over the 

course of 4 days. The subsequent Raman spectrum obtained after this period is shown in 

Figure 8.6, restricted to the region showing spectral changes. While the overall intensity of 

all bands in the spectrum decrease, as would be expected from warming the substrate, the 

α-6T bands at 652 cm-1, 686 cm-1, 1181 cm-1, and 1162 cm-1 are no longer visible. These 

bands are affiliated with the ν(C-C)inter-ring modes of the minor population of α-6T bands 

with inter-ring torsion.265,266 The loss of these bands could either simply be due to the 

reduced sensitivity in their measurement at these higher temperatures or due to 

rearrangement of these minor oligomer constituents to the more dominant coplanar 

conformation.  
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In addition to the loss of some of the α-6T affiliated bands, there are also several 

new bands that appear in the spectrum in Figure 8.4 that are labeled in red. The most 

dominant of these new bands are at 1219 cm-1 and 1297 cm-1. The band at 1297 cm-1 is 

most likely due to the formation of SO2 species on the thiophene ring, a known degradation 

product of P3HT, whereas the 1219 cm-1 band is postulated to be a red-shift of the α-6T 

band at 1227 cm-1 due to electron rearrangement induced in the oligomer with oxygen 

incorporation.73,267 The series of smaller bands at lower frequencies, i.e. 520, 631, and 930 

cm-1, are a bit more difficult to assign. One hypothesis for the band at 930 cm-1 is S=O 

formation, another known intermediate product in the degradation of P3HT.73,267 The 631 

cm-1 band has been observed in the solution phase spectrum of 3T and was assigned to 

another structural torsion mode induced by rotation of the inter-ring bond.265 In this same 

work, the band at 740 cm-1 was assigned to an overlap of co-planar and torsion modes and 

would grow in intensity with more torsion modes induced.265 The broadening observed in 

the 744 cm-1 band alongside the appearance of 631 cm-1 band in the oxidized α-6T spectrum 

suggests the formation of new torsions in the α-6T backbone that are different from the 

torsions that induced the modes that dissipated from the original spectrum as discussed 

above.265 It is at this point unclear if these new torsions are induced as a function of 

oligomer re-orientation with heat or from incorporation of oxygen into the thiophene rings. 

Furthermore, similar frequencies were observed in Dr. Lingzi Sang’s Raman spectroscopy 

study of the α-6T interface with Mg (588, 930, 1237 cm-1 in her work) which were assigned 

to frequency shifted modes due to a reaction chemistry induced between α-6T and Mg.76,93 

It can therefore be concluded that the alterations in the spectra are primarily due to torsions 

within the α-6T backbone with some possible evidence of direct oxygenation.
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Figure 8.4. Raman spectrum of 100 Å of α-sexithiophene vapor deposited onto a silver 

substrate at 80 K. The significant bands are labeled and identified in Table 8.1.
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Table 8.1. Vibrational peak frequencies and assignments for 100 Å film of pristine α-6T 

Vibrational Assignment93 Frequency (cm-1) 

Ring deformation, distorted 652 

Ring deformation, distorted 688 

Ring deformation, coplanar 704 

Ring deformation, coplanar & distorted 743  
1007 

δ(C-H) 1051 

ν(C-C)inter-ring, distorted 1161 

ν(C-C)inter-ring, distorted 1184 

ν(C-C)inter-ring, coplanar 1227  
1411 

ν(C=C)s 1469 

ν(C=C)as 1510 

Combination: 704+1051 1755 
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Figure 8.5. Raman spectra of 100 Å of α-6T vapor deposited pure (black) and with 

increasing amounts of O2 exposure (red, green, blue) while at 80 K. 
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Figure 8.6. (a) Raman spectrum of 100 Å of α-6T film exposed to 810 L of O2 and allowed 

to react at 278 K for seven days. The bands known to originate from pristine α-

sexithiophene are labeled in black and the peak frequency of new bands are labeled in red. 

(b) Comparison of the original α-6T film spectrum (i, black) to the degraded spectrum in 

(a), (ii, red) on the same intensity scale. 
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Second Dosing Approach 

 In order to monitor the impact of simultaneous electric field application with 

reactive gas exposure, a new gas dosing shroud was designed. The schematic for this new 

dosing shroud, designed by TJ Blackburn, is shown in Figure 8.7. It was designed to 

provide high throughput of reactive gasses directly onto the sample with minimal losses to 

the surrounding preparatory chamber vacuum. The gold mesh for the electric field 

application is designed to be removable and was not incorporated into the shroud for the 

experiments described below. 

 The initial testing of this new shroud began with the deposition of 100 Å of α-6T 

onto a cold silver surface (92 K). The film was deposited onto a cold surface as it was 

determined that an appropriate film thickness for measurement could not be reached on an 

ambient temperature surface. The resulting spectrum, shown in Figure 8.8, is considerably 

noisier than the spectrum presented in Figure 8.4 for two reasons: 1) There was a strange 

interference signal that impacted the resulting spectrum if the spectra were acquired for 

any longer than 5 min and the spectrum displayed in Figure 8.4 was acquired for 10 

minutes. 2) There were some alterations that were also done with the Knudsen vapor-

deposition cell after some problems with shorting current applications and therefore the 

deposition parameters had not been appropriately optimized for this new dosing cell. There 

was a concern for uneven current application resulting in uneven heating throughout the 

deposition cell resulting in a film being somewhere less than 100 Å.
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Figure 8.7. Schematic of new dosing shroud designed by TJ Blackburn which was 

constructed to provide a uniform gas phase exposure with minimal leakage of gas to 

vacuum in addition to a fitting for simultaneous electric field application. (Schematic 

prepared by TJ Blackburn and used with permission).
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After the initial characterization of the film (black spectrum in Figure 8.8), the 

sample was heated up to approximately 200 K and characterized again to see if sample 

warming was responsible for the new modes observed in the previous experiment. As can 

be seen in the red spectrum in Figure 8.8, there is only a reduction in intensity of the 

observed α-6T modes and no appearance of any of the new modes observed in the spectrum 

in Figure 8.6. 

The α-6T film was exposed to a high pressure of O2 for 20 min. Initial 

characterization of the film immediately following this exposure showed no changes in the 

spectrum, akin to what was seen in the initial spectra of Figure 8.5. Therefore, the film was 

left to equilibrate to room temperature (298 K) and monitored over the course of four days 

for an attempt at direct comparison with the previous oxygen dosing experiment. As can 

be seen in the green spectrum in Figure 8.9, the only minor change affiliated with the 

spectra after the equilibration period is a small band at 605 cm-1 and loss of the band at 

1230 cm-1 of which only the loss of 1230 cm-1 was observed in the previous experiment. 

After additional experiments conducted by TJ Blackburn and Sarah Tyler on the efficacy 

of the new dosing shroud, it was determined that the lack of oxidative product formation 

was most likely due to too efficient sealing of the shroud to the sample. Too efficient 

sealing means that the large differential between the prepatory chamber pressure and the 

dosing line pressure was not employed to draw the gas molecules efficiently to the sample. 

Instead, the gas flow was directed towards the dosing turbo and thus very few oxygen 

molecules made it through the dosing line to the α-6T thin film. Re-optimization of this 

new shroud design to overcome these problems is still ongoing work by TJ Blackburn.
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Figure 8.8. Raman spectrum of 100 Å of α-6T vapor deposited onto a silver substrate at 

92 K (black) compared to the same film after warming to 200 K (red) for subsequent 

oxygen exposure.  
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Figure 8.9. Raman spectrum of 100 Å of α-sexithiophene vapor deposited onto a 92 K 

substrate and subsequently warmed to 200 K (red) compared to the same film after 

cumulative exposure for 2 hours to O2 gas and allowed reaction time of 4 days at 298 

K(green).
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Conclusions 

 An approach to understanding the degradation chemistry of thin OSC films with 

isolated ambient gases was developed using an UHV chamber in combination with a gas 

dosing line and in situ Raman Spectroscopy. The first attempt in employing this approach 

to the study of α-6T degradation induced by oxygen used a pre-existing capillary array 

dosing shroud. This approach, after some methodology optimization, showed the presence 

of bands of new structural torsions of the 6T backbone not present in the original spectra 

in addition to some modes that could be due to the direct incorporation of oxygen into the 

sulfur moieties of the thiophene ring. A second attempt of this proof-of-concept study was 

then performed using a new dosing shroud designed by TJ Blackburn with inconclusive 

results. This work shows that this approach to understanding reaction chemistry between 

thin OSC films and isolated atmospheric reactants shows preliminary success but several 

key factors in the experimental procedure still need to be optimized. 
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CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS 

Overview of the Problem 

 Organic electronic devices such as organic field effect transistors (OFETs)8,105 and 

organic photovoltaics (OPVs)26,268 fulfill a critical need in the modern world for low 

production cost devices with chemically tailorable properties.  For example, organic 

semiconductors used for transparent OPV coatings can have tailored opto-electronic 

properties for usage on greenhouses to simultaneously provide power while allowing for 

photosynthetic wavelength transmission.7 However, many of organic semiconducting 

materials, both small molecules and polymers, ultimately suffer from lower efficiencies 

due in part to reduced stability of the active layer when compared to silicon-based 

devices.59,60,235 It is therefore important to understand the chemical mechanisms behind the 

reduced stability and efficiency of OSC active layers of interest. Once a source of 

instability is identified, measures can be taken in order to mitigate that chemistry to yield 

enhanced device lifetimes. 

 Instability in blended organic semiconductor systems can be divided into three 

research foci: physical degradation,26,27 chemical degradation,42,71,72,235 and de-doping.44,87 

Physical degradation can be defined as phase separation or aggregation events between the 

different molecules in a blended/doped active layer. This phenomenon has most frequently 

been described in active layers with fullerene derivatives, such as PC61BM/PC71BM, as the 

electron acceptor functionality.26–28 Chemical degradation can be defined as chemical 

reactions either between the materials in the active layer44,60,74 or induced through light and 

ambient exposures.42,71–73 Finally, de-doping involves the loss of conductivity within an 

active layer. While physical and chemical degradation can lead to de-doping, it can also 
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stem from inherent instabilities in charge transfer states that exist in doped OSC 

films.44,87,96 

 The work in this dissertation has shown that all three types of OSC active layer 

degradation are intrinsically linked and fundamental to consider independent of a full 

device architecture, in which chemistry can become further complicated by electrode 

contacts and electric field applications.92,93 The first part of this dissertation showed this 

link by exploring the impact of various instabilities inherent in the model system of 

F4TCNQ-doped P3HT. These efforts included understanding the acid/base chemistry of 

F4TCNQ, the inherent stability of co-existent charge transfer states present in the doped 

films, the thermal stability of co-existent charge transfer states and subsequent reaction 

chemistry induced, and initial investigations into correlation of the doped film chemistry 

to the film morphology. Complimentary spectroscopic methods and chemical imaging 

have shown to be critical tools in these stability investigations. The second part of this 

dissertation focused on understanding the role of photo-oxidative chemistry on materials 

stability and presented a new methodology for study of isolated gas exposures to ascertain 

the precise reactive species in ambient inducing the degradation phenomena.  

Stability of F4TCNQ 

Before exploring the stabilities of mixed F4TCNQ and P3HT, it is important to first 

understand possible chemical reactions intrinsic with each species independent of the other. 

While the chemistry of P3HT has been well-defined in recent literature,59,73 the chemistry 

of F4TCNQ, and the impacts of chemical reactions on the resulting vibrational spectra, has 

been less well characterized. Recent efforts in the study of F4TCNQ chemistry have 

included a spectroelectrochemical study of the impact of acid/base chemistry of the 
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reduced states of F4TCNQ on the electronic spectra122 and older efforts have suggested the 

presence of protonated forms of F4TCNQ in complex chemical structures without defined 

mechanisms of formation.131  

In this dissertation, solution phase IR spectroelectrochemistry was shown to be a 

technique capable of generating spectra for each of the reduced species of F4TCNQ 

comparable to the chemically reduced F4TCNQ salts described in the literature, with the 

added benefit of reduced spectral impact of directly coordinating counterions.97,98,116 To 

observe the impact of acid/base chemistry on the resulting IR spectra, trifluoroacetic acid 

(TFA) was added to the solution. The addition of 10 mM TFA to a 1 mM F4TCNQ solution 

resulted in two new bands in the ν(C≡N) region of the FTIR spectrum at potentials positive 

of the second reduction step. These two bands at 2183 cm-1 and 2153 cm-1 were confirmed 

to originate from the generation of HF4TCNQ- through comparison of the experimental 

spectra to DFT simulations. The formation of HF4TCNQ- was determined to proceed 

through a proton-coupled electron transfer (PCET) mechanism enabled by close 

coordination of the TFA molecules to the nitriles of F4TCNQ. The addition of 2.5 mM TFA 

to a 1 mM F4TCNQ solution showed only partial conversion to HF4TCNQ- due to 

homoconjugation of TFA within the solution. 

While the explicit identification of vibrational bands due to the formation of 

HF4TNCQ- was an important step, the significance of this work lies in the determination 

of the acid/base conditions for its generation. For films of F4TCNQ-doped P3HT, water is 

of pressing concern as a reactive component from either ambient or processing sources. 

Water is a significantly weaker proton donor compared to TFA (pKa of TFA in acetonitrile 

is 12.7,123 pKa of H2O in acetonitrile is 38-41143) but can engage in hydrogen bonding to 
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the nitriles of F4TCNQ. The work discussed in this dissertation showed that H2O is capable 

of partial conversion of a solution of F4TCNQ to HF4TCNQ-, akin to what was observed 

with 2.5 mM TFA addition, most likely due to the close coordination of the proton-

donating molecules to the nitrile units of F4TCNQ. Therefore, this work identified the 

vibrational signatures of HF4TCNQ-, the dominant product of reduced F4TCNQ acid/base 

chemistry (the principle state of F4TCNQ within doped P3HT films), and suggests that 

strong hydrogen bonding species, with minimal impact of acidity, are capable of reacting 

to form HF4TCNQ-.  

Future Directions 

1. Kinetically resolved experiments are necessary to answer some of the underlying 

mechanistic questions. It would be interesting to attempt to resolve how concerted 

the PCET mechanism is. This finding would enhance understanding of how these 

mechanisms might proceed in the solid state, i.e. determining if the formation of 

the HF4TCNQ- in a doped semiconductor film follows from a concerted hydrogen 

transfer mechanism or a less concerted second reduction from F4TCNQ•- to 

F4TCNQ2- followed by subsequent proton transfer. 

2. Additional future work includes the use of this technique to induce the formation 

of other reaction products to observe their influence on the FTIR spectra. Such other 

reactions could include: loss of a -CN group, loss of a -F group, or reaction with 

other ambient gasses such as O2, ozone, or super oxide. All of these would aid 

interpretation of F4TCNQ spectral alterations in the solid state when used as a 

dopant in polymer semiconductor active layers for organic electronic devices. 
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Stability of F4TCNQ-doped P3HT 

The bulk of the work described in this dissertation concerned research into the 

stability of F4TCNQ-doped P3HT films. Studies of this system have shown the connection 

of the different aspects of degradation (physical, chemical, de-doping). Many of these 

phenomena were elucidated through careful spectroscopic study of the materials under a 

variety of processing and environmental conditions. It was through comparison of 

F4TCNQ-doped rr-P3HT and F4TCNQ-doped rra-P3HT with subsequently informed 

spectral fitting that ICT and CPX states were found to be co-existent in co-processed films, 

in contrast to previous literature descriptions of the system which suggested the film could 

only exist in one state or another.  

The chemical stability of these two states were then investigated as a function of 

time and of thermal stress with environmental conditions iterated in both experimental 

series. It was shown that in F4TCNQ-doped rr-P3HT films, the ICT state is the kinetically 

favored state, the CPX state is the thermodynamically favored state, and the rate and extent 

of formation of the CPX state can be significantly enhanced by ambient exposure. This 

finding provides some insight into the lower lifetimes of these devices as the CPX state is 

a charge trap state and its increased presence results in reductions of film conductivity. 

Likewise, when F4TCNQ-doped rr-P3HT films are exposed to thermal stress, F4TCNQ 

undergoes a chemical reaction with rr-P3HT (which can be similarly enhanced with 

moderate amounts of O2/H2O environmental exposure) to form HF4TCNQ- and [P3HT-

H]+. These also serve as partial charge carrier trap sites through loss in the extended 

conjugation of the polymer backbone (loss of intramolecular charge transport) resulting in 

loss in the overall film conductivity.  
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On the other hand, F4TCNQ-doped rra-P3HT films have shown to have a wider 

degree of variability in the charge transfer state formation based on dopant concentration, 

storage time, and processing method. When films are prepared from chlorobenzene, there 

is a significant impact of dopant concentration on the charge transfer state observed. At 

dopant concentrations < χF4TCNQ 0.096, the ICT state is dominant and at dopant 

concentrations ≥ χF4TCNQ 0.096 a CPX state corresponding to δ=0.6e is dominant. After a 

week of storage, there is either a sharpening of the existing ICT state bands in the ν(C≡N) 

region of the FTIR spectrum or an increased formation of ICT state bands in the CPX 

dominated spectra. Both phenomena point to time-dependent dopant-induced ordering. 

This was also observed in the high-doping regime heated films of F4TCNQ-doped rra-

P3HT in which at temperatures < 80 °C, there was an increased formation of the ICT state 

which directly correlated with a rise in conductivity. When films are prepared from a 

mixture of acetonitrile and chloroform, there is instead a dominance of the ICT state in all 

cases, suggesting a solvent dependence on rra-P3HT film ordering which could have 

important implications for future device processing work. 

Nanoscale imaging and chemical imaging techniques were used to ascertain how 

the physical properties of the doped films (i.e. morphology) may be related to the 

previously described chemical degradation and de-doping. It was also hoped that nanoscale 

chemical imaging could provide insight as to the location of the co-existent charge transfer 

states within a film and the impact of different processing methods. Synchrotron infrared 

nanospectroscopy has shown to be capable of observing different states of F4TCNQ within 

films including neutral, ICT, CPX, and HF4TCNQ-. SINS has provided chemical insight 
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on the near-field that was otherwise lost in the far-field IRRAS measurements including 

crystallization orientations of neutral F4TCNQ crystallites grown from doped P3HT films. 

Future Directions 

1. Future work still needs to be done on more explicit determination of the correlation 

between CT state and microstructure. The results presented are good first order 

inferences of the four phase model within F4TCNQ-doped rr- and rra-P3HT; 

however, in order to be proved definitively there needs to be a way to directly 

monitor the F4TCNQ in within the specific microstructure of interest.  

2. Future work in the thermal stability of F4TCNQ-doped rr-P3HT should be focused 

on elucidating some of the other chemical reactions that may be occurring within 

the film that could induce the bands observed in the broad spectral envelope in the 

ambiently-heated films. This could include reactions with other gasses in ambient, 

such as CO2 or O3, and mechanisms resulting in the formation of a volatile species 

for the selective removal of nitrogen from the film would need to be explored. This 

would best be done from a fundamental study of F4TCNQ independent of the 

polymer film, akin to the acid/base spectroelectrochemical work discussed in 

Chapter 3 of this dissertation. 

3. Much work still needs to be done on the stability of CT states in rra-P3HT. As 

discussed in Chapter 4, only the stability of the states from storage in dark and inert 

conditions was investigated. Analogous experiments should be conducted to with 

F4TCNQ-doped rra-P3HT films in dark and ambient or light and ambient storage 

conditions, and a more explicit investigation into the nature and identity of the 

currently unidentified bands at 2220 cm-1 and 2237 cm-1 should be conducted. The 
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progressive heating experiments will need to be repeated in ambient in order to 

determine their reproducibility. Subsequently, the progressive heating treatment 

will need to be applied in the other two, more-controlled environmental 

atmospheres in order to determine if HF4TCNQ- could be more readily induced in 

rra-P3HT and/or if the thermally enhanced dopant-induced ordering would be 

favored with the mitigation of reaction chemistry with atmospheric gases.  

4. Reproducibility of the SINS experiments will need to be examined in future work, 

which may include further optimization of the experimental protocol. Additionally, 

it would be interesting to compare the SINS data to other newly available infrared 

nanospectroscopy methodologies. PTIR and PiFM have shown to be applicable to 

the study of polymeric systems and would therefore be interesting to compare data 

obtained by SINS with these alternative nanospectroscopic imaging 

techniques.44,186,188,190 The Cheng group has also recently invented an ultra-fast IR 

imaging microscope with lateral resolution between that of SINS and of traditional 

IR microscopy that could allow for real time imaging of specific mid-IR bands of 

interest in these films instead of using the line scan/raster scan method of obtaining 

spectral images with SINS. 

Stability of Push-Pull Molecules 

Current design guidelines in organic photovoltaics are for active layer materials to 

contain both electron donating and accepting components in the same molecular structure. 

To this end, NREL synthesized a series of push-pull molecules with similar opto-electronic 

properties and the same donor core but with chemically distinct endcap moieties. The 

question then arose as to the difference in the chemical stability of these molecules under 
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photo-oxidizing conditions. To this end, films were prepared of the pure small molecules 

and each small molecule blended with PC71BM. Each film was exposed to a tungsten-

halogen array (to simulate sunlight) under ambient conditions. As nitrogen was only 

located on the endcaps and sulfur was constrained to the terthiophene bridge and 

benzodithiophene core (with the exception benzothiazole endcap of SMCN), XPS is 

particularly well-suited for differentiating between photo-oxidizing chemistry at the 

endcaps and the core. 

It was found that even though the three molecules had similar electronic properties, 

the observed photo-oxidation chemistry was vastly different depending on the endcap. 

SMPy was the least stable of the three molecules studied with large amounts of 

oxygenation chemistry occurring in both the endcap and the core of the molecule. SMCN 

and SMBA, while also exhibiting degradation chemistry, were comparatively more stable. 

Blending the molecules with PC71BM mitigated the degradation chemistry for SMPy and 

SMBA but not for SMCN. An additional electron acceptor within the film helps to 

withdraw electron density from the molecules, suggesting that this is a cause for 

degradation in SMBA and SMPy but not necessarily in SMCN. These findings show that 

it is important to consider both the optoelectronic properties and the chemical reactivity of 

the individual components of push-pull molecules for materials stability. 

Future Directions 

1. A more thorough and fine-tuned study of the kinetics of the bulk film photo-

oxidation chemistry should be conducted in order to ascertain the degree of oxygen, 

water, and/or light exposure limits for effective encapsulation layers. 
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2. Photo-oxidative degradation studies involving the individual components of these 

small molecule push-pull systems would provide insight into more specifics of the 

postulated reaction mechanisms. By isolating the endcaps or the core and exposing 

them to similar or more controlled photo-oxidizing conditions, the vibrational 

spectra would become much less convoluted and therefore easier to observe small 

scale changes to add a complementary technique for mechanism analysis. The 

vibrational spectra could serve to verify or disprove some of the postulated photo-

oxygenation degradation mechanisms for the push-pull molecules in bulk. 

UHV Reaction Chamber for Future Degradation Studies 

One of the key vulnerabilities of organic semiconductors is their propensity for 

reaction with ambient gases in their excited state. Therefore, there is a need for studying 

the reaction of organic molecules of interest with specific atmospheric components in order 

to ascertain the principle sources of environmentally induced degradation chemistry. To 

this end, two iterations of gas dosing in UHV with in situ Raman spectroscopy were tested 

by monitoring the impact of O2 dosing on a thin film of α-sexithiophene. There were some 

degradation phenomena observed with the first approach studied, including the formation 

of bands due to new torsions of α-sexithiophene and possible sulfone formation. However, 

the experiment was not able to be reproduced using a new gas dosing shroud due to 

hypothesized issues with shroud design. While this methodology seems promising for 

providing a way to answer fundamental reaction chemistry questions regarding 

environmental stabilities of organic semiconductors, there is much future work that needs 

to be done for experimental optimization.  
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Future Directions 

1. Design optimization of the new dosing shroud needs to be done to promote efficient 

flow of the gas phase molecules of interest to the OSC thin film. In this way, it 

might also be best to perform the proof-of-concept work on the P3HT polymer 

instead of the small molecule system as the principal reactive site on the molecule 

is the alpha carbon of the hexyl chains on the 3-position of the thiophene ring.73 

2. More reactive gasses than pure O2 should be explored such as O3 or H2O2 to 

maximize likelihood of chemical reactions for future proof-of-concept studies. 

3. Adaptations to the UHV chamber should be made in order to incorporate a fiber 

optic light source for studying the impacts of reactant gas exposure in tandem with 

light exposure to compare induced chemical reactions. 
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APPENDIX A: XRF SPECTROSCOPIC ANALYSIS OF 

WOMAN-OCHRE 

Introduction 

 Woman-Ochre by Willem de Kooning (Figure A.1) is an abstract expressionist oil 

on canvas painting completed in 1955.269 Soon after, the painting was purchased and 

donated to the University of Arizona Museum of Art (UAMA) with the condition that the 

painting never be sold or given away.269 In 1985 the painting was cut out of its frame and 

ripped from its wax lining by two early morning visitors to the museum. It was missing for 

32 years before being found in 2017 in an estate sale in Silver City, New Mexico, hanging 

on a wall behind the master bedroom door (Figure A.2). Upon learning that the painting 

was the same as the one stolen from the UAMA, the purchasers of the estate returned 

Woman-Ochre to its rightful place at the museum.269–272 

 After the painting was authenticated by comparison of the canvas cuts and 

brushstrokes through alignment along the cut line to the canvas remaining on the original 

stretcher (work performed by Dr. Nancy Odegaard),269,271 many questions regarding the 

conservation of this painting arose. Because of the forceful nature in which the painting 

was removed from its wax lining and rolled during the theft, there are many lines of heavy 

craquelure and paint loss. Some areas of paint loss were so extreme that, while the painting 

was missing, someone filled in the areas of loss with their own paint to match the 

surrounding area. Additionally, someone had applied an additional patch on the verso side 

which raised questions regarding the mechanical stability of the area. The painting was 

sent to the Getty Conservation Institute (GCI) in 2019 for conservation and full scientific 

analysis to answer some key questions regarding both the artistic choices of de Kooning in 
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this work relative to others in his oeuvre and the nature of the unoriginal materials applied 

to the painting during its 32-year absence. My goals in this scientific investigation were as 

follows: 1) use portable x-ray fluorescence (XRF) to ascertain if there is a chemical 

signature for the unoriginal mended paint areas and 2) use portable XRF and macro-XRF 

scanning at GCI to obtain a preliminary assignment of de Kooning’s pigment choice in 

Woman-Ochre and compare those choices to what is known about de Kooning’s palette 

from previous work on other paintings as summarized in Willem de Kooning: The Artists 

Materials by Dr. Susan Lake.273
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Figure A.1. Photograph of Woman-Ochre by Willem de Kooning 
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Figure A.2. Photograph of Woman-Ochre in the room where it was found.
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Methodology 

Portable XRF 

 A Bruker handheld Tracer III-SD XRF spectrometer (Billerica, MA) was used with 

permission from the Arizona State Museum. X-rays are generated with a rhodium emission 

tube and detected with a silicon drift detector (SDD). The spectra were collected with 40 

kV, 10 μA radiation in three repetitions of 10 second intervals with no additional vacuum 

or attenuation filter. The spot-size of the irradiated area was about 2 cm2. During data 

collection, the XRF was held in a tripod and adjusted so that the x-ray window was not in 

contact with the painting. Data was collected in PXRF1 software and then processed in 

Bruker’s ARTAX software for elemental assignment of the observed bands. 

Macro-XRF 

 A Bruker M6 Jetstream spectrometer at GCI was employed to conduct the macro-

XRF scans of Woman-Ochre (see Figure A.3 for set up). The instrument consists of a 

measurement head attached to a motorized x-y-z gantry. The M6 uses a Rh-target X-ray 

tube with a microfocus polycapillary lens and a 30 mm2 silicon drift detector (SDD) with 

a maximum energy resolution of <145 eV (Mn Kα) at a throughput of 130 kcps. For this 

experiment, a 46 x 34 cm area of the painting was analyzed focusing on the upper-center 

section of the painting (see Figure A.4). The spectra were collected with 50 kV, 600 μA 

radiation with a 530 μm spot size. The scan was conducted with a 500 μm sampling 

distance and a 30 ms/pixel dwell time. The spectrometer was stepped between sampling 

locations with a speed of 25 mm/s and acceleration of 50 mm/s2. The element distribution 

maps were generated as greyscale images (lighter areas corresponding to larger intensity 

of elemental presence) using the Bruker ESPRIT software.
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Figure A.3. Photograph of Macro-XRF scan of Woman-Ochre. 
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Figure A.4. Stitched image generated of the area of Woman-Ochre that was analyzed by 

macro-XRF scanning at the Getty Conservation Institute. The canvas with paint above the 

white line at the top of the photo was what was left behind underneath the frame on the 

original stretcher after the painting was cut out.
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Results and Discussion 

Portable XRF 

 XRF point spectra were collected from 21 different spots around the painting. The 

sampling locations were chosen to ensure that at least one spot of each color type was taken 

and that an adequate number of mended areas were tested. Most areas examined exhibited 

common elemental signatures that could be readily correlated to pigment categories. Lead 

and calcium were detected throughout the painting, suggesting their presence in the ground 

paint layer. The yellow areas showed a large amount of barium, chromium and strontium 

and trace amounts of cadmium. This suggests that the primary yellow pigment was a lemon 

yellow, which is a mixture of barium chromate (BaCrO4) and strontium chromate (SrCrO4). 

The trace presence of cadmium suggests a mixture with cadmium yellow (CdS). There is 

also evidence of a higher iron presence in some yellow areas which would suggest the 

addition of yellow ochre [FeO(OH)]. The brown areas exhibited very high levels of iron, 

which would suggest umber or another type of iron earth pigment. The turquoise areas 

were more challenging to interpret, but as there was some trace copper detected it was 

postulated that this was either a mixture of an organic blue with some azurite or malachite 

[2 CuCO3 • Cu(OH)2] or an organic-coordinated copper complex. The swatch of coral/red 

at the bottom of the painting showed a trace co-presence of cadmium and selenium, 

possibly suggesting the usage of a cadmium red (CdSe) in this area. However, the intensity 

of these two elemental bands were low, and hard to isolate from the strong lead signal also 

present in this area. It is possible that this very strong lead signal implies that the red could 

also be a mixture of cadmium red with minium (Pb3O4) or another leaded-red pigment. 

Other red/pink areas showed significant presence of chromium, as well as trace cadmium 
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and selenium. However, in the bright fuchsia swatch over the woman’s proper right 

shoulder, there was also a significant presence of tungsten detected (see Figure A.5), which 

is not a commonly observed element in pigments. Tungsten was detected in trace amounts 

in other areas of this fuchsia color and suggests that the color is due to an organic-tungsten 

complex or salt.  

 Spectra taken from the white background of the painting (which can be seen in 

spectrum 1 of Figure A.6) is mixture of lead [2 PbCO3 • Pb(OH)2], zinc (ZnO), titanium 

(TiO2), and calcium (CaCO3 or CaSO4) containing whites. As mentioned previously, as 

calcium and lead were detected throughout the painting it is likely that they are localized 

to the ground material. In other white areas of the painting, such as the bright white 

swatches above the woman’s shoulders, titanium is the dominating signal (see spectrum 2 

of Figure A.6) pointing towards a paint composition primarily of titanium white (TiO2) in 

this area. In the mended area in the bottom left corner of the painting (spectrum 3 of Figure 

A.6), there is a heightened presence of zinc corresponding to the use of zinc white (ZnO). 

To note, though zinc was observed to varying extents throughout the background white, it 

was not observed to be the dominant signal in any original paint area studied. Furthermore, 

in mended areas colored to be black or yellow, zinc was also observed as the dominant 

signal in the XRF spectra.  This suggests that zinc white (ZnO) was used as the base fill 

paint by whomever touched up the areas of loss on the painting in the time it was missing. 

The black mended areas also showed a strong presence of iron, suggesting the use of mars 

black/magnetite (Fe3O4) as the upper layer to provide the black color. The yellow mended 

areas, besides having the strong zinc presence, showed no discernable difference from the 

chemical composition from the other yellow areas of the painting.



380 

  

Figure A.5. Portable XRF spectrum of the fuchsia area above the woman’s proper right 

shoulder which highlights the presence of tungsten and molybdenum in addition to the 

more commonly observed elements throughout the painting. 
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Figure A.6. Portable XRF spectra of (1) background original white (2) brighter original 

white and (3) “mended” white. In the original white areas, titanium and lead are more 

prevalent whereas in the mended area, zinc is more prevalent.
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Macro-XRF Scanning 

 In order to verify some of the pigment hypotheses listed above and to observe the 

elemental (and thereby inferred pigment) distribution throughout the painting, macro-XRF 

scanning was employed. The scan took place over the course of 8 hours at GCI and was 

restricted to focus on the upper-center portion of the painting with the original tacking 

margin included (Figure A.4). This restriction was due to the physical distortion of the 

canvas and paint towards the bottom of the painting. Structural heterogeneities can impact 

the XRF scan both experimentally and analytically. The XRF focusing distance should be 

set to be optimized to the highest point on the object to avoid the spectrometer from 

crashing into the object. If this high spot is too high, it can impact the spectra obtained from 

lower areas of the object by less efficient collection of low z-element fluorescent photons 

which, in turn, lowers the certainty in relative elemental concentration imaging. Therefore, 

the scan was restricted to an area of interest that had relatively homogeneous surface 

planarity with the intent of performing a full XRF scan on the remainder of the painting 

once paint was consolidated and the painting flattened after conservation efforts. The 

elemental maps collected will be discussed as a function of corresponding color. 

 The white areas of the painting can be characterized by the calcium Kα (Figure 

A.7), lead Lα (Figure A.8), titanium Kα (Figure A.9), and zinc Kα (Figure A.10). As 

previously discussed, calcium and lead are seen ubiquitously throughout the painting, 

though calcium is predominantly restricted to the background white of the painting and 

strongly in the craquelure along the bust. This further corroborates that these two pigments 

are present in the ground, and the lack of lead in the craquelure (Figure A.8) suggests that 

it is in fact a double ground with calcium as the base and lead as the secondary layer. This 
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is because the craquelure reveals the underlying canvas and only pigmentation that was in 

direct contact with the canvas would remain visible. Raman spectroscopy and microscopy 

of cross-sections later taken by Dr. Lynn Lee (GCI) confirmed a double ground with 

CaCO3 and lead white [2 PbCO3 • Pb(OH)2]. Titanium white (TiO2, Figure A.9) is 

primarily concentrated in the woman’s chin and in the white swatches over her shoulders, 

which correspond to the brightest white areas of the painting. Finally, though zinc is seen 

to a small extent in the background white of the painting (Figure A.10), it is mostly 

concentrated to a small area on the proper left shoulder of the woman. Based on the spot 

XRF analysis that showed that zinc white was used as a filler paint, this suggests that this 

is actually an area that was an area of paint loss that was filled in while the painting was 

missing.
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Figure A.7. XRF map of the calcium Kα line. 
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Figure A.8. XRF map of the lead Lα line. 
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Figure A.9. XRF map of the titanium Kα line. 
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Figure A.10. XRF map of the zinc Kα line.
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 The yellow areas of the painting can be characterized through comparison of the 

barium Lα (Figure A.11), chromium Kα (Figure A.12), strontium Kα (Figure A.13), 

cadmium Kα (Figure A.14), and iron Kα (Figure A.15) elemental maps. The barium, 

chromium, and strontium maps match up well with each other suggesting lemon yellow 

(BaCrO4/SrCrO4) was used for much of the torso. There is also evidence of lemon in the 

yellow pigment in the original tacking margin strip. The cadmium map also matches well 

with these areas (with the exception of the yellow area on the tacking margin), suggesting 

a mixture of lemon yellow and cadmium yellow (CdS) used throughout the woman’s torso. 

There are additional areas in the chromium map that don’t match with the other three 

elemental maps discussed including a rectangular outline on the proper right side and a 

stroke of paint on the proper lower left side (see Figure A.12); these will be discussed in 

greater detail in consideration of the red areas. The iron map (Figure A.15) highlights the 

areas of yellow ochre, namely in the yellow area above the woman’s proper left shoulder. 

There are also some scattered areas of concentrated iron throughout the painting that more 

closely map onto darker black areas, suggesting the use of mars black.
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Figure A.11. XRF map of the barium Lα line. 



390 

 

Figure A.12. XRF map of the chromium Kα line. 
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Figure A.13. XRF map of the strontium Kα line. 
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Figure A.14. XRF map of the cadmium Kα line. 
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Figure A.15. XRF map of the iron Kα line.
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 The red and fuchsia areas of the painting can be characterized by comparison of 

lead Lα (Figure A.8), chromium Kα (Figure A.12), molybdenum Kα (Figure A.16), 

selenium Kα (Figure A.17), and tungsten Lα (Figure A.18) elemental maps. Coincidence 

of the chromium and molybdenum, including in the two areas mentioned in the previous 

paragraph, suggests molybdate orange (PR104, mixed crystals of lead chromate, lead 

molybdate, and lead sulfate) which has been described as reddish-orange to mid-shade red. 

This paint is most likely mixed with cadmium red (CdSe) which appears in the same 

locations based on the elemental maps. Molybdenum is also found to be coincident with 

tungsten in the bright magenta pigment along the shoulders, suggesting the use of PR81.1 

a tungsto-molybdic acid salt of rhodamine. The pigment identifications of molybdate 

orange and PR81.1 were confirmed by Raman spectroscopy performed by Dr. Lynn Lee.  

 Finally, the turquoise area can be characterized by the copper Kα (Figure A.19) and 

chlorine Kα (Figure A.20) elemental maps. As these two elements are coincident with each 

other in the turquoise swatch over the woman’s proper right shoulder, the pigment is most 

likely PG7 or pthalo green (polychlorinated copper pthalocyanine).  This assignment was 

later verified as PG7 by Raman spectroscopy performed by Dr. Lynn Lee.
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Figure A.16. XRF map of the molybdenum Kα line. 
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Figure A.17. XRF map of the selenium Kα line. 



397 

 

Figure A.18. XRF map of the tungsten Lα line. 
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Figure A.19. XRF map of the copper Kα line. 
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Figure A.20. XRF map of the chlorine Kα line.
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Conclusion and Future Work 

 Table A.1 provides a summary of all of the pigment hypotheses gathered from the 

combination of portable XRF work performed at the UAMA and the macro-XRF scanning 

conducted at GCI. As XRF can only provide reliable elemental composition information 

for elements with Z > 17, Raman spectroscopy was necessary to provide confirmation of 

the organic pigments, such as pthalo green (PG7) and rhodamine 6G (PR81.1). As this 

painting was not able to be analyzed for inclusion in Dr. Susan Lake’s book, this scientific 

analysis was able to provide a greater depth of understanding to the nuances of Willem de 

Kooning’s palette. Furthermore, the XRF analysis revealed that zinc could be used as a 

chemical marker for areas that were filled in after the painting’s theft. 

 Future scientific analysis includes a full XRF scan of the painting after the painting 

has been consolidated and flattened. Other scientists at GCI are actively working on 

Raman, SEM-EDX, GC-MS and micro-fading experiments to answer additional questions 

about the painting including the chemical composition of the binding materials and the 

light stability of the organic-based pigmentation. Woman-Ochre will then hopefully be on 

display at the John Paul Getty Museum for an exhibit after the conservation campaign and 

scientific analysis has been completed before its return home to the UAMA in 2021.
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Table A.1. List of identified pigments in Woman-Ochre 

Color Pigment Chemical Formula 

White 
Lead White, Zinc White, Titanium 

White, Calcium white 

2PbCO3 ∙ Pb(OH)2, ZnO, TiO2, 

CaCO3 

Black Carbon-based Black Amorphous carbon 

Brown Umber/Sienna Fe2O3 

Turquoise PG7 (Phthalocyanine Green) C32H3Cl13CuN8 

Red Cadmium Red, Molybdate Orange 
CdS + CdSe; Molybdated 

PbCrO4 

Fuchsia PR81.1 (Rhodamine 6G) 
(Phospho/silico) tungsto-

molybdic salt of rhodamine 

Yellow 
Lemon Yellow, Cadmium Yellow, 

Yellow Ochre 
BaCrO4/SrCrO4, CdS, FeO(OH) 
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