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ABSTRACT

Fundamental Studies on Unique Doping Mechanisms in Organic Semiconductors

by

David Xi Cao

A world that runs on electronic devices is here to stay. The widespread use of electronic
devices in our everyday life has ensured their staying power, while also driving new
innovation towards improving everything from the power output of batteries, the computing
power of CPUs, and the mechanical flexibility of our devices. Most of our current electronics
are built in large part using silicon thanks to our robust ability to create precisely doped p- and
n-type silicon wafers that allow for the creation of p-n junctions that underlie the heart of
modern electronics. One drawback however to silicon-based devices is their relative
mechanical inflexibility. Given recent trends towards wearable electronics and flexible
sensors that can be used for biological applications, development of conductive, flexible
organic semiconductors can fill a market and technological need. In addition, organic
semiconductors have the potential to be lower in cost and take less energy to fabricate than
their silicon counterparts.
Since the 1990s discovery of polymers that could be made conductive through doping,
there has been a lot of work in the field to make organic electronics a reality. The field has
spent a lot of its time and energy focused on using and understanding the dopant F4TCNQ to

xi

create doped organic semiconductors over the past decade, which operates on the principle of
integer charge transfer in most circumstances. However, limits to F4TCNQ doping have driven
research into novel dopants and understanding their doping mechanism to open new avenues
for creating doped polymers.
This work tackles some of these new dopants and their doping mechanism, specifically
Bronsted and Lewis acids. While they have both been used previously for doping polymers,
little attention has been paid to them over the past decade while the field has chased dopants
with increasingly deeper electron affinities for use in integer charge transfer doping. We bring
these dopants back to light and provide an in-depth look into the doping mechanism for
Bronsted acid doping. By using a wide slate of techniques including XPS, FTIR, UV-vis-nIR,
AFM, TGA-MS, XRR and electrical measurements, we provide an estimation of the doping
efficiency along with a complete picture of the Bronsted-acid doping mechanism for the
conjugated polyelectrolyte PCPDTBT-SO3K, and the importance of sulfonate for these selfdoping conjugated polyelectrolytes. We also touch on Lewis acid doping, and how Lewis acid
strength does not correlate to increased doping efficiency or stability of these dopants by using
impedance spectroscopy, EPR, UV-vis-nIR, XPS and electrical measurements. Lastly, we
make use of p-doped OSCs and cAFM to show how de-doping on the microscale can be used
as a novel way to image the efficacy of bacterial electron transfer to the substrate which can
lead to a better understanding of how to improve the efficiency of bacteria driven fuel cells.
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Chapter 1 − Introduction to Doping
To the normal lay person, the word doping invokes memories of Barry Bonds or Lance
Armstrong who used substances not authorized by their respective athletic governing
committees in order to enhance their performance. This image of doping can actually be
applied in the context of scientific research as well, where here we define doping as the
addition of a small amount of a chemical compound in order to enhance (or suppress) the
electrical properties, namely conductivity, of an organic semiconductor. Lance Armstrong
would be the organic semiconductor, the improvement in electrical conductivity of the
semiconductor is like an improvement in Armstrong’s speed on his bike, and the dopant is,
well, the dopant.
A.

History of doping
At the time of this writing, the doping of inorganic semiconductors such as silicon has

been known for many decades and forms the foundational basis for our electronic devices
today.1,2 By adding a specific number of dopant atoms with either less or more valence
electrons than silicon such as boron and nitrogen respectively, electrons can be either taken
out of or added into silicon, providing the free charge carriers necessary for electrical transport
to occur. In doing so, the formation of p- and n-doped silicon can be readily achieved, allowing
for the creation of p-n junctions that are ubiquitous in consumer electronics. However, the
creation of crystalline silicon that is needed for high charge-carrier mobilities, with mobility
being defined as the speed at which a free charge carrier such as a hole or electron can travel
throughout the material, is immensely energy intensive. Due to the large amount of energy
needed for the creation of silicon-based devices such as silicon photovoltaics (PVs), the
1

amount of energy we can readily obtain from silicon PVs before the end of their life cycle is
reduced.3,4
The energy-intensive nature of silicon processing and issues with mechanical flexibility
of silicon-based devices opened the door for organic semiconductors. Organic semiconductors
(OSCs), which can be simplistically defined as conductive plastics, are mechanically flexible
opening the door for niche applications where such flexibility is necessary.5–7 In addition,
OSCs are less energy intensive to process because many of them are soluble in common
organic and inorganic solvents, allowing for solution-based processing such as spin-coating,
roll-to-roll printing, and inkjet printing, which take significantly less energy than the growth
process and doping of crystalline silicon which involves high pressures and temperatures.8–11
The doping of organic semiconductors was first discovered by Heeger, MacDiarmid, and
Shirakawa in 1977.12–18 Their initial studies that broke open the field of organic
semiconductors was on the doping of polyacetylene by halogen vapor, specifically Cl2, Br2,
and I2 (Figure 1-1).
The conductivity of polyacetylene increased 7 orders of magnitude from 10 -5 S/cm to 102
S/cm and was accompanied by a corresponding decrease in activation energy for charge

Figure 1-1. Polyacetylene

transport from 300−500 meV to 18 meV. In the case of I2, their studies revealed that the
process of doping was similar, in that the generation of I3− in situ provided the electron donor
moiety that gives electrons to polyacetylene. This combination of polyacetylene and iodine
was able to generate data showing that polyacetylene is now acting, electrically, as if it is a
metal. Their work earned them the Nobel Prize in Chemistry in 2000.15
2

The chemical structure of polyacetylene, though excellent for electrical conductivity,
makes it difficult to process, which is a drawback for organic semiconductors since the appeal
of organic electronics is their potential physical flexibility and ease of processing. Despite
this, early research still focused on achieving charge transport properties of metals—that is,
band transport which is achieved by highly crystalline materials—by studying organic small
molecules such as naphthalene, perylene, and pentacene (Figure 1-2) which are conjugated
planar systems that can form nicely ordered crystalline lattices under ideal conditions. Some
of these organic crystalline small molecules have been shown to achieve very high charge
carrier mobilities (400 cm2/V∙s) at low temperatures and after extensive purification—an
impressive mobility value that rivals that of polycrystalline silicon.19,20

Figure 1-2. Example small molecule organic crystalline semiconductors

In addition, temperature dependent measurements revealed these small molecules were
most likely operating in the band transport regime, which is normally associated only with
metals. In band transport, due to the delocalized wavefunction over the entire volume, charge
carriers travel freely throughout the material without needing to overcome energetic barriers
within the system. In hopping transport, the wavefunctions are localized, requiring charge
carriers to hop from one site to another which requires energy. Experimentally, band transport
and hopping transport can be distinguished via changes to the mobility with temperature—
with increasing temperature, band transport mobilities decrease due to the presence of defects
3

caused by thermal vibrations in the crystalline lattice. In hopping transport on the other hand,
with increasing temperature mobilities typically increase as additional energy is available to
the free charge carriers to hop from one site to another in the material as discussed later in this
thesis (Figure 1-3). Band transport is typically associated with metals, while hopping transport
is typically associated with semiconductors.

Figure 1-3. Cartoon drawing of band transport (metals) versus hopping transport (semiconductors)

Despite these organic crystalline small molecules’ impressive electronic transport
properties, processing of these small molecules to achieve such mobilities is not trivial, and
its crystalline nature precludes the possibility of its use for flexible organic electronics. As
such, device manufacturers stayed with silicon, and scientists pursued other organic
semiconductors that could also be doped to achieve high mobilities and conductivity.
From these early studies came additional research that focused in one of two directions.
The first was to look for organic semiconductors that are more easily processable than
polyacetylene, naphthalene, and perylene, but that could still be doped to achieve good
electrical transport properties. A second prong of research that emerged was an investigation
into other dopants that could be used aside from halogen vapor, since halogens were shown
to be unstable as the vapor could diffuse through and out of the film, reversing the doping
process. Halogen vapor doping is also hard to control, in that a wide range of different
conductivity values would be obtained upon doping with halogen vapor outside of the
researcher’s control.
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1. Structural properties of early organic semiconductors
A sampling of the new organic semiconductors that were synthesized and whose electrical
parameters were measured are in Figure 1-4. A couple of structural similarities and patterns
are distinguishable when looking at the set of structures below—first, there was continued
work in synthesizing and measuring electrical characteristics of fused ring organic
semiconductors as researchers continued to pursue the possibility of having a well-packed
ordered crystalline lattice of organic semiconductors that would be able to transport charges
at very high mobilities.21–26 However, issues with solubility of structures such as anthracene,
pentacene continued to exist, thus leading to new structures such as anthradithiophene (ADT),
where the attached thiophene groups would help provide some solubility and serve as
attachment points for solubilizing alkyl chains.27 The second structural motif that emerged
was the use of thiophene based oligomers such as sexithiophene (6T).28 These rigid rod-like
oligomers are particularly electron-rich due to the sulfur component in each heterocycle, and
also contain many more entry points for chemical modifications that would enhance solubility
as seen in dihexyl-sexithiophene (DH-6T) and methyl ethylene-sexithiophene (Et-6T).29,30
Mixtures of fused ring systems with thiophenes were also introduced such as bis-TDT and
DH-FITTFI.31,32 While electron-rich thiophene based oligomers were seen as promising
candidates, researchers also found that they are prone to oxidation in air due to high HOMO
energy levels of such systems.

5

Figure 1-4. Examples of early p-type organic semiconductor oligomers

Polymeric structures were developed based off the aromatic based oligomer systems
studied and solubilized by adding alkyl chains to various attachment points on the monomers,
examples of which are shown in Figure 1-5. These efforts led to the synthesis of one of the
most well-known organic semiconductors poly-3-hexylthiophene (P3HT).33–36 P3HT’s
energy levels allow for doping and also make P3HT relatively more stable than its other
organic semiconductor counterparts. In addition, P3HT’s solubility in common organic
solvents opened the door for creating flexible electronics, allowing the polymer to be spun
cast or even printed onto various flexible substrates. Ease of processability and solubility of
such polymers also helped to drive new research in the field, which continued expanding to
include donor-acceptor based systems that help narrow the band gap of the polymer which are
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beyond the scope of this thesis. Efforts to reduce the HOMO level to make the polymers more
stable in air were also undertaken by substituting the bridging carbon atom with silicon as in
TS6T2 and BS6T2.37 There are two important takeaways from this discussion on chemical
structures. The first is organic systems are highly modifiable to fit exacting needs thanks to
the efforts and expertise of synthetic chemists. The second is electron-rich thiophene based
polymer structures allow for protonation of the polymer backbone, which is exploited and
discussed in this thesis.

Figure 1-5. Examples of some p-type organic semiconductor polymers

2. Introduction and summary of p-type dopants
A large variety of dopants have been synthesized and tested since the first reports of
halogen vapor doping. The dopants fall into different classes including elemental species,
covalent solids, Bronsted acids, Lewis acids, and small molecule dopants. The elemental
species that have been employed in doping include Cl2, Br2, I2, and O2. Covalent solids that
have been employed in doping involve metal oxides with deep electron affinities such as
MoO3, V2O5, and WO3.38–44 Almost all strong Bronsted acids such as HCl have also been used
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for doping.45–47 The most common Lewis acids that have been used in doping are FeCl3 and
SbCl5, though recently boron-based Lewis acids have been used for doping as well as
described in this thesis and elsewhere. Small molecule dopants with deep electron affinities
have been developed for doping as well, with the most common ones derived from
tetracyanoquinodimethane (TCNQ) as shown in Figure 1-6. Each of the dopant classes will
be expounded on below along with their uses and drawbacks.

Figure 1-6. Common cyanobased small molecule p-type dopants

Recall that issues with halogen vapor doping included instability due to the ability of the
halogen atoms to diffuse through the organic semiconductor matrix. In addition, while oxygen
can dope some electron-rich organic semiconductors, the prevalence of oxygen in our
environment makes controllable doping difficult to achieve.48–52 These issues led to the pursuit
of other dopants as described above.
Metal oxides tend to require very high temperatures in order to thermally evaporate them
for deposition onto the organic semiconductor except for MoO3. Sol-gel processing methods
are possible for these metal oxides, which would then allow for deposition onto the substrate
via spin-coating. In addition, metal oxides are sensitive to processing conditions, which can
influence the frontier energy levels more than 1 eV.53 Thermal evaporation and sol-gel
processing of metal oxides do not allow the metal oxide to penetrate into the bulk of the
organic semiconductor matrix, thus preventing doping of the entire bulk. In addition, metal
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oxides tend to form clusters with themselves as opposed to evenly dispersing across the
organic semiconductor leading to inconsistent doping profiles.54
Strong inorganic Bronsted acids tend to be soluble in water and other polar protic solvents,
which can be useful if the organic semiconductor is also soluble in the same solvents.
Miscibility would allow doping of organic semiconductors in solution, which can be easily
controlled. This interaction was taken advantage of as described in Chapter 2 of this thesis to
controllably dope an organic semiconductor with pendant ionic groups. On the other hand,
many organic semiconductors tend to be soluble in non-polar organic solvents, in which many
strong inorganic Bronsted acids are insoluble and significantly less acidic as well.
Lewis acids have many uses aside from the doping of organic semiconductors such as
their role as catalysts for organic synthesis applications. Early Lewis acids that were used for
doping included FeCl3, SnCl4, and SbCl5.55–59 As a catalyst, the Lewis acids activate sites for
nucleophilic attack by withdrawing electron density, thus aiding in addition reactions to
carbonyls, Diels-Alder reactions, carbonyl-ene reactions, and Friedel-Crafts alkylation and
acylation.60–66 As a dopant, Lewis acids work on the same principle and p-dope the organic
semiconductor. An additional benefit to Lewis acid doping is their relatively high solubility
in a wider array of solvents than Bronsted acids, thus allowing them to dope a wider variety
of polymers in solution. Later research made use of tris(pentafluorophenyl)borane (BCF),
which has even better solubility in non-polar organic solvents than transition-metal based
Lewis acids.67–72 Some boron-halogen based Lewis acids such as BF3, BCl3, and BBr3 have
stability issues however, being very reactive to air thus limiting its use outside of the glovebox.
Small molecule dopants were a large breakthrough in the field of organic semiconductor
doping. The development of tetrafluoro-tetracyanoquinodimethane (F4TCNQ) as a dopant
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allowed for controllable doping of organic semiconductors since F4TCNQ is a solid and can
be weighed out according to the precise molar amounts needed.73–75 In addition, though
F4TCNQ is not very soluble, enough of it can dissolve in solvents commonly used to process
organic semiconductors to allow for solution-based processing and doping which is less
energy intensive and procedurally much more simple than other processes such as thermal
evaporation.76,77 While F4TCNQ’s structure allows for intercalation within the organic
semiconductor, it also makes F4TCNQ prone to aggregation which can disrupt the packing
structure of the organic semiconductor which hinders charge mobility.78–81 Though cosolvents
and sequential processing can be employed, F4TCNQ’s limited solubility also places an
arbitrary upper limit on the amount of dopant that can be added to the organic semiconductor,
potentially limiting the number of free charge carriers that can be generated and by extension
the conductivity that can be achieved.
One last note: All the material covered in Chapter 1-A. History of doping, pertains to ptype doping. P-type doping entails the creation of holes in semiconductors, whereas its
counterpart, n-type doping, entails the creation of electrons in the semiconductor as mentioned
in the beginning of Chapter 1-A. While p- and n-type doping can be readily achieved in
silicon, n-type doping is more difficult to achieve in organic semiconductors. The reason for
this is the LUMO of organic semiconductors is often too shallow for facile n-type doping to
occur. Few electron donors are strong enough to donate an electron to organic semiconductors,
and the donors themselves are prone to reacting in unstable fashion with air, which precludes
its use in industrial applications. Attempts to synthesize organic semiconductors with a
LUMO deep enough to allow for n-type doping are ongoing but are hindered by the difficulty
in incorporating strong electron withdrawing groups within the chemical structure. Some
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proposed structures as determined by computational theory can be found on the webpage of
the Materials Project. N-type doping of organic semiconductors is an open research field with
a lot of promise, should appropriate chemical structures for n-type doping be produced. For
the aforementioned reason this thesis focuses on p-type doping, and on fundamentally
understanding a lightly used but important doping mechanism for organic semiconductors.
B.

Doping mechanisms – ICT, CT, Bronsted-acid
In the organic electronics community, recent discussions have revolved primarily around

integer charge transfer (ICT) and charge transfer states (CT) as the two models for how doping
occurs in organic semiconductors. Both models run under the premise of some amount of
electron transfer from one species to the other, where ICT involves full electron transfer, and
CT involves partial electron transfer. A detailed study into the doping mechanism of F4TCNQ
revealed a similarity with halogen vapor doping where both processes involve integer charge
transfer when the energy levels are favorable for integer charge transfer to occur. In the case
of F4TCNQ, the dopant molecule accepts an electron from the polymer, thus creating a mobile
hole in the backbone whereas in halogen vapor doping, electrons were being donated from the
dopant molecule to the polymer. When energy levels of the host and F4TCNQ are closer in
energy, F4TCNQ has been hypothesized to form charge transfer states with the orbitals of the
host instead. While integer charge transfer and charge transfer states have dominated the field
of organic electronics, there is a third doping mechanism that involves proton transfer from a
Bronsted-acid. Discovered in the late 1980s, this method of doping polymers has received
much less attention than its integer charge transfer counterpart until recently, due to an
increasing push towards using green solvents for processing organic electronics. Many
dopants as described above currently used by the OSC community are insoluble in green
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solvents such as EtOH and H2O, which opens the door to increased study and use of Bronstedacids for doping. In addition, the community’s previous work on Bronsted-acid dopants has
shown increased control over the amount of doping, thereby preventing over-doping of the
OSC which was seen when doping with halogen vapor, a process that caused the OSC to lose
its beneficial mechanical properties. While Bronsted-acid doping can be seen as a form of ICT
since when proton transfer occurs the Bronsted base loses electrons while the Bronsted acid
gains electrons, involving a proton as well brings this beyond the realm of just ICT. An
extended summary of the three types of doping mechanisms are presented below.
1. Integer charge transfer (ICT)
Integer charge transfer operates under the premise that electrons prefer to occupy the
lowest energy state possible. Therefore when the HOMO (or ionization potential in the case
of polymers) of the organic semiconductor (OSC) species is more shallow in energy than the
LUMO (or electron affinity) of the dopant species (in the case of p-doping), an electron is
transferred from the OSC to the dopant, leaving behind a hole in the HOMO (Figure 1-7). The
hole is then free to move throughout the OSC matrix, contributing to the concentration of
charge carriers that constitutes doping.
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Figure 1-7. Integer charge transfer doping model

The most famous dopant, F4TCNQ, operates under the ICT model for most organic
semiconductors because of its deep electron affinity. Conversely, n-doping can also occur
when a dopant has a HOMO (ionization potential) that is greater than the LUMO (electron
affinity) of the OSC. The electron from the dopant will then move to the LUMO of the OSC,
increasing the concentration of charge carriers in the OSC matrix.
This simplified model does leave out an important aspect of doping, which is the
coulombic affinity between the hole (or electron) in the OSC and the electron (or hole) in the
dopant. The electrostatic attraction between the two species often hinders charge carrier
movement, thereby preventing the charge carrier from contributing to the conductivity of the
OSC. The activation energy needed to overcome the electrostatic attraction can be larger than
the available thermal energy in the system, thereby preventing the formation of free charges.
To increase the number of free charge carriers in the system, there have been suggestions that
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by increasing the amount of disorder in the system, more sites are available for the charge
carrier to hop to, thereby making it easier to overcome the coulombic attraction.
One additional comment is that for free charge carriers to move through the OSC matrix,
the charge carrier needs to hop from site to site as previously mentioned. This hopping process
requires a certain amount of energy depending on the energy level of neighboring sites to
which the charge carrier can travel to, which is often referred to as the charge transport
activation energy. The energy required to break the coulombic attraction between the charged
species in the OSC and dopant is also included in this measure of activation energy, which is
averaged across the entire system of interest.
2. Charge transfer state (CT)

Figure 1-8. Charge transfer state doping model

Another doping model discussed in the literature revolves around charge transfer states
that take on a hybrid sort of nature where the HOMO orbital of the OSC and the LUMO orbital
of the dopant interact and mix to form new MOs. This is most likely to occur between an OSC
and dopant where the HOMO and LUMO, respectively, are close in energy. After mixing, the
new MOs will have one occupied and one unoccupied state. Electrons in the HOMO of the
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OSC from a neighboring site on the OSC can then interact with the new MOs, as seen in
Figure 1-8. Promoting one of the electrons via thermal excitation from the HOMO of the OSC
to the antibonding state of the MO creates a hole in the OSC, which is presumably then free
to move throughout the OSC matrix, after taking into account the discussion regarding
coulombic attraction as discussed in the ICT section. In the case of CT states, the activation
energy for charge transport depends on the difference in energy between the antibonding state
in the MO and the HOMO of the OSC matrix, as well as the charge transfer integral between
the HOMO of the OSC and the LUMO of the dopant molecule.
3. Bronsted-acid
The third doping mechanism to be touched on in this introduction is Bronsted-acid doping.
Though Bronsted-acid doping was first reported in the 1980s, the relative lack of publications
and studies on Bronsted-acid doping is somewhat surprising. One article suggested the lack
of publications on this topic is due to underappreciation of the relationship between acid
strength and ionization potential of the polymer under study, leading researchers to try
arbitrary combinations of polymers and acids.82 Another possibility is the work that was
conducted on studying doping by Bronsted acid ended up being almost solely on polymers
containing a pendant sulfonate moiety due to its self-doping ability—that is, during processing
the solvent itself would dope the polymer, precluding the need for external dopants.83–89
Initial hypotheses revolving around Bronsted-acid doping involved protonation of the
polymer backbone or a redox reaction that accompanied the generation of H2 gas. The first
indication that neither hypotheses were completely correct came in 1989, where it was shown
that upon doping of the polymer PDMPV, an EPR signal could be seen, indicating the
presence of an unpaired electron which would not be present in the case of only protonation.
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In addition, no H2 gas formation was observed during the doping process, suggesting the
doping mechanism is not by way of a redox reaction that generates H2 gas. Since then, there
has been limited work on studying the underlying Bronsted-acid doping mechanism, though
it has been employed and shown to work for a slate of different polymers.83–85,90
C.

Techniques employed to study doping
In the course of this work, many different techniques were employed to help elucidate

different aspects of the doping mechanism to help provide a complete picture. A brief
overview of each of the techniques employed will be provided below to help provide a picture
for the information they provide and their use towards this project. Some of them may be
familiar to chemists, while others are not, which is the beauty of doing work in a highly
interdisciplinary field.
1. Ultraviolet-visible-near-infrared absorption spectroscopy (UV-vis-nIR)
This common general chemistry technique proves to be very useful when studying doping.
A range of monochromated light is sent through the sample and a reference, and the amount
of photons that are transmitted through the sample at each wavelength is recorded by the
instrument. The organic semiconductor materials studied in this thesis happen to have color
visible to the naked eye, which manifested itself in the UV-vis-nIR absorption spectrum.
When organic semiconductors are doped and a polaron is formed, the polaron absorbs light at
a larger wavelength than the native organic semiconductor due to the formation of intragap
states that are created upon doping. In the organic semiconductor community, a polaron is
defined as a positive charge, or hole, and an unpaired electron in close proximity to each other.
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UV-vis-nIR allows for a very quick, robust method of checking if a material has been doped
or not.
The above paragraph describes UV-vis-nIR operating in spectrum mode. UV-vis-nIR
absorption spectroscopy can also be operated in kinetic mode, where the absorption at a
particular wavelength is monitored over time. Running UV-vis-nIR in kinetics mode helped
hint to us that the formation of Lewis acid-base adducts and doping were not the same process.
Additional details are in Chapter 3.
2. Fourier transform infrared spectroscopy (FTIR)
FTIR is also a common technique employed most often by organic chemists and learned
by most sophomore chemistry students. The operational principle is similar to UV-vis-nIR
absorption spectroscopy, in that infrared light is passed through the sample by way of beam
splitters, a monochromator, and a mirror, and the amount of photons that make it through the
sample are measured by the instrument. Photons not incident on the detector are absorbed by
the sample, giving the FTIR spectrum. Since Bronsted acid doping involves the transfer of
protons, the location of protonation can be elucidated via FTIR spectroscopy by looking for
changes in the FTIR spectrum and correlating them with changes to the chemical structure.
3. X-ray photoelectron spectroscopy (XPS)
XPS is a relatively niche technique compared to UV-vis-nIR and FTIR and is used
primarily for surface chemical analysis. While not commonly used, its operational principle
is based on the photoelectric effect, which is often taught in lower division chemistry courses.
X-ray photons are generated by the instrument via high voltage aluminum sources and sent
through a monochromator. The sample is placed into the analytical chamber which is under
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ultra-high vacuum (UHV, 10−10 Torr), and the X-ray photons are directed to impinge on the
sample. Unlike UV-vis-nIR and FTIR, only photons of a singular energy are emitted from the
instrument and sent to the sample—there is no scanning of the energy range. The high energy
of the monochromated X-ray photons excite core level electrons in the elements present in the
sample, ejecting them from the sample. Because core level electrons are attracted to the
nucleus, and each element has a different number of protons in the nucleus in addition to a
different amount of electron shielding, the core electrons that are emitted from the sample
each have a specific amount of excess energy from the X-ray photon that is turned into kinetic
energy. The characteristic kinetic energies are indicative of each particular element and are
often converted into binding energy for display via the equation BE = hν − KE. The kinetic
energy of the emitted electrons is detected by the XPS instrument, which scans across the
energy range specified by the user, providing an XPS spectrum with the number of electrons
detected on the y-axis, and the binding energy of the ejected electron on the x-axis. Detection
of the kinetic energy of the ejected core electrons is the reason why samples must be analyzed
under UHV. Gas particles present in the chamber could interfere with the ejected electrons’
trajectory and energy, resulting in erroneous data. UHV conditions also mean low MW
samples cannot be analyzed as the sample would sublime away into the vacuum.
XPS is useful for the doping studies conducted in this thesis for several reasons. Bronsted
acid doping of polymers should result in p-doping, which can be checked by seeing a reduction
in the amount of any positively charged counter ions as described in Chapter 2. XPS also
proved useful in the Lewis acid doping study, to show that initial hints from UV-vis-nIR that
Lewis acid binding to the polymer and doping of the polymer proceed by different mechanistic
pathways is indeed true. Lewis acid binding to the polymer can be detected by seeing a shift
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in the binding energy of the Lewis basic elements, since any bound Lewis acid would
withdraw electron density from the Lewis basic element, making the electron harder to eject
from the Lewis base and thus show up at a higher binding energy.
4. Ultraviolet photoelectron spectroscopy (UPS)
Ultraviolet photoelectron spectroscopy is based on the same operational principle as XPS
and is often housed together with the XPS. Ultraviolet photons, generated via electrical
excitation of helium gas, are sent through a monochromator, and then directed to the sample.
Ultraviolet photons are lower in energy than X-ray photons, and so only outer valence shell
electrons are excited and ejected from the sample.
In the context of doping, by ejecting outer shell electrons the HOMO level as well as the
fermi level can be measured. While a detailed explanation of the fermi level is beyond the
scope of this work, essentially the fermi level describes the probability of charge carrier
occupation of either holes in the HOMO, or electrons in the LUMO. When the fermi level is
in the middle of the band gap, it indicates an equal probability of charge carrier occupancy in
the HOMO or the LUMO. When the fermi level is close to the HOMO, it indicates p-doping,
whereas if the fermi level is close to the LUMO, it indicates n-doping. Measurement of the
HOMO has helped with determining the likelihood that the organic semiconductor could
undergo integer charge transfer in the presence of a particular dopant, though it is by no means
a definitive way of determining a particular doping mechanism.
5. Electron paramagnetic resonance spectroscopy (EPR)
EPR is another useful method for determining whether or not a material has been doped
and gives hints about the doping mechanism. EPR operates under a principle that is analogous
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to NMR, but instead of probing nuclei spins, EPR probes electron spins. By sending
microwave radiation to a sample that is under the influence of a magnetic field, unpaired
electrons will absorb the radiation and if it matches a higher energy state that is antiparallel to
the magnetic field, the electron will jump to it thus absorbing the microwave radiation and
providing the EPR signal seen on the computer. Under ordinary circumstances, most materials
would show no EPR signal because there are no unpaired electrons. However, if doping occurs
in such a way as to create a free racial, then that can be measured using EPR.
This is one of the ways previous researchers elucidated that Bronsted acid doping of
certain organic semiconductors does not stop at protonation of the OSC. If protonation of the
OSC was all that it takes to dope, then there would be no EPR signal present as there is no
free radical species.
6. Conductive atomic force microscopy (cAFM)
cAFM and AFM generally is also a relatively niche technique not often taught or
employed by chemists. The operational principle of AFM relies on a tip that raster scans across
the surface of a material. Deflections of the tip are detected by a laser that reflects off the
backside of the tip, and the signal is sent to the computer that controls a set of piezoelectric
materials that modulate the x, y, and z movements of the tip. In contact mode, as the tip raster
scans across the surface, the z-piezo responds in such a way as to maintain the contact force
between the tip and the sample by moving the tip up when it comes across a tall feature on the
surface, and lowering the tip when it comes across a depression in the surface of the sample.
In tapping mode, the tip is vibrated at its resonance frequency, and when the tip is either closer
or farther away from the surface, there is a shift in the modulation frequency as van der Waals
forces and electrostatic repulsion forces respectively act on the tip. The computer then adjusts
20

the z-piezo to maintain tip tapping amplitude and frequency in response to the surface
morphology. This technique provides an image of the surface, and can help determine if the
dopant is affecting the morphology of the OSC, which can sometimes be detrimental to the
charge carrier mobility, or in other words, the speed at which a free charge carrier can move
throughout the material.
By coating the AFM tip with a conductive metal such as doped diamond, platinum, or
gold, the instrument can then also be used for electrical measurements. When the OSC sample
is cast onto a conductive substrate, electrical contact can be made with the conductive
substrate, and the AFM tip acts as the top electrode. A voltage is applied between the two
electrodes as the tip raster scans across the surface, providing a map of both the current and
the morphology simultaneously. This proved to be very useful in my work in Chapter 4, which
details how the electrogenic bacteria Geobacter sulfurreducens can be used to de-dope CPEK, a process that can be imaged and visualized using cAFM. cAFM was also employed in
Chapter 2 to complete the picture for how thermal annealing can also be used to dedope certain
polymers.
7. Current-voltage measurements
Current-voltage measurements have broad applicability and use to the study of how doped
organic semiconductors’ electrical properties are affected upon doping. By measuring the
current at different applied voltages before and after doping, clear indications about the
improvement of electrical properties can be obtained. To do so, the material under test needs
to be placed, through spincasting or other method, between two metal electrodes. An
instrument (source measurement unit or SMU) that can apply a voltage and measure the
current flowing through the device is then connected to the two electrodes. In addition,
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measuring the current-voltage relationship at different temperatures gives additional
information such as the amount of energy needed for hopping transport in a particular
amorphous organic semiconductor material. As a material is increasingly doped, the activation
energy needed for hopping transport typically decreases, in line with an increase in the
availability of sites for the hole to hop to.
Creating a device where the organic semiconductor is sandwiched between two electrodes
on the top and bottom with a well-defined area also allows for the measurement of a material’s
mobility via space charge limited current (SCLC). A cautionary note should be added here, in
that SCLC is only valid for materials in their undoped state, that the mobility is constant
throughout the sample, and that the current is not limited by traps or energetic disorder. These
assumptions along with others outlined in books and papers on the topic need to be taken into
account when attempting to use Mott-Gurney’s law and SCLC to measure a material’s
mobility. The reason for these assumptions is because the current in SCLC measurements is
dominated by injected charge carriers, and thus mobility is independent of the charge carrier
density. If there are traps or mobile free charge carriers due to doping, they will contribute to
the measured current, and mobility will no longer be independent of the charge carrier density.
When done correctly however, the mobility can be obtained, which is useful when computing
the density of free charge carriers and by extension the doping efficiency.
8. X-ray reflectivity (XRR)
XRR is a technique that operates by sending X-rays to the sample at different angles and
measuring the X-ray radiation that is reflected off of the sample back to the detector. At a
certain angle called the critical angle, the intensity of the reflected X-ray radiation drops
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rapidly, at a rate approximately equal to the (angle)-4. The critical angle can then be used along
with mathematical fitting to provide the density of the material.
XRR is important not so much for understanding the doping mechanism, but in obtaining
information about the doping efficiency of a particular dopant. Because XRR measures the
density of a material, the concentration of monomers in a particular volume can then be
determined and used in calculations of the doping efficiency as described in Chapter 2 and
Chapter 3 of this thesis.
9. Thermogravimentric analysis – mass spectroscopy (TGA-MS)
TGA-MS is a thermal analysis technique coupled with mass spectroscopy. The operational
principle involves placing a sample of the organic semiconductor in a crucible, which is then
heated to extremely high (up to 1000 oC) temperatures under an inert gas such as nitrogen.
Anything that is volatized from the sample as it is heated is sent through to the mass
spectrometer, which then analyzes the volatile species emitted from the sample after heating.
Use of TGA-MS has helped to support thermal annealing as a viable route for the dedoping
of one of the OSCs studied in the course of this work. In addition, understanding the
underlying thermal stability of various materials can help better understand the viable
applications for that particular material.
D.

Focus of this thesis
This thesis will cover Bronsted-acid doping, and the different ways it can be achieved

from the perspective of both polymer structure and dopant properties. The role that sulfonate
plays in making conjugated polyelectrolytes self-doping is elucidated. The change in electrical
properties to the studied conjugated polyelectrolyte in various doping and dedoping conditions
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are also examined. A unique method for de-doping of the conjugated polyelectrolyte will also
be touched upon, and its chemical structure examined along with its electrical properties.
A shift in focus thanks to available funding leads to a study in the doping mechanism of a
boron-based Lewis acid in Chapter 3, and how it affects the optical and electrical properties
of different polymers that contain Lewis basic sites. Additional study on the doping efficiency
and stability of different boron-based Lewis acids is also undertaken, with some surprising
results.
Lastly, my first Ph.D. project on the visualization of electron transfer processes from
bacteria will be covered in Chapter 4, which uses the same conjugated polyelectrolyte from
Chapter 2. Combining the fact that the p-doped conjugated polyelectrolyte can be de-doped
by electron transfer from bacteria along with the imagining capabilities of cAFM allows for a
unique combination of the two to examine inefficiencies in bacterial transfer of electrons to
the substrate both qualitatively and quantitatively. The overall experiment setup also provides
a foundation for how future studies of electron-transfer species such as bacteria can be
examined and studied.
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Chapter 2 − Understanding the Doping Mechanism of CPE-K
A.

Introduction to Conjugated Polyelectrolytes
Conjugated polyelectrolytes (CPEs) are structurally unique polymers in that they contain

a π-conjugated backbone and pendant ionic groups which make the polymer soluble in water
and polar solvents (Figure 2-1).87,91

Figure 2-1. Schematic of conjugated polyelectrolytes

Pendant anionic side chains have also been shown to give CPEs the ability to be selfdoped during purification in water due to the presence of protons, eliminating an extra
processing step and the use of additional chemicals typically used in doping neutral
conjugated polymers.92 This self-doping property eliminates the need for adding external
dopants such as F4TCNQ, which has low solubility in organic solvents, often aggregates and
prevents the doping of organic semiconductor materials to conductivity levels necessary for
use in various device applications.

The specific CPE poly[2,6-(4,4-bis-potassium

butanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3benzothiadiazole)] (PCPDTBTSO3K or CPE-K) in particular has been shown to be doped in
the mildly acidic conditions of ultrapure H2O (=18.3 M*cm), allowing de-doping of the
polymer via the addition of a base, while also allowing user tunability of the doping level by
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adding the desired amount of acid – an important feature as controlling the doping level is at
the heart of modern electronics.
CPEs have been used in a wide variety of applications such as biosensors, as an interlayer
or a conductive buffer layer in organic and perovskite photovoltaics, as an interconnective
layer between top and bottom cells in tandem organic solar cells, as the active layer in lightemitting electrochemical cells, to modify the injection barrier in OFETs, and in organic
thermoelectrics.93,94,103–110,95–102 CPEs have also been recently shown to act as p- or n-type
dopants for carbon nanotubes, a property that is modulated by changing the charge of the ionic
groups of the CPEs.93 CPE/graphene hetero-bilayer 2D nanocomposites also exhibit a unique,
temperature switchable type of electrical conductivity.111 In summary, the ability to control
the conductivity of CPEs, to dope the material during purification, and its pH neutral character
can open the door to its use in a wide range of electronic and optoelectronic device
applications from organic field effect transistors (OFETs) to organic photovoltaics (OPVs)
and everything else in-between.
Yet, a more comprehensive understanding of the importance of sulfonate for the selfdoping mechanism of CPE-K and its effect on charge transport and mobility is required to
improve the use and design of this class of polymers. Many self-doped polymers dating back
to the 1980s have made use of pendant sulfonate groups to achieve the self-doping property,
without taking time to fully understand why sulfonate is needed.83,84,113–117,85,87–91,99,112 To shed
light on the role that pendant sulfonate groups play in the self-doping of this class of polymers,
we probe doped and un-doped states of CPE-K with X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), and ultraviolet-visible-near infrared
spectroscopy (UV-vis-NIR) spectroscopy. In addition, we study the material’s electrical
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properties in the doped and un-doped states via a series of electrical measurements, provide
an estimate of the doping efficiency with the help of X-ray reflectivity (XRR), and show
another, unique method for the reversible doping and de-doping of this material.
B.

Proposed structure of doped and de-doped CPE-K
Figure 2-2 shows the proposed doped and un-doped chemical structures of CPE-K, which

was previously synthesized by Bazan et al.92 Based on the below structures, several structural
and chemical changes such as the reduction in potassium concentration and change in
vibrational structure in the conjugated backbone of CPE-K should be noticeable upon doping.
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Figure 2-2. Chemical Structures of Doped and De-doped CPE-K

More specifically, upon protonation of the cyclopentaditiophene (CPDT) unit of the polymer,
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a cation is formed in the conjugated backbone of the polymer. A neutral polymer chain can
then undergo single electron transfer with the protonated polymer giving one polymer chain
with a positive polaron and another polymer chain with an unpaired electron. This structural
change will result in additional vibrational peaks for both polymer chains due to a loss in
rigidity in the polymer backbone, which was previously enforced by the unbroken chain of
sp2 hybridized carbons in the backbone. The additional vibrational freedom experienced by
the polymer results in new vibrational modes that are revealed through infrared spectroscopy.
In addition, when doping occurs, the SO3- groups stabilize the radical cations (positive
polarons or holes) on the backbone, thus eliminating the need for the K+ counterions, a change
that is detectable by XPS. While the K+ ions are necessary to stabilize the SO3- groups in the
undoped state of CPE-K, the K+ ions are no longer necessary after the formation of holes on
the polymer backbone and are likely solvated away by water molecules in solution. In the
following sections, please note that “self-doped CPE-K” solution was prepared by dissolving
the polymer in water and all “doped with H2SO4” and “de-doped CPE-K” solutions were
prepared by the addition of 1 mole equivalent per sulfonate group of either H2SO4 or KOH to
a solution of self-doped CPE-K.
C.

X-ray photoelectron spectroscopy (XPS)
In the XPS analysis of CPE-K, we first start with CPE-K that has been de-doped by the

addition of KOH to the self-doped CPE-K solution. When looking at the C 1s and K 2p high
resolution spectrum, in theory de-doped CPE-K should have a 2:25 potassium to carbon atom
ratio. However, XPS analysis of CPE-K in Figure 2-3 reveals a K 2p signal corresponding to
a potassium to carbon atom ratio of approximately 4:25 in undoped CPE-K, which can be
attributed to the addition of KOH beyond what was needed to de-dope the CPE-K solution.
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One equivalent of KOH was added per sulfonate group; however, it is possible that the amount
of KOH needed to de-dope the polymer was less than 1.0 equivalent of KOH per sulfonate
group resulting in the higher than expected K 2p percentage seen in XPS due to not all of the
monomer units being doped. In addition, very small crystallites of salt were seen on the surface
of the film under magnification, suggesting the formation of KOH crystals that would explain
the higher than expected K 2p signal. Washing the film with water in order to remove the salt
crystals from the film would then also dissolve the film, thus XPS analysis was performed on
the sample as is after spin casting.

Figure 2-3. High resolution XPS spectra

CPE-K

K:C

C–N

C–S

C–C

C=C

Doped w/ H2SO4

0.4 : 25

2.1

5.9

6.8

8.1

Self-doped in H2O

1 : 25

1.9

5.9

7.0

8.2

De-doped w/KOH

4 : 25

1.9

5.9

7.0

8.2

Table 2-1. Atomic Ratios of Elements from High-Res C 1s XPS spectrum

Upon doping of CPE-K, there is a clear reduction in the ratio of potassium to carbon as
expected from 4:25 in dedoped CPE-K to 1:25 in CPE-K self-doped in H2O, and to 0.4:25 in
CPE-K doped with H2SO4 (Table 2-1). An additional table with a summary of all the atomic
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percentages of the elements measured in the CPE-K film is shown in Table 2-2, which also
shows the reduction in potassium percentage upon increased doping level. With an increase
of holes in the backbone, the potassium ion is no longer needed to compensate for the pendant
sulfonate groups as the sulfonate balances out the hole on the backbone.

w/ H2SO4
Self-doped
Un-doped

C 1s
45.1 %
65.0 %
50.5 %

N 1s
4.8 %
3.2 %
3.2 %

O 1s
36.6 %
19.8 %
27.7 %

S 2p
13.1 %
9.4 %
9.7 %

K 2p
0.3 %
2.6 %
8.8 %

Table 2-2. Summary of XPS integrations from survey spectra of CPE-K

Protons from H2SO4 can also undergo an ion exchange reaction with potassium – the pKa
of H2SO4 is approximately -3.0 while the pKa of the sulfonate moiety is > -2.6 allowing for
such an ion exchange process to occur. To ensure the reduction in potassium percentage
correlates with the addition of holes into CPE-K, we obtained additional high resolution XPS
data of the XPS peaks in the C 1s and K 2p region of CPE-K before the final purification step
in water, which means CPE-K has not yet been doped by water. Indeed, in the XPS spectrum
in Figure 2-4, we see that un-doped CPE-K, whether before purification in water or after the
addition of base to de-doped CPE-K, results in the same ratio of K to C atoms as measured by
XPS. Table 2-3. Atomic percentages of C and K in Figure 2-4 provides a quantification
summary of the data fromFigure 2-4. Lastly, the doublet K 2p3/2 peak at 293.2 eV and the K
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2p1/2 peak 296.0 eV agree with reported binding energies for K+ from the National Institute of
Science and Technology (NIST) database.118

Figure 2-4. Normalized high-res C 1s XPS spectra of CPE-K under different doping conditions

CPE-K condition
As-cast
Post-annealed
Before dialysis
w/ KOH

Atomic % C
91.30
90.67
80.88
81.56

Atomic % K
8.70
9.33
19.12
18.44

Table 2-3. Atomic percentages of C and K in Figure 2-4

For the carbon signals, all of the C 1s high resolution peaks in Figure 2-3 were fit with
four Voigt profiles consistent with four inequivalent carbons on CPE-K. The peak at 284.8
eV corresponds to carbons within the conjugated backbone that are bonded to other carbons
(C=C), the peak at 285.0 eV corresponds to carbons on the alkyl chain that are bonded to other
carbons (C–C), the peak at 285.7 eV corresponds to carbons bonded to sulfur atoms (C–S),
and the peak at 286.9 eV corresponds to carbons bonded to nitrogen atoms (C–N), as expected
from the chemical structure and previously described in literature.119 From the chemical
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structure, given the amount of each of these types of carbons in CPE-K, we expect a peak
intensity ratio for CPE-K of 2:6:7:8 (C–N, C–S, C–C, C=C), which was indeed the ratio
obtained from peak fitting (Table 2-1). The carbon peak at 289.2 eV is due to a shake-up
satellite, which appears due to the energy loss of a photoelectron that has induced a π → π*
excitation during final state formation.120,121
The nitrogen high-resolution XPS spectra in Figure 2-3 shows one peak at 399.5 eV
corresponding to the two chemically equivalent nitrogen atoms bound to a sulfur in undoped
CPE-K, whereas the addition of holes into the backbone upon self-doping in H2O results in
the formation of higher binding energy peaks at 400.2 eV and 401.6 eV. The higher binding
energy nitrogen peak at 400.2 eV corresponds to a radical cation nitrogen, as expected due to
the presence of holes that appear after doping CPE-K. The peak at 401.6 eV is tentatively
assigned to shake-up satellites, which typically appear a few eV higher in binding energy than
the main element peak with an intensity of approximately 10% that of the main peak.121,122
Upon further doping by the addition of H2SO4, an even higher binding energy peak appears
at 402.2 eV, which corresponds to the protonation of the imine nitrogen in CPE-K by excess
H2SO4.113,117 As was the case with the addition of KOH, it is likely that excess H2SO4 was
added beyond 1.0 equivalent per CPE-K sulfonate unit due to CPE-K having already been
doped due to its self-doping properties.
In the undoped CPE-K S 2p spectrum, we can identify three chemically inequivalent sulfur
atoms, as expected, with the 3/2 spin-orbit component peaking at 164.0 eV, 165.4 eV, and
168.1 eV binding energy (all doublets split by 1.18 eV with a 2:1 area ratio). The highest
binding energy sulfur peak at 168.1 eV belongs to the sulfur on the sulfonate group as it is the
most electron poor sulfur atom, while the sulfur at 165.4 eV belongs to the benzothiadiazole
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unit. The lowest binding energy sulfur peak at 164.0 eV belongs to the thiophene, which is
the most electron rich of the three sulfur atoms.119,123,124
Upon doping of CPE-K, additional peaks appear in the S 2p spectra. The peak centered at
166.5 eV can be attributed to more positively charged sulfur atoms in thiophene, while the
peak centered at 170 eV is likely due to less electrostatically screened sulfur in the sulfonate
ions. After the addition of 1.0 equivalent of H2SO4 per sulfonate group, an additional peak at
a higher binding energy, i.e., 169.3 eV, appears as expected from a sulfur bound to four
oxygen atoms, while also increasing the area percentages of the peaks belonging to electron
deficient sulfur atoms on the polymer located at 165.9 eV and 169.0 eV, respectively, due to
the increased doping. We attribute the overall higher binding energy of these sulfur species,
compared to de-doped and self-doped samples, to different electrostatic interactions, as K
cations seemingly better screen the sulfonate and polaron charges compared to the positive
polarons, in accord with the different Madelung potentials of the differently doped
polymers.125 An even higher binding energy peak located at 169.9 eV is attributed to
negatively charged sulfonate ions, whose electrostatic interaction with the protonated CPE-K
polymer chains is particularly weak. As mentioned above, additional acid could have caused
protonation beyond what could be stabilized by the sulfonate groups on CPE-K, resulting in
CPE-K polymer chains with an overall positive charge that allow for an electrostatic
interaction with SO42- to occur.126 This electrostatic interaction of the polymer chains causes
increased polymer density and increased viscosity of the CPE-K polymer chains, which is
supported by visually seeing the CPE-K solution thicken upon addition of sulfuric acid to the
CPE-K solution. Additional doping of CPE-K via addition of 1 monomeric equivalent of
H2SO4 to the solution reduces the solubility by about half. Lastly, a survey scan of CPE-K
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after purification shows signals from only the elements expected from the chemical structure
of CPE-K (Figure S2).

Figure 2-5. Survey XPS spectrum of self-doped CPE-K

D.

Attenuated Total Reflectance-FTIR Spectroscopy (ATR-FTIR)
ATR-FTIR spectroscopy was used to investigate vibrational level changes in the polymer

upon exposure of CPE-K to various sources of protons. Focusing on the fingerprint region of
the IR spectra, which were obtained by drop casting solutions of CPE-K at various doping
levels directly onto the ATR crystal, it is immediately clear that the spectrum of doped CPEK contains an additional peak at 1300 cm-1 that the undoped CPE-K does not possess (Figure
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2-6). In addition, CPE-K that has been annealed also does not have the peak at 1300 cm-1, a
finding which is discussed further in section 2.6.

Figure 2-6. ATR-IR spectrum and corresponding functional group vibrations denoted by color on the
chemical structure on the right

The peak at 1300 cm-1 is a crucial indicator of the doped CPE-K species, and it was
assigned to an asymmetrical C-C stretch between the CPDT and benzothiadiazole (BT)
portions of the CPE-K polymer. This peak at 1300 cm-1 only appears upon protonation of the
CPDT unit.127 Protonation of the CPDT unit at the location indicated by the red hydrogen in
Figure 2-2 breaks the conjugation between the BT and CPDT units leading to an increase in
vibrational freedom and the appearance of the new peak. Han and Elsenbaumer also suggested
such a reaction occurs based on 13C NMR data.82
In addition, the broad peak at 1200 cm-1 belongs to the asymmetrical SO3- stretch, which
shifts to lower wavenumber upon increased levels of CPE-K doping. This is consistent with
our hypothesis that SO3- is no longer interacting with the potassium counterion, but instead
with a hole on the conjugated backbone of CPE-K, which was previously only hypothesized,
but not proven. An interaction between the negatively charged oxygens of the sulfonate group
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with the hole on the backbone would be more favorable from an atomic radii standpoint, and
the hole on the backbone would draw out the oxygen away from the sulfur, leading to a longer
S–O bond length and hence lower wavenumber.

E.

UV-vis-nIR Absorption Spectroscopy
To ensure the material being analyzed is doped, which we take here to mean there is an

increase in charge carriers which may participate in charge transport, we performed UV-visNIR measurements as seen in Figure 2-7, and coupled them with electrical measurements as
outlined in Section F. The peak at 410 nm corresponds to π-π* absorption from localized π
orbitals, while the higher intensity peak at 690 nm corresponds to the absorption from the
intra-charge transfer (ICT) band.128 The two lower energy peaks at 1100 nm and 2000 nm,
respectively, are due to the formation of positive polarons on the polymer backbone.129,130

Figure 2-7. Normalized UV-vis-nIR of CPE-K films at various levels of doping
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The UV-vis-nIR spectrum was fit for both the main electronic transitions as well as the
polaron peaks and are shown in Figure 2-8. Sub-figure a) shows the UV-vis-nIR spectrum of
CPE-K doped with H2SO4, b) shows self-doped CPE-K, and c) shows de-doped CPE-K.
Quantification of the peak areas are shown as percentages in Table 2-4, confirming the
increase in polaron peak intensity with doping of CPE-K. We also obtained solution UV-visnIR spectra of the polymer where we substituted out both of the pendant ionic side chains with
two simple linear C16-alkyl side chains (Figure S4). When the polymer consists of simple
linear C16-alkyl side chains as opposed to the sulfonate group, there is no doping upon addition
of even 1000 monomeric equivalents of MilliQ water to the polymer, highlighting again the
important role the sulfonate moiety plays in self-doping of CPE-K during purification of the
material. In addition, previous work on studying doping in CPE-K has also shown that doping
occurs in the presence of acid vigorously sparged to remove all the oxygen, which agrees with
Han and Elsenbaumer’s work.128

Figure 2-8. Gaussian peak fits to UV-vis-nIR spectra of CPE-K

Peak %
Electronic structure
Polaron bands

w/ H2SO4
49.3 %
50.7 %

As-cast
76.4 %
23.6 %

Un-doped
92.3 %
7.7 %

Table 2-4. Peak area percentages from Gaussian fits in Figure 2-8
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F.

Electrical Measurements
Temperature dependent conductivity measurements of CPE-K were performed using a

parallel plane diode structure, with a channel length of 160 µm, and gold electrodes, which
are close to the ionization potential of CPE-K thereby allowing for efficient charge injection
into the material from the electrodes. By plotting the natural log of conductivity against
inverse temperature to give the slope, the activation energy Ea was obtained by using equation
(1).
𝑙𝑛𝜎 = 𝑙𝑛𝜎0 −

𝐸𝑎 1
𝑘 𝑇

(1)

where σ is conductivity, σ0 is the conductivity at infinite temperature, plotted as the
intercept on the graph, k is Boltzmann’s constant, and T is absolute temperature in Kelvin.
The decrease in activation energy from 272 meV to 117 meV (Table 2-5) upon increased
doping is expected as with an increased concentration of charge carriers in the system, the
Fermi level shifts towards the HOMO transport level allowing access to a greater density of
states for holes to hop to.
Activation
energy [eV]a)

CPE-K

Conductivity
[S/cm]b)

Mobility,
µ [cm2/V*s]

w/ H2SO4

0.117  0.007

0.140  0.019

0.30c)

Self-doped in H2O

0.159  0.001

0.030  0.003

0.24c)

De-doped w/KOH

0.272  0.007

Below
limit

detection

2 x 10-8 d)

Table 2-5. Electrical Measurements of CPE-K Doped at Various Levels

The Arrhenius plot used to extract the activation energies is shown in Figure 2-9. The shift
in the Fermi level towards the HOMO are supported by prior ultraviolet photoelectron
spectroscopy (UPS) measurements which show an increase in the work function of the
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material from 4.77 to 5.05 eV.92 In addition, the conductivity of the material increases from
below detection limit to 0.140 S/cm, and the mobility increases from 2 x 10-8 to 0.30 cm2/V*s
upon doping. Particularly noteworthy is the dramatic seven orders of magnitude increase in
the mobility of holes in the material, simply after self-acid doping during dialysis. Recent
work on understanding excited state dynamics of CPE-K has shown that the polaron of CPEK is delocalized into the frontier transport levels, which could contribute to its high
conductivity.131 The mobility of de-doped CPE-K was obtained from the SCLC region of the
I-V curve with a vertical hole-only diode device. The mobility of both self-doped and doped
CPE-K samples was obtained with Hall effect measurement as the mobility was too high for
traditional measurements of organic semiconductor mobility via single-carrier diodes.

Figure 2-9. Arrhenius plot of CPE-K films at different doping levels

G.

Estimation of CPE-K doping efficiency
From both the aforementioned electrical and optical measurements, the material’s doping

efficiency – that is, the number of free charge carriers generated per dopant molecule – can
be estimated. In traditional doped organic semiconductors that use dopants such as F4TCNQ,
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which are known to undergo 1:1 integer charge transfer with the organic semiconductor, it is
straightforward to know the number of dopant molecules added to the system. However, as
outlined above, the dopant for CPE-K is protons, and as a result, doping efficiency is a lot
trickier to calculate and depends on additional factors such as molar concentration of CPE-K,
proton concentration, and volume of solution.
In this manuscript, doping efficiency was estimated by obtaining an estimate of the
monomer density in a film of CPE-K along with an estimate of the free charge carrier density,
then taking a ratio of the two values. The density of CPE-K, obtained by X-ray reflectivity,
was measured to be 1.30 g/cm3. Given the molar mass of a single monomer unit of CPE-K of
722.10 g/mol, the estimated monomer density in the film was obtained to be 1.08 x 1021
monomers/cm3. By then using the conductivity and mobility values measured, the free charge
carrier density can be obtained using equation (2)
𝜎 = 𝑛𝑞𝜇

(2)

where  is the measured conductivity in S/cm, q is the elementary charge of an electron,
µ is the mobility in cm2/Vs, and n is the free charge carrier density in cm-3. Using the
conductivity and Hall effect mobility values from CPE-K self-doped in H2O in Table 3, n was
calculated to be 2.88 x 1018 holes/cm3. Taking the ratio of the two values gives a doping
efficiency of 0.266 %, assuming that a single proton results in the creation of a single hole,
which is a relatively safe assumption given the structural changes that occur in CPE-K upon
doping as previously outlined. Addition of H2SO4 does not increase the measured free charge
carrier density, but instead increases the mobility by an order of magnitude, thus increasing
the conductivity by an order of magnitude as well. While the doping efficiency value is very
low for organic semiconductors, it is important to note that this is an estimate, and that this
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estimate is based on electrical measurements which provide the free charge carrier density.
The free charge carrier density is arguably a more useful estimate of doping efficiency than
simply the number of uncompensated acceptor centers, because the number of free charge
carriers is directly related to the conductivity of the material whereas uncompensated acceptor
centers do not necessarily lead to free charge carriers. In addition, because the dopant is a
proton, and water is a ubiquitous solvent, CPE-K can be more readily doped even with limited
scientific resources when compared to organic semiconductors that require the use of an
external dopant molecule. We would also like to point out that despite the same free charge
carrier density as estimated via electrical measurements, the disparity in UV-vis-nIR spectra
between self-doped CPE-K and CPE-K doped with H2SO4 can be attributed to the formation
of additional holes as discussed previously in the XPS section. These additional holes are
immobile due to the presence of SO42- from H2SO4, which coulombically interact with the
additional holes to electrostatically bind the CPE-K chains together, causing a sharp increase
in viscosity, which was visibly apparent. However, despite being bound holes that cannot
contribute to electronic transport, they can still absorb light, thus increasing the polaron
absorption peak in the UV-vis-nIR spectrum. These trapped holes are also responsible for the
blue-shift in the polaron peaks as close proximity of the SO42- anion localizes the polaron,
causing the blue-shift.132,133 Despite the low doping efficiency, the abundance of protons
present in water along with the electrical transport characteristics of CPE-K are such that the
material is still used for a wide variety of organic electronics such as biosensors, interlayers
in organic photovoltaics, as the active layer in light-emitting electrochemical cells, and in
organic thermoelectrics, acting as a replacement for PEDOT:PSS in some of these cases.93–102
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H.

Reversible de-doping of CPE-K by annealing
Over the course of this study, all of the undoped CPE-K measurements were performed

with CPE-K that has been de-doped through the addition of base, specifically KOH. However,
there is another way to de-dope the polymer: via thermal annealing. Thermally assisted dedoping of a conductive polymer has also been seen in sulfonic acid ring-substituted
polyaniline, in which the proposed mechanism was elimination of some sulfonic acid
groups.117 In that particular case, the authors Chen and Hwang claimed the thermally assisted
de-doping was partly irreversible due to a change in the chemical structure of the conjugated
backbone. In another example using a sulfonated derivative of polythiophene, the authors also
see thermal de-doping – however in this case the de-doping is completely irreversible due to
decomposition of the polymer.90 In the case of CPE-K, thermal de-doping is a reversible
process as explained below. One of the reasons for this is heating the CPE-K film up to 300
o

C does not cause the loss of sulfonate groups as seen in thermal gravimetric analysis-mass

spectrometry (TGA-MS) data, suggesting the mechanism for de-doping of the CPE-K film
does not involve the loss of sulfonate side groups as that ion is not seen in the mass spectrum.
Residual water in the film is driven off during annealing as seen from the TGA-MS data up
until temperatures above 450 oC, at which point the CPE-K film degrades leading to the
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oxidation of the polymer into carbon dioxide (Figure 2-10). No other products are evolved
during the entire TGA-MS run aside from water up until 300 oC.

Figure 2-10. TGA-MS of self-doped CPE-K showing loss of H2O upon heating

As seen in Figure 2-11, annealing CPE-K for 30 minutes under a nitrogen atmosphere
results in a reduction of the polaron absorption band of the polymer with increasing
temperatures monitored by UV-vis-NIR.

Figure 2-11. UV-vis-nIR absorption spectra of CPE-K after annealing and re-doping in H2O
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IR spectroscopy of an annealed CPE-K film also shows the same vibrational structure as
seen in CPE-K de-doped by KOH (Figure 2-6), which means CPE-K before doping and CPEK that has been de-doped via thermal annealing result in the same chemical structure. In
addition, the lack of a strong absorption at 1635 cm-1 in the post-annealed spectrum of CPEK corresponds to the loss of H2O. De-doping of CPE-K through loss of water can also be seen
in various I-V measurements both in nanoscale and in bulk measurements. Nanoscale I-V
measurements are obtained via conductive atomic force microscopy (cAFM), which operates
by applying a bias to the conductive substrate, in this case indium tin oxide, while raster
scanning a gold or platinum/chromium coated silicon AFM tip in contact mode across the
surface of the sample. In doing so, a morphology and current image of the thin film can be
obtained simultaneously, allowing for precise mapping of the morphology and current of
semiconductor films. cAFM measurements of CPE-K annealed for 30 minutes, at the same
temperatures used for UV-vis-NIR, show a decrease in the average current across the film
with no difference in surface morphology (Figure 2-12, Figure 2-13). Seeing a decrease in
average current across the film without a change in the surface morphology is important as it
means the reduced current in the film is due to the aforementioned changes in chemical
structure and composition, and not on film surface morphology. In Figure 2-13, images on the
left show the morphology (top) and current (bottom) pre-annealing, while the images on the
right show morphology and current post-annealing.
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Figure 2-12. Histogram of cAFM current distribution with annealing

Figure 2-13. Film morphology and current distributions of CPE-K films pre- and post-annealing

Increasing the temperature of an as-cast film under vacuum while measuring bulk I-V
curves across two parallel plane electrodes, set in the same configuration as were used for
temperature dependent conductivity measurements in Section 2.4, shows a slight increase in
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the current until 147 oC, at which point the current decreases. Allowing the film to sit at 147
o

C under a vacuum of 1 x 10-9 torr overnight dramatically reduces the current seen in the film

when analyzed the following day (Figure 2-14). The ohmic nature of the I-V curves at all
temperatures in the figure reflect the intrinsically high conductivity of self-doped CPE-K.

Figure 2-14. I-V curves of CPE-K obtained under vacuum at different temperatures

Temperature dependent conductivity measurements confirm the experimental evidence
described previously. After obtaining conductivity measurements at different temperatures,
an Arrhenius plot (Figure 2-15) was created. Different CPE-K films were annealed for 30
minutes at varying temperatures, and revealed that with an increase in annealing temperature,
the activation energy for charge transport also increased, which is consistent with de-doping
of CPE-K.
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Figure 2-15. Arrhenius plot of annealed CPE-K films

Table 2-6. Charge transport activation energy at various annealing temperatures

By briefly submerging a CPE-K film that has been annealed at 300 oC in vigorously
degassed water of pH = 5 or lower under oxygen-free conditions in an anaerobic chamber, the
polaron signature returns in the UV-vis-NIR spectrum in Figure 2-11 without dissolving the
polymer. Signals corresponding to the mass of SO2 and SO are evolved from the polymer at
temperatures starting around 300 oC (Figure 2-16). This suggests the crosslinking of some,
but not all of the CPE-K polymer chains via the sulfonate moiety in a Friedel-Crafts type
addition reaction, reducing the overall water uptake efficiency throughout the bulk of the film
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thereby making it resistant to dissolution in water.134 This experiment also shows that the
presence of oxygen is not required for doping of CPE-K. However, leaving the polymer in
water for a longer amount of time (> 5 minutes) will result in its dissolution. This thermally
activated, reversible de-doping process is in itself an interesting finding, opening CPE-K to
additional versatility in devices which require biological applications.

Figure 2-16. TGA-MS of self-doped CPE-K showing formation of SO2 and SO

I.

Experimental Section

1. Solution preparation
CPE-K solutions were prepared by dissolving previously doped CPE-K into Millipore
H2O, and sonicating the solution until the solids were dissolved. An equal volume of methanol
was added, the solution was further sonicated, then filtered through a 0.45 µm PTFE filter
before use. To obtain undoped CPE-K, 1.0 equivalent of KOH relative to the concentration of
the monomer unit was added to the solution before use. To obtain “w/ H2SO4” solutions, 1.0
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equivalent of H2SO4 relative to the concentration of monomer unit was added to the solution
before use. Both the KOH and H2SO4 solutions were at a concentration of 2.19 M.
2. XPS
All x-ray photoelectron spectroscopy measurements were obtained on using a Kratos Axis
Ultra DLD XPS under vacuum (10-8 Torr) using monochromated x-rays produced using an
aluminum source running at a potential of 14 kV. A pass energy of 20 was used for all highres element sweeps. The CPE-K samples were spuncast onto cleaned conductive indium tin
oxide/glass substrates. The films were mounted onto a sample bar using double-sided tape,
and electrically grounded to the sample bar using nickel impregnated tape. Peak fitting was
performed using WINSPEC, and atomic sensitivity factors for each element were taken into
account during peak integrations.
3. ATR-FTIR
Infrared spectroscopy measurements were obtained on a Thermo Nicolet iS10 FTIR
Spectrometer by drop-casting the CPE-K solution and allowing it to dry before measurement.
A baseline correction was performed on the data.
4. UV-vis-nIR
All UV-vis-NIR spectra were obtained using a Perkin-Elmer Lambda 750 UV-vis-NIR
spectrometer using a tungsten lamp for the visible to near-IR region and a deuterium lamp for
the UV region. A 100% transmission blank was obtained using a clean indium tin oxide/glass
substrate for all spectra.
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5. Electrical measurements
All electrical measurements with the exception of the Hall effect measurement were
performed under vacuum (10-7 Torr) using a Keithley 4200 semiconductor analyzer.
Conductivity values were obtained by linear four-point probe measurement. The geometrical
parameter S of the electrodes, which takes into account electrode length and thickness, is 1.3
x 10-4, allowing for calculation of  by equation 1
𝑑𝐼
𝑑𝑉

= 𝜎𝑆

(1)

where I is current in amperes and V is voltage. Activation energy values were obtained
using devices in a simple lateral diode configuration with a geometrical parameter of 6.5 x 104

cm, also measured under vacuum using a Keithley 4200 semiconductor analyzer. The van

der Pauw method was used in order to measure the Hall effect. It is a widely used method for
measuring the Hall effect in thin films and two-dimensional materials.135,136 The
measurements of the Hall effect were carried out in a vacuum of 10-5 mbar. The magnetic field
strength B and the electric current I were set to 0.63 T and 50 µA, respectively. Each
experimental value of the Hall voltage VH was averaged by 15 successive measurements. The
measurements of VH were carried out at different directions of electric current and orientations
of the magnetic field in order to cancel out parasitic effects.
6. XRR
Solution of CPE-K self-doped in H2O was spuncast on a clean glass substrate to obtain a
thin film of approximately 25 nm. The density of the CPE-K thin film was then determined
by X-ray reflectivity measurements using a Rigaku Smartlab High-Resolution Diffractometer
and accompanying reflectivity fitting software (GXRR3).
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7. Conductive-Atomic Force Microscopy (cAFM)
All topographic and current measurements were obtained using an Asylum MFP-3D
operating in closed loop mode mounted atop an Olympus inverted optical microscope under
an inert atmosphere. Pt/Cr coated silicon AFM tips with a resonant frequency of ~13 kHz and
a force constant of ~0.2 N m-1 were used (Budget Sensors). All images were obtained at a
force of 2nN to ensure a constant electric field across all measurements. First order image
flattening was performed on the morphology images on Asylum Research AFM software
version 10, programmed using IGOR Pro.
8. Thermogravimetric-mass spectrometry (TGA-MS)
Themogravimetric-mass spectrometry analyses were performed on a Discovery TGA
housed at University of California, Santa Barbara’s TEMPO facility, located within the
materials research laboratory (MRL). Samples were placed in an AlO2 crucible, which was
placed onto a high-temperature platinum pan and analyzed under a nitrogen atmosphere.
Temperature ramps were performed at a speed of 10oC/min. Mass spectrometry data was
collected using Process Eye software. TGA data was collected using TRIOS, and analyzed
along with MS data using TRIOS, developed by TA Instruments.

51

Chapter 3 − Lewis Acid Doping
A. Introduction to work on Lewis acids
Lewis acids are defined as being species which accept a lone pair of electrons, often
through an empty p-orbital. Lewis bases are the opposite, in that they donate an available pair
of electrons. The most well-known example of these species is found through the combination
of the Lewis acid BF3 and the Lewis base NH3, forming the Lewis acid-base adduct BF3—
NH3 as seen in Figure 3-1.

Figure 3-1. Lewis acid-base reaction schematic

Lewis acids stand in contrast to Bronsted acids, which function through the donation of a
proton to a Bronsted base. Lewis acids have found wide-spread use in synthesis, having been
used for decades as a catalyst for a wide range of reactions such as Friedel-Crafts, aldol, DielsAlder, and other carbon-carbon bond forming reactions.66,69,137–140 However, we will focus on
the use of Lewis acids for doping, with one of the earliest reports coming in 1999. The Lewis
acid tin (IV) chloride was added to polyaniline, resulting in an increase in conductivity of
polyaniline to values of 10-3 S/cm.141 However, the reported conductivity is 5-orders of
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magnitude lower than when polyaniline was doped with Bronsted acids, which could have
contributed to the lack of research in using Lewis acids for doping following that work.
Renewed interest in using Lewis acids for applications involving organic semiconductors
began in the early 2010s when the Bazan group found that Lewis acids can shift the bandgap
of organic semiconductors, thus changing their absorption and emission spectra. A secondary
benefit to using Lewis acids is the post-synthesis modification of the bandgap, which is
experimentally much more straightforward than synthesizing new small molecules and
polymers from starting materials. Lastly, the work by Bazan’s group also showed that the
strength of Lewis acids affected the degree to which the bandgap was shifted.
Following these initial findings, more research was published showing how Lewis acids,
specifically tris(pentafluorophenylborane) (BCF), could be used to dope organic
semiconductors, thus improving electrical parameters such as the mobility and conductivity.
While applications for the use of organic semiconductors doped with Lewis acids increased
in number, a fundamental understanding for how Lewis acids were able to change bandgaps,
mobilities, and conductivity remained unknown. Intensive collaborative efforts began to
understand the doping mechanism of Lewis acids, which led to findings that showed a shift in
bandgap of the organic semiconductor is due to the formation of Lewis acid-polymer
complexes via direct binding of the Lewis acid with a Lewis basic site on the polymer.71
Doping of the studied organic semiconductors on the other hand is due to Bronsted-acid
doping, where protonation of the polymer backbone is then followed by single electron
transfer between a protonated polymer chain and a neutral polymer chain to create a polymer
chain with a mobile polaron that can contribute to increasing the conductivity of the polymer,
as shown in Figure 3-2.72
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Figure 3-2. Doping mechanism of BCF and PCPDTBT

Understanding the doping mechanism of Lewis acids was intended by my advisor to be a
separate chapter in my thesis, however a former student chose to co-opt the project for himself
without letting anyone else know. Therefore, my attention shifted to following up on this work
by looking into how Lewis acid strength affects the doping efficiency.
Traditional, textbook definitions of Lewis acid strength rely on an understanding that there
are two competing processes at play. The first is the electronegativity of the elements attached
to the electron-deficient atom. The second is the amount of π−backbonding that can occur
between the attached elements and the electron-deficient atom. Let us take for example the
Lewis acids BF3, BCl3, and BBr3. Based on electronegativity values alone, one could speculate
that due to the electronegativity of fluorine, that the boron atom of BF3 would be the most
electron deficient, and therefore BF3 would be the strongest Lewis acid of the three, and BBr3
would be the weakest. However, the size of the valence orbitals on boron and fluorine on BF3
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are much closer to each other than the size of the p-orbitals on boron and bromine on BBr3,
which allows for greater π−backbonding from the fluorine to the boron atom in BF3 than from
the bromine to the boron atom in BBr3, thus resulting in BF3 being in reality the weaker Lewis
acid (Figure 3-3).

Figure 3-3. π−backbonding to empty p-orbital on boron atom

Experimental measurements of Lewis acidity show some similar trends with what is
predicted in organic chemistry textbooks. A study looking into the 1H NMR downfield shifts
of the aldehyde and methyl protons of DMF upon binding with various Lewis acids showed
that of the Lewis acids BF3, BCl3, and BBr3, the expected trend in Lewis acid strength where
BF3 is the weakest and BBr3 is the strongest holds true.65 A second paper that also measures
Lewis acid strengths but by fluoride ion affinity also shows the expected trend for BF3, BCl3,
and BBr3, and furthermore, says that BCF is the strongest of the four boron based Lewis acids
mentioned in this introduction.142 However, another paper that examined the strength of Lewis
acids by examining the downfield shift of the 31P NMR signal showed BCF being the weakest
of the four boron based Lewis acids.143
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Given these Lewis acids and their different strengths, the question then arises if stronger
Lewis acids also result in greater doping efficiency. Because the Lewis acid doping
mechanism first involves the formation of a complex where the water molecule is bound to
the Lewis acid followed by protonation of the polymer by the Lewis-acid-water complex, in
theory stronger Lewis acids will also create stronger (more acidic) Bronsted-acids. An
increase in the number and strength of doping complexes should in theory increase the doping
efficiency to a maximum of 50 %, though in reality reaching such doping efficiencies is
hindered by the presence of traps, the relative acidity and basicity of the Lewis acid and
polymer, and sterics.
B. Choosing of polymer and dopants to study

1. UV-vis-nIR Absorption Spectroscopy
During the course of our collaborative study into Lewis acid dopants, one of the findings
as briefly touched upon above is that the processes of binding of the Lewis acid molecule to
the polymer, which shifts the bandgap, and doping, which increases the number of available
free charge carriers for transport, are two separate processes. In addition, the processes occur
on different timescales, as shown in Figure 3-4. Solution UV-vis-nIR absorption spectroscopy
of PCPDT-PT, which contains a Lewis basic pyridyl nitrogen, shows formation of an adduct
with BCF, thus shifting the bandgap of the polymer on a very rapid timescale. On the other
hand, PCPDT-BT, which does not contain the pyridyl nitrogen, only gets doped by BCF, with
the process occurring on a much slower timescale than adduct formation. These processes are
also reversible—with the addition of pyridine in situ, there is a rapid change back to the
original spectrum for PCPDT-PT, indicative of the pyridine outcompeting the pyridyl nitrogen
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for binding to the BCF. When pyridine is added to a solution of PCPDT-BT, there is only a
slow change in absorption that does not completely resolve itself and return the spectrum of
PCPDT-BT back to its original native state due to PCPDT-BT now being doped, which
pyridine alone cannot reverse. Film UV-vis-nIR absorption spectroscopy data also shows a
shift in the bandgap of PCPDT-PT, and only doping but no shift in bandgap for PCPDT-BT.

Figure 3-4. Polymer and Lewis acid structures, UV-vis-nIR absorption spectra, and kinetics data

2. XPS
XPS data also supports the conclusion that BCF binds to only the pyridyl nitrogen.
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Figure 3-5. High-resolution N 1s XPS spectra of polymers with and w/ out BCF

In Figure 3-5, which is a high-resolution scan of the N 1s peak, a peak-fitting routine was
employed to deconvolute the main envelope to provide us with two Voigt profiles in PCPDTPT, and only one Voigt profile in PCPDT-BT, which is consistent with the chemical structure
of the polymers. There are two chemically inequivalent nitrogens in PCPDT-PT, whereas
there is only one nitrogen atom in PCPDT-BT leading to the peaks seen in the pristine N 1s
scan. After the addition of 1 equivalent of BCF, a clear reduction in peak area of the lower
binding energy peak in PCPDT-PT is seen, along with the presence of a higher binding energy
peak at approximately 401.5 eV. These changes are indicative of BCF binding to the pyridyl
nitrogen that leads to a more electron deficient nitrogen atom that shows up as a higher binding
energy peak. In PCPDT-BT, a small shoulder shows up at 401 eV upon addition of BCF that
is attributed to the formation of holes along the polymer backbone after addition of BCF. As
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detailed below, BCF addition to CPDT containing polymers increases the concentration of
holes via doping. Because holes can be delocalized along the backbone, they also lead to lower
electron density for the nitrogen atoms, which causes the small shoulder at high higher binding
energy. XPS survey scans confirm the presence of BCF in the film via the fluorine peak
located at 688 eV, and rules out the presence of unexpected elements. High-resolution C 1s
XPS scans also confirm the presence of BCF (Figure 3-6). In addition, high-resolution S 2p
XPS spectra of the polymers show no difference between the pristine polymers and the
polymers w/ BCF added.

Figure 3-6. Survey and high-resolution C 1s and S 2p XPS spectra of polymers with and w/ out BCF

Futhermore, an additional high-resolution S 2p XPS spectrum of just the CPDT monomer
with BCF further confirms no binding of BCF to the sulfur atoms in the polymers (Figure
3-7).
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Figure 3-7. Survey and high-resolution S 2p XPS spectra of CPDT monomer with and w/out BCF

In summary, there is evidence for BCF binding to the pyridyl nitrogen on the PT group of
PCPDT-PT that leads to the reduction in the bandgap as previously reported in literature.144–
146

3. EPR and UPS
Despite experimental evidence for BCF binding to PCPDT-PT, formation of the BCFpolymer complex does not correlate to electrical doping of the polymers with BCF, where
electrical doping herein is defined to be the formation of free charge carriers in the polymer
upon addition of the dopant BCF. Indeed, both PCPDT-BT and PCPDT-PT are electrically
doped by BCF as seen from EPR and UPS measurements detailed below, even though BCF
does not bind to PCPDT-BT. Film EPR measurements of the polymers with BCF show a clear
signal corresponding to an unpaired electron on the polymer backbone for both PCPDT-BT
and PCPDT-PT (Figure 3-8). Solution EPR of the polymers with BCF give the same result as
seen in film EPR. Separate samples of the polymers with F4TCNQ added were also examined
by EPR and the same results were seen – that is, PCPDT-BT and PCPDT-PT are also doped
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by F4TCNQ (Figure 3-9). In theory, an EPR signal from the BCF radical anion should also be
seen given the formation of a cationic radical species on the polymer backbone. However,
previous EPR spectra of BCF radial anions have shown they are unstable at room temperature,
and only at -50 oC can the EPR signal from a radial anion of BCF be seen.147

Figure 3-8. EPR spectra (top) and energy levels (bottom) of polymers with BCF.
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Figure 3-9. EPR spectra of polymers with BCF and F4TCNQ

Ultraviolet photoelectron spectroscopy measurements of the two polymers with different
amounts of BCF shows the expected shift of the Fermi level towards the HOMO that comes
from the creation of more holes, which populate the HOMO states of the polymers (Figure
3-8).148 In other words, the addition of BCF p-dopes the polymer, causing a deepening of the
work function of the polymer. The LUMO levels were estimated from measurements of the
polymer’s optical bandgap in the pristine state. The full UPS spectra are shown in Figure 3-10,
from which the energy levels in Figure 3-8 were derived. From both the EPR and UPS
measurements, we can conclude that with the addition of BCF, holes are being formed in
PCPDT-PT and PCPDT-BT. Here we should also make a note that while the terminology
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HOMO and LUMO are often used among the organic semiconductor community to refer to
states seen by UPS and inverse photoelectron spectroscopy (IPES), they are not technically
the most correct terms to be using as we are working with polymers, not discrete molecules,
and as such their frontier energy levels begin to blend in a continuum of energy states as
opposed to discrete energy levels. However, due to the ubiquitousness of the terms HOMO
and LUMO within the community, they will be used in this thesis.

Figure 3-10. UPS spectra of polymers with BCF

Because of PCPDT-PT’s unique characteristics in that the addition of the Lewis acid BCF
not only changes its bandgap but also dopes the polymer, the choice was made to study only
the doping efficiency of PCPDT-BT with respect to the different Lewis acid dopants. The
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competing nature of binding and doping in the case of PCPDT-PT will make it challenging to
deconvolute the processes enroute to answering the question does the strength of the Lewis
acid strength have any bearing on doping efficiency.
C. Impedance Spectroscopy (IS)
Before delving into the doping efficiency of PCPDT-BT upon the addition of different
Lewis acids, a short chemists’ introduction into the device structure used as well as the
instrumental technique is warranted as it falls more on the side of semiconductor physics than
chemistry. Impedance spectroscopy involves the analogy that just like how normal direct
current (DC) electrical measurements are subject to resistance, which is the impediment of
electron motion, so are alternating current (AC) electrical measurements. However, when
talking about AC measurements, the term impedance is used instead of resistance, in
recognition that the two processes are not the same. Ohm’s law, which governs DC
measurements, assumes a single, ideal resistor with a resistance value that is independent of
frequency. In addition, Ohm’s law also assumes that for AC measurements, the current and
voltage signals are in phase with each other. Impedance on the other hand takes into account
these different simplifications that Ohm’s law does not, allowing for more complex electrical
analysis.
When measuring impedance, a small, 10 mV AC voltage signal is applied, and the current
response is measured. In a linear system, where linear systems are defined somewhat
simplistically in this thesis as a system where a two-fold increase in voltage corresponds to a
two-fold increase in current, the resulting current signal should have the same frequency and
amplitude as the voltage signal, except shifted in phase. Most electrochemical systems
however are not linear, resulting in some complex impedance behavior that is beyond the
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scope of this thesis. However, for the electrochemical measurements that were performed to
obtain the doping efficiency of the polymer, a small (< 20 mV AC amplitude) signal was
applied to the system of interest, allowing us to obtain a pseudo-linear system where within
the small voltage range that was probed, the current response is linear. In addition to using an
impedance analyzer which allows us to apply DC and AC voltages while measuring the
impedance response, the correct device architecture also needs to be employed.
To obtain the doping efficiency of our systems, a device with the structure
Si/SiO2/BCB/polymer/Au was fabricated, often referred to as a metal-insulatorsemiconductor device structure (MIS). For polymers with an intermediate charge carrier
concentration between (1015 cm-3 to 1018 cm-3), the charge carrier density, conductivity,
mobility, and doping efficiency can be probed using a MIS device structure. Materials with
very high charge carrier concentrations cannot be probed using a MIS structure, which will
be expanded on in detail below. The SiO2 capacitor layer was passivated with BCB because
the presence of water on the SiO2 layer has been shown to interfere with electrical
measurements due to the presence of traps.149
During the experiment to obtain the doping efficiency, a large DC bias is applied to the
MIS structure, coupled with a small AC bias. Simplistically speaking, the role of the DC bias
is to pull charges to the insulator-semiconductor interface which then modulates the measured
capacitance of the device, whereas the AC bias is used to probe the impedance of the device.
In order to accurately measure the impedance of the device, all the charges need to be swept
towards the interface to form the depletion layer, which is the layer at which the number of
majority free charge carriers, in this case holes, eventually decreases to zero. When the free
charge carrier concentration is very large, there is no physical point in the device at which the
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number of free charge carriers goes to zero, thereby preventing accurate measurement of the
capacitance of the overall device. The reason for this is the depletion layer is larger than the
thickness of the device, meaning there is no point at which all of the charges can be accounted
for by measuring the change in capacitance of the device. Figure 3-11 below gives a schematic
representation of an MIS device operating in the accumulation and depletion regimes.

Figure 3-11. MIS device schematic operating in accumulation and depletion regimes.

In the accumulation regime, a negative bias is applied to the silicon electrode, thus
attracting the majority charge carrier (holes) to the interface of the semiconductor and the
insulator. In the depletion regime, the opposite occurs, leaving behind a regime where there
are very few mobile charges. The negative charges that are present come from ionized dopant
molecules, which are not only significantly less mobile compared to the holes, but also much
lower in concentration. The depletion regime acts as a capacitor, thus decreasing the overall
capacitance of the device.
The resulting data is plotted, with capacitance on the y-axis, the frequency at which the
measurement was obtained on the x-axis, and each DC voltage as a separate line on the plot,
to give Figure 3-12, which is an example of what the data looks like from a measurement of
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the polymer PCPDT-BT with the Lewis acid BCF. The lines go from negative DC bias at the
top of the plot, to positive DC bias towards the bottom of the plot.

Figure 3-12. Representative capacitance-frequency plot from MIS measurements of PCPDT-BT and
BCF

Here I should specify that the MIS measurement is really measuring uncompensated
acceptor centers, however the chemistry side of the organic semiconductor community often
refers to them as free charge carriers, which is the language that will be used throughout the
thesis. Doping of PCPDT-BT results in an increase in free charge carriers, specifically holes,
thereby leading to changes in the capacitance upon application of a DC voltage which can be
measured and plotted in the aforementioned plot. In Figure 3-12, we can see that as the
frequency is increased, the capacitance across all DC voltages is the same, due to the free
charge carriers no longer being able to respond quickly enough to the applied AC voltage to
form the accumulation and depletion regimes.
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The frequency at which the capacitance of the MIS device is equal to the capacitance of
the insulator layer by itself is when the capacitance values at each of the measured DC voltages
is obtained and plotted into what is known as a capacitance-voltage plot, or C-V plot. A
representative plot is shown in Figure 3-13. From this figure, we can also distinguish the
accumulation and depletion regimes, where at negative gate voltages, the device is operating
in the accumulation regime thus giving a higher measured capacitance. At positive gate
voltages, the device is operating in the depletion regime and the capacitance drops.

Figure 3-13. Representative capacitance-voltage plot from MIS measurements of PCPDT-BT and
BCF

A Mott-Schottky plot can then be generated by using Equation (3), where C is the
capacitance, ε is the dielectric constant of the polymer, estimated to be 2.5, ε0 is the
permittivity of free space, A is the area of the device under test, e is the elementary charge, Na
is the density of dopants, V is the applied potential, Vfb is the flatband potential which is also
known as the built-in potential, kB is Boltzmann’s constant, and T is the absolute temperature.
68

1
2
kBT
=
(V − Vfb −
)
2
2
C
εε0 A eNa
e

(3)

Rearranging (3) allows us to then plot the square of the area over the square of the
capacitance (A/C)2 versus the voltage. The slope of that plot, an example of which is shown
in Figure 3-14, allowed calculation of Na, the concentration of uncompensated acceptor
centers.

Figure 3-14. Representative Mott-Schottky plot from MIS measurements of PCPDT-BT and BCF

Taking the derivative of the Mott-Schottky plot to find the maximum slope gives us Na.
The doping efficiency can then be calculated by taking the concentration of uncompensated
acceptor centers (Na), and dividing that by the molecular equivalents of dopant added
multiplied by the concentration of monomer units (Equation (4)). The number of unintended
free charge carriers from unintentional doping due to impurities also needs to be subtracted
out from the calculated number of uncompensated acceptor centers (Na) to give the actual
doping efficiency.
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𝐷𝐸 =

𝑁𝑎 − 𝑁𝑑
𝑀𝐸 ∗ 𝑁𝑚

(4)

The concentration of monomer units in the film was determined by collaborators using X-ray
reflectivity, the parameters of which are detailed in the experimental section of this chapter.
D. Doping Efficiency Trends and Discussion
Recall that traditional theories of Lewis acid strength place BBr3 on the upper end of Lewis
acid strengths, and BF3 on the lower end. The Gutmann-Beckett method for determining
Lewis acidities confirms the traditional theories of Lewis acid strengths, and in addition places
BCF below BF3 in terms of Lewis acidity. The Guttmann-Beckett method is based on the
change in 31P NMR chemical shift after complexation of the Lewis acid with Et3PO.143,150,151
The greater the shift, the stronger the Lewis acid.

Figure 3-15. Chemical structures of BCF and PCPDT-BT and Lewis acid strengths

However, Lewis acid strengths as seen in Figure 3-15 do not correlate to an increase in
doping efficiency. In fact, there is no discernable correlation between the doping efficiency
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and the strength of the Lewis acid. The resulting doping efficiencies obtained from the MIS
measurement described above are plotted in Figure 3-16.

Figure 3-16. Doping efficiency and number of holes of PCPDT--BT for different Lewis acids

Possible explanations for this situation entail the doping mechanism of the Lewis acid, as
outlined in our group’s paper.72 Because the doping mechanism entails the formation of a
Lewis acid adduct with water, Lewis acids that can form stable adducts with water in adduct
concentrations high enough for doping of the polymer are preferred. Numerous reports detail
how BBr3 and BCl3 react with H2O to form B(OH)3 and their corresponding acids, as outlined
in equations (5) and (6) below.
BBr3 + 3 H2O → B(OH)3 + 3 HBr

(5)

BCl3 + 3 H2O → B(OH)3 + 3 HCl

(6)

These reactions suggest that some Lewis acid water adducts are not stable, and therefore
are not useful for doping of PCPDT-BT. This has led to questions regarding why HCl and
HBr cannot act as acids and protonate the PCPDT-BT backbone to begin the doping process.
While beyond the scope of this thesis, I would like to propose that in addition to the instability
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of BBr3 and BCl3 to H2O, the resulting acid products, hydrobromic and hydrochloric acid
respectively, are only sparingly soluble in chloroform and chlorobenzene, the solvents used
in this study. In addition, HBr and HCl are repelled by the non-polar side chains of PCPDTBT, thus preventing HBr and HCl from interacting with and protonating the polymer species.
This stands in contrast to BCF, whose water adduct is chemically stable. In contrast, the
pentafluorophenyl moieties on BCF help BCF retain its solubility in organic solvents, thus
helping it interact with PCPDT-BT and dope the polymer. Ironically, it is the strength of the
Lewis acids BCl3 and BBr3 that promote their rapid reaction with water, thus making them
poor dopants for PCPDT-BT.
Another possible reason for the lower doping efficiency of putatively stronger Lewis acids
BCl3 and BBr3 is their Lewis acidity and small size could make binding to Lewis basic sites
on PCPDT-BT more favorable than the formation of water adducts. Our work has shown that
Lewis acid binding to Lewis basic sites on the polymer is in direct competition with Lewis
acid doping of the polymer due to the doping mechanism. Therefore, if more Lewis acids have
directly formed dative bonds with Lewis basic sites on the polymer, they are no longer
available for doping.
The doping efficiency over time was also examined in this study. Fresh MIS devices with
different percentages of various boron-based Lewis acids were fabricated and measured.
Between measurements, the devices were kept in a nitrogen filled glovebox. The results in
Figure 3-17 show that PCPDT-BT MIS devices doped with BCl3 or BBr3 are less stable—
their measured doping efficiency drops by 50 % over the course of 12 days, whereas 2.0 %
monomer equivalents of BCF remains stable and 0.2 % monomer equivalents of BCF
increases over time. Possible reasons for these findings that should be probed are as follows.
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Since all steps in the doping mechanism as shown in Figure 3-2 are in equilibrium with each
other, it is likely that BCl3 and BBr3 vacillated between their water and non-water adducts,
with the former being the dopant for PCPDT-BT. As just the native Lewis acid, BCl3 and
BBr3 degrade to B(OH)3 over time in the presence of water, rendering them incapable of
doping PCPDT-BT. Even in the controlled environment of a glovebox, there are trace amounts
of water that are available for reaction with the Lewis acids, turning BCl3 and BBr3 into
B(OH)3. On the other hand, BCF is stable and does not readily degrade to B(OH)3 in the
presence of water.

Figure 3-17. PCPDT-BT doping efficiency of different boron-based Lewis acids over time
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E. Experimental Section

1. Materials
BCF was purchased from Tokyo Chemical Industry Co., Ltd., and used as received. BF3
(diethylether), BCl3 (1 M in dichloromethane), BBr3 (1 M in dichloromethane), and the
solvents used were purchased from Sigma-Aldrich and used as received. PCPDT-BT was
purchased from 1-material and used as received. PCPDT-PT was synthesized in-house
according to published literature.152 All materials were stored in a dry, inert atmosphere (N2)
glovebox.
2. UV-vis-nIR absorption spectroscopy
All UV-vis-NIR spectra were obtained using a Perkin-Elmer Lambda 750 UV-vis-NIR
spectrometer using a tungsten lamp for the visible to near-IR region and a deuterium lamp for
the UV region. Solution UV-vis-nIR spectra were obtained using a polymer concentration of
0.025 mg/mL for PCPDT-PT and 0.05 mg/mL for PCPDT-BT. Film UV-vis-nIR spectra were
obtained by casting a thin film of the polymer with dopant solution on a clean indium tin
oxide/glass substrate. A 100% transmission blank was obtained using a clean indium tin
oxide/glass substrate for all film spectra.
3. XPS
Measurements were obtained using a Kratos Axis Ultra DLD XPS under vacuum (10−9
Torr) using monochromated X-rays produced using an aluminium source running at a
potential of 14 kV and a current of 14 mA. A pass energy of 20 was used for all high-resolution
element sweeps, and 160 for survey sweeps. Sample preparation was identical to that
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described for UPS measurements. Peak fitting was performed using WINSPEC, and atomic
sensitivity factors for each element were taken into account during peak integrations.
4. UPS
Measurements were obtained using a Kratos Axis Ultra DLD XPS system under vacuum
(10−8 Torr) using He I line with 21.21-eV photons (Supplementary Figs. 12 and 13). Samples
were prepared on freshly cleaned conductive indium tin oxide/glass substrates at a thickness
of approximately 10 nm. The films were mounted onto a sample bar using double-sided
adhesive tape, electrically ground to the sample bar using nickel impregnated tape and biased
at −9 V.
5. EPR
EPR measurements were obtained on a Brucker continuous wave (CW) X-band EPR,
running at a frequency of 9.79 GHz. Solution EPR samples were prepared by dipping 0.7 MM
inner diameter capillaries into doped solution, then sealing both ends with critoseal. Film EPR
samples were prepared by dipping 0.7 MM inner diameter capillaries into doped solution, then
allowing the solution to evaporate leaving behind a film coating the inner walls of the capillary
tube. An empty capillary tube was also run to ensure measured EPR signal was from the
sample.
6. Impedance Spectroscopy (IS)
Measurements were obtained from a device structure of n++-Si/SiO2 (200
nm)/benzocyclobutene (BCB, 30 nm)/active layer/Au to create the MIS architecture.
Benzocyclobutene was spun-cast on top of the SiO2 dielectric layer from a 1 mg/ml solution
at 4,000 r.p.m. and then annealed at 250 °C for 1 hr. The active layer was spin-coated at 1,200
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r.p.m. on top of BCB after cooling, followed by thermal evaporation of the gold contact. The
n++-Si was used as the working electrode. The stack of 200-nm SiO2 and 20–30-nm BCB
served as the insulator layer. Film thickness measurements were carried out using an Innova
AFM. MIS devices were analyzed using a Solartron 1260 impedance analyzer. The impedance
spectra were measured over a wide frequency range (10 Hz – 3 MHz) with a small alternating
current amplitude signal of 20 mV and various direct current biases ranging from −15 to 20
V.
7. X-ray reflectivity (XRR)
Solution of PCPDT-BT was spuncast on a clean glass substrate to obtain a thin film of
approximately 25 nm. The density of the thin film was then determined by X-ray reflectivity
measurements using a Rigaku Smartlab High-Resolution Diffractometer and accompanying
reflectivity fitting software (GXRR3) in order to determine the concentration of monomer
units in the thin film for calculation of the doping efficiency.
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Chapter 4 − Using CPE-K to Visualize Electron Transfer from Bacteria
A. Introduction to Microbial Fuel Cells (MFCs)
Microbial fuel cells (MFCs), currently a niche renewable energy source, suffer from high
overpotential losses, of which approximately half is due to losses that occur during electron
transfer from the bacteria to the electrode.153 By understanding the efficiency losses during
electron transfer from bacteria to electrode, we can better understand how to direct efforts to
reduce the overpotential loss.

Figure 4-1. Diagram of microbial fuel cells (MFCs)

So far, there has not yet been consensus on the electron transfer mechanism. Some claim
electron transport occurs through electrically conductive pili154,155 while others argue electron
transport occurs through redox mediated electron transfer in which electrons are required to
hop from one electron site to another.156–160 Previous, albeit limited work using scanning probe
microscopy (SPM) to look at G. sulfurreducens has focused solely on examining the
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conductivity of their pili.154,155,161–163 While this work will comment upon possible electron
transfer mechanisms based on the images obtained, the focus is on using this technique to
better understand losses to electron transfer efficiency from the bacterium G. sulfurreducens
to the electrode. In this work, we use a hole-transporting conjugated polyelectrolyte (CPE)
and conductive atomic force microscopy (cAFM) to probe the transfer of electrons from single
cells of the bacteria G. sulfurreducens to the CPE surface. A recent publication describes the
use of a new experimental platform for monitoring single cell respiration rates at electrode
interfaces for the bacteria Shewanella oneidensis MR-1.164 In this work however, we use
commercially available instrumentation to demonstrate the ability to quantitatively examine
electron transfer from G. sulfurreducens to the CPE surface on the nanoscale and use the
information to better understand the reason for large overpotential losses in MFCs.
B. Experimental Requirements
In order to image bacteria donating their electrons, a few things are required: first, a
material to which bacteria can donate electrons to; second, a material that is insoluble in water
and the medium in which the bacteria are in upon being deposited onto the surface; and third,
instrumentation capable of obtaining current and morphology images simultaneously with
nanoscale resolution. Using a hole-transporting organic semiconductor allows for
visualization of the bacteria transferring its electrons to the organic semiconductor via the
scheme shown in Figure 4-2. For this experiment, we used PCPDTBT-SO3K (CPE-K),
previously synthesized and reported by Gui Bazan.128 Because holes are present in doped
CPE-K, electrons from the bacteria can recombine with those holes, quenching them and
subsequently reducing the conductivity of CPE-K via a reduction in free charge carrier
density.
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Figure 4-2. Schematic for de-doping of CPE-K by bacteria

Previous work has shown Shewanella oneidensis MR-1 can also anaerobically respire on
CPE-K where the CPE acts as the electron acceptor in place of fumarate.165 In addition, CPEK, which contains anionic pendant groups, is not toxic to G. sulfurreducens, a gram-negative
bacteria. While there are studies that have shown CPE toxicity to the gram-negative bacteria
Escherichia coli (E. coli), those have been in cases for CPEs with a pendant cation, whereby
the CPE coats the surface of the bacteria and causes cell death.166
In order to prepare CPE-K for an aqueous solution of G. sulfurreducens, CPE-K, which is
soluble in water, had to be rendered insoluble when exposed to water. For this, inspiration was
drawn from literature, which showed that upon annealing of a MEH-PPV film for 1 hour at
220oC, the solubility of the MEH-PPV film was greatly reduced.167,168 After spin-coating a
solution of CPE-K onto a clean indium tin oxide (ITO)/glass substrate, the CPE-K film was
annealed at 300oC for 30 minutes under an N2 atmosphere, at which point it was insoluble in
water as well as G. sulfurreducens’ growth media. However, the annealing process also dedopes CPE-K.169 As mentioned previously, CPE-K needs to be doped for this experiment –
therefore the CPE-K film was then submerged in ultrapure water that was measured to have a
pH of 5 and resistivity of 18.2 M*cm, at which point the film becomes doped again as seen
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and monitored by UV-vis-nIR. The peaks at 1100 nm and 1800 nm are indicative of a polaron
in CPE-K, which in of itself is good indication that CPE-K is doped (Figure 4-3).92

Figure 4-3. UV-vis-nIR film absorption spectra of CPE-K before and after thermally reversible dedoping

In order to image the bacteria on top of CPE-K, cAFM is employed due to its ability to
simultaneously obtain both a current and morphology image of the organic semiconductor
surface and the bacterium drop cast on top of it at nanoscale resolution (Figure 4-4). The
cAFM tips employed had a work-function that matched the HOMO of CPE-K in order to
provide for efficient hole transfer between the cAFM tips, CPE-K, and ITO. Before drop
casting the bacteria on top of CPE-K, cAFM images of the annealed and unannealed CPE-K
films were obtained, which indicate no change in the morphology of the CPE-K surface even
though current levels in the annealed CPE-K film dropped to noise level.169 After submerging
the CPE-K film in water to re-dope the film, the current obtained via cAFM returns to levels
seen in the CPE-K film before annealing, and the CPE-K film remains insoluble in water and
other aqueous solutions.
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Figure 4-4. Figure of cAFM setup used in this experiment

C. Sample Preparation and Imaging
A solution of G. sulfurreducens grown in an electron-acceptor deficient environment was
then drop-cast on top of the film (sample preparation along with culture and solution details
in experimental section). G. sulfurreducens grown in an electron-acceptor deficient
environment are known to store their electrons in the haem groups of their exocytoplasmic
cytochromes.170–172 While the G. sulfurreducens bacteria are still alive in the droplet cast on
top of the CPE film, they can donate their stored electrons to the CPE, using the CPE as an
electron acceptor as shown in Figure 4-2. After washing the film with anaerobic water of pH
~ 7 to remove residual salts, the film was allowed to dry, and then imaged with cAFM (Figure
4-5). A schematic of the sample preparation process is provided in the appendix as Figure 7-1.
Anaerobic water was used because G. sulfurreducens is an obligately anaerobic bacterium,
and water of pH ~ 7 was used to prevent the re-doping of CPE-K following bacterium electron
transfer to the CPE. The voltages applied were chosen to maximize the signal to noise ratio.
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The reduction in current around the bacteria is due to electrons being donated to the CPE-K,
thereby quenching the holes in CPE-K, which decreases the number of free charge carriers in
that portion of the film and lowers the conductivity of the material and the measured current.
As far as we are aware, this is the first report of such images being obtained with direct visual
proof of electron transfer from an electrogenic bacterium to another material.
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Figure 4-5. AFM (left) and cAFM (right) images of G. sulfurreducens on CPE-K

The redox gradient between the electrons stored in the cell membrane’s cytochromes and
the hole-transporting CPE-K provides a driving force for electron transfer from the bacterium
to the CPE. The lighter areas indicate areas of lower current while the darker areas indicate
areas of higher current, clearly showing a defined area around the bacteria due to G.
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sulfurreducens de-doping CPE-K. Height images of the CPE-K surface show a retention of
surface morphology after casting G. sulfurreducens on top, and bacteria dimensions of
approximately 1 µm x 2 µm are consistent with SEM images obtained of G. sulfurreducens.173
AFM images suggest the extracellular electron transfer mechanism for G. sulfurreducens in
this system happens via either direct contact with outer membrane cytochromes or via redoxmediators such as flavins as no pili are observed in the AFM images under these growth
conditions for G. sulfurreducens. In addition, there has been work showing that the pili of G.
sulfurreducens conduct holes as opposed to electrons.162 This work shows the dominant
charge present in G. sulfurreducens are electrons, as the charges that are transferred to the
CPE-K surface are de-doping the CPE-K.
D. Inefficiencies in Bacterial Electron Transfer
Additional images of G. sulfurreducens on CPE-K show areas around the bacterium where
the CPE-K is not de-doped, suggesting the bacteria's haem groups are not always
homogenously distributed across the bacteria's surface, or that they are not all always
functioning correctly, which could be a source of overpotential loss in MFCs (Figure 4-6). In
addition, some cAFM images reveal bacterium that have not transferred any electrons to the
surface at all. The morphology image shows that particular bacterium lacks the height of
neighboring bacteria that were able to transfer electrons to the surface, suggesting that
particular bacterium died before being drop-cast onto the CPE-K film.174,175 Dead bacteria
within the solution or even a biofilm would also lead to increased overpotential losses in
MFCs.
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Figure 4-6. AFM (left) and cAFM (right) images of imperfect G. sulfurreducens on CPE-K

Control cAFM images of E. coli on top of CPE-K demonstrate that only electrogenic
bacteria have the capability of de-dedoping the CPE-K film, and that the reduction in current
seen around the G. sulfurreducens is due to electron transfer as opposed to leakage of organic
material from the bacteria (Figure 4-7). In addition, filament-like structures are clearly seen
coming out of the E. coli bacterium, confirming our instrument's capability to image them,
which further confirms the non-existence of such structures in our images of G.
sulfurreducens.
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Figure 4-7. AFM (left) and cAFM (right) images of E. coli on CPE-K

High resolution atomic force microscopy images were also obtained showing no filament
or pili growth in G. sulfurreducens (Figure 4-8). These results are in agreement with some
literature suggesting the main electron transfer mechanism for G. sulfurreducens resides in
their outer membrane cytochromes through either direct contact or via redox-mediated
processes.158,172

Figure 4-8. High resolution AFM image of G. sulfurreducens on CPE-K
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E. Quantitative Electron Transfer Calculations
In order to quantitatively determine the number of electrons being transferred from G.
sulfurreducens to the CPE-K film, bulk device current-voltage measurements were obtained
of doped and undoped CPE-K as well as nanoscale current-voltage measurements of doped
CPE-K. Due to the differences in electrode geometry between cAFM and bulk device
measurements as well as the difference in electric field strength between nanoscale and bulk
current-voltage measurements, care had to be taken in order to obtain the mobility of CPE-K
on the nanoscale.176 The mobility measured in a bulk device cannot be presumed equal to the
mobility of CPE-K on the nanoscale. In addition, the mobility of doped CPE-K cannot be
directly measured using cAFM because the high conductivity of the material precludes
obtaining mobility of doped CPE-K via traditional methods such as space charge limited
current – as such, the mobility of doped CPE-K on the nanoscale was estimated by employing
the following ratio.
µ𝑐𝐴𝐹𝑀 𝑢𝑛𝑑𝑜𝑝𝑒𝑑
µ𝑐𝐴𝐹𝑀 𝑑𝑜𝑝𝑒𝑑
=
µ𝑑𝑒𝑣𝑖𝑐𝑒 𝑢𝑛𝑑𝑜𝑝𝑒𝑑 µ𝑑𝑒𝑣𝑖𝑐𝑒 𝑑𝑜𝑝𝑒𝑑
The “µ cAFM undoped” was obtained from SCLC fits to current-voltage curves obtained
on the nanoscale using cAFM. To ensure an undoped CPE-K sample, the material was
dissolved in water of pH = 7 which slightly de-dopes CPE-K by virtue of deprotonation of the
polymer.169 The solution was spuncast, and the resulting film was annealed at 300 oC to
complete the de-doping process. The “µ device undoped” was obtained by SCLC fits to
current-voltage curves from hole-only diodes with gold electrodes on the top and bottom. The
CPE-K films for bulk device mobility measurements were prepared in the same manner as the
films used to measure the mobility of undoped CPE-K by cAFM. In order to obtain “µ device
doped”, Hall effect measurements were performed on intrinsically doped CPE-K films. CPE86

K’s high mobility and conductivity when doped preclude mobility measurement by more
traditional methods such as SCLC. The mobilities obtained from each of these measurements
are summarized in Table 4-1 and allow us to calculate the mobility for doped CPE-K on the
nanoscale to be 4.18 x 103 cm2/V*s.
𝜇𝑐𝐴𝐹𝑀 𝑢𝑛𝑑𝑜𝑝𝑒𝑑

𝜇𝑑𝑒𝑣𝑖𝑐𝑒 𝑢𝑛𝑑𝑜𝑝𝑒𝑑

𝜇𝑑𝑒𝑣𝑖𝑐𝑒 𝑑𝑜𝑝𝑒𝑑

𝜇𝑐𝐴𝐹𝑀 𝑑𝑜𝑝𝑒𝑑

3.48 x 10-4 cm2/V*s

2 x 10-8 cm2/V*s

2.4 x 10-1 cm2/V*s

4.18 x 103 cm2/V*s

Table 4-1. Mobility data from nano and bulk SCLC measurements

With the mobility of both doped and undoped CPE-K in the nanoscale, the number of
charge carriers in a given area can be calculated by combining and rearranging Ohm’s law
and the differential form of Ohm’s law – that is, 𝜎 = 𝑛𝑞µ – to give equation (7)
𝑛=

𝐼𝑡
𝑉𝐴𝑞µ

(7)

where I is the current, t is the film thickness, V is the voltage applied, A is the tip area, µ
is the charge carrier mobility, and n is the charge carrier density. The number of electrons in
the de-doped area around the bacteria is then determined by the area of the region under
analysis, and the thickness of the film. The precise area around the bacteria to be used for
analysis was determined by first counting only the pixels in the image with a negative value
for current thus excluding the bacterium itself, which despite the current offset, registered a
positive current value in the pA range. Then, pixels with a current value within one standard
deviation of the average current in the area of interest were selected. The amount of area
covered by each pixel, which was calculated by taking the area of the image and dividing it
by the total number of pixels (512 x 512 pixels = 262144) was then multiplied by the number
of pixels that met both current criteria as outlined above to give the actual area to be analyzed.
The average current across the pixels around the bacteria identified for analysis was used to
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calculate the volume in question, and the volume was multiplied by the carrier density to give
the number of charges in that volume. The same analysis was done with an area of the image
where there was no change in current on the CPE-K film due to the bacteria. The number of
charges in the volume of CPE-K that has been de-doped was subtracted from the number of
charges from the same volume of doped CPE-K to give the total number of electrons donated
by the bacteria to CPE-K. Via this analysis on a number of different images and bacteria across
multiple substrates, it is calculated that approximately 9 x 105  6 x 105 electrons are
transferred from the bacterium to the substrate, which is in line with previously reported
estimates in literature that use microbial fuel cells. The large standard deviation is due to
variation between the bacterium, which are living organisms, and to the presence of
extracellular material on the surface, most likely riboflavin. An overlay of the current and
morphology images, on the right in Figure 4-9, show areas of the CPE-K film that are slightly
raised, which correspond to higher current areas in the film as seen in the image on the left in
Figure 4-9.

Figure 4-9. cAFM and morphology images of G. sulfurreducens on CPE-K
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F. Experimental Section

1. Preparation of CPE-K films
2.25cm2 glass substrates with a layer of indium tin oxide on top were cleaned via
sonication in soapy DI water, DI water, acetone, and isopropanol. The substrates were then
subjected to UV-ozone cleaning for 90 minutes (Jelite company UVO-cleaner Model #42).
Approximately 5mg of CPE-K was weighed out in a dry 2mL glass vial cleaned by sonication
in acetone and isopropanol, and then dissolved in Millipore water to give a 20mg/mL solution.
This dark teal solution was heated with a heat gun to aid the dissolution of solids. Once cool,
methanol was added to the solution to bring the concentration to 10 mg/mL. The dark teal
solution was sonicated to create a homogenous solution, then 40 µL of the solution was
spuncast onto the substrates at a speed of 1000 rpm for 2 minutes.
2. UV-vis-nIR Absorption Spectroscopy
All UV-vis-NIR absorption spectra were obtained using a Perkin-Elmer Lambda 750 UVvis-NIR spectrometer. A 100% transmission blank was obtained using a clean indium tin
oxide/glass substrate for all spectra with the exception of the spectrum of CPE-K in solution.
A 100% transmission blank was obtained using a 50:50 mixture of Millipore water and
methanol for the UV-vis-NIR spectrum of CPE-K in solution. All spectra were taken with a 1
nm resolution.
3. Preparation of G. sulfurreducens culture
Geobacter sulfurreducens (ATCC® 51573™) was purchased from American Type
Culture Collection and cultured in anaerobic and sterile growth medium containing 1.5 g/L
NH4Cl, 0.6 g/L NaH2PO4, 0.1 g/L KCl, 2.5 g/L NaHCO3, 0.82 g/L sodium acetate, 1.8 g/L
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sodium fumarate, Wolfe's Vitamin and Modified Wolfe's Minerals as described in ATCC
medium: ATCC® Medium 1957: Geobacter medium.177 The culture was grown at 30 °C with
anaerobic headspace containing 80% N2 and 20% CO2 for 5 days. Then the turbidity of the
culture was measured by an OD meter to estimate cell concentration by assuming 108 bacteria
cell/ml for 1 OD culture solution.
4. Preparation of G. sulfurreducens biofilm
CPE-K films were annealed at 300 oC for 30 minutes under a nitrogen atmosphere and
then allowed to cool to room temperature. The CPE-K films were submerged in Millipore
water of pH < 5 for 30 seconds, then dried under ambient conditions. 20mL of Millipore water
was sparged with argon for 1 hour, then brought into an anaerobic chamber (Coy Vinyl
Anaerobic Chamber) along with the CPE-K films, the G. sulfurreducens culture, a
micropipetter, and small triangular pieces of cut filter paper. 20 µL of G. sulfurreducens
culture at a concentration of approximately 6 x 105 cell/mL was dropcast onto a CPE-K film
at O2 concentrations less than 1000 ppm (0.1%). Excess solution was removed using the filter
paper, taking care not to touch the surface of the film, leaving behind a small film of liquid on
top. The same area onto which the G. sulfurreducens was dropcast was washed with 20 µL
anaerobic Millipore water of pH > 6, and then the excess liquid was removed using procedure
previously described. This washing procedure was repeated three times. The remaining liquid
after washing was allowed to evaporate in the anaerobic chamber. Once dry, the films were
transported under nitrogen to a separate glovebox that houses the atomic force microscope via
a sealed transfer chamber.
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5. Conductive-Atomic Force Microscopy (cAFM)
All topographic and current measurements were obtained using an Asylum MFP-3D
operating in closed loop mode mounted atop an Olympus inverted optical microscope under
an inert atmosphere. Pt/Cr coated silicon AFM tips with a resonant frequency of ~13 kHz and
a force constant of ~0.2 N m-1 were used (Budget Sensors). All images were obtained at a
force of 2 nN to ensure a constant electric field across all measurements at the same potential.
Image flattening (1st order to remove background slope) and processing was performed on
Asylum Research AFM software, programmed using IGOR Pro. Local current-voltage curve
measurements were obtained on the same system using the same tips at a force of 20 nN to
ensure good electrical contact with the sample. The tip contact area was estimated using the
Hertz model where the tip area was given by the manufacturer to be 25 nm, the Young’s
modulus of the Pt/Cr tip was 203 GPa, the Young’s modulus of the polymer was 3 GPa, and
the Poisson’s ratio for Pt/Cr and the polymer was 0.35.178 Samples were prepared by
dissolving CPE-K into pH = 7 water, then spin-casting the solution onto cleaned indium tin
oxide substrates to achieve a film with a thickness of 25 nm. The film was then annealed at
300 oC under nitrogen for 30 minutes, then allowed to cool before measurement.
6. High-resolution AFM
High resolution AFM image was obtained using a Bruker Multimode AFM operating
under Bruker’s ScanAsyst tapping mode. Silicon AFM tip on a nitride lever with a resonant
frequency of ~70 kHz and a force constant of 0.4 N m-1 were used (Bruker ScanAsyst-Air).
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7. Bulk-device current-voltage measurements
Bulk-device electrical measurements on undoped CPE-K were performed under N2 using
a Keithley 4200 semiconductor analyzer. Samples were prepared by dissolving CPE-K into
pH = 7 water, then spin-casting the solution onto gold electrodes previously thermally
evaporated onto glass to achieve a film with a thickness of approximately 350 nm. The film
was then annealed at 300 oC under nitrogen for 30 minutes, then allowed to cool before gold
electrodes were evaporated on top to give a diode area of 1 mm2. The van der Pauw method
was used in order to measure the Hall effect. It is a widely used method for measuring the
Hall effect in thin films and two-dimensional materials.135,136,179 The measurements of the Hall
effect were carried out in a vacuum of 10-5 mbar. The magnetic field strength B and the
electric current I were set to 0.63 T and 50 µA, respectively. Each experimental value of the
Hall voltage VH was averaged by 15 successive measurements. The measurements of VH
were carried out at different directions of electric current and orientations of the magnetic field
in order to cancel out parasitic effects.
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Chapter 5 − Conclusions
Understanding doping in its many forms and the parameters that govern doping, from the
perspective of both the dopant and the OSC, is crucial for further progress towards a world
where flexible organic electronics are ubiquitous and found in all different areas of our lives.
This thesis builds upon the work of many others who have come before me and shows the
community the benefit of Bronsted-acid doping and how we can employ it in different types
of situations to dope unique classes of semiconductors. In addition, this thesis also provides
an example of how p-doped organic semiconductors can also be used to help us better
understand electron transfer processes between bacteria and their substrate by de-doping the
polymer, and concept that can be extended to nano- and micro-catalysts and reductants. A
summary of each section is provided below.
A.

Understanding the doping mechanism of CPE-K
While the importance of having a pendant sulfonate side chain in the polymer for self-acid

doping is known and recognized, the question of why it is necessary was unclear. With this
work, we bring about a much better understanding of the importance of sulfonate and its role
in the self-acid doping mechanism of CPE-K. By FTIR, we see new vibrational structures in
the backbone that are consistent with increased rotational freedom of the CPDT unit due to
protonation of CPDT, as well as a shift in the sulfonate peak, indicative of its role in stabilizing
the polaron on the backbone. In addition, from the XPS data, we see a reduction in the K 2p
peak with an increase in concentration of holes on the polymer backbone, which is consistent
with sulfonate stabilizing the hole that is formed as the potassium counterion is no longer
needed. The doping efficiency of CPE-K was also estimated, and though the doping efficiency
is low, the mobility and conductivity of doped CPE-K is high. Given also the fact that water
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is a ubiquitous solvent, CPE-K in a wide range of organic optoelectronic devices. In addition,
the findings reveal that doping of CPE-K can be reversed by both heat and addition of a base,
allowing for its use in a wide variety of applications including as a heat sensor and as a hole
transporting layer to replace PEDOT:PSS in OLEDs, organic solar cells, and organic
photodetectors. This work will help guide the synthetic design of new, highly conductive
CPEs. Specifically, from this work we show the importance of having an electron-rich
structural unit on the polymer that can be oxidized easily, as well as the necessity of having a
pendant anionic group to stabilize the resulting positively charged backbone for self-doped
polymer systems. This work also provides the experimental layout that is anticipated to
promote efforts for conducting future studies on this class of materials.
B.

Lewis acid doping
While Lewis acid doping is not a novel concept for the organic semiconductor community,

it has not been commonly employed in the last couple of decades with the discovery and use
of F4TCNQ. After the discovery that BCF can be used for doping of organic semiconductors,
interest in the area has grown. We have discovered not only that BCF dopes via formation of
a BCF-water adduct that transfers a proton to the OSC followed by single electron transfer
between a protonated and a non-protonated chain, we have also found that doping and Lewis
acid-base reactions are direct competitors to each other.
In addition, stronger boron-based Lewis acids have been found, counterintuitively, to be
worse dopants for OSCs primarily due to their inability to form stable complexes with water,
a prerequisite to doping of OSCs. This also has a negative effect on the long-term doping
stability for boron-based Lewis acids such as BCl3 and BBr3 since the doping mechanism is
an equilibrium process that allows BCl3 and BBr3 to eventually degrade.
94

C.

Using CPE-K to visualize electron transfer from bacteria
Our work has confirmed that G. sulfurreducens has the ability to transfer electrons to a

surface without the use of electrically conductive pili, lending credence to work claiming
electron transfer from G. sulfurreducens occurs mainly through direct contact with outer
membrane cytochromes or via redox-mediators such as flavins. In addition, using CPEs as
the surface onto which G. sulfurreducens was deposited has allowed for unique, single-cell
qualitative and quantitative study on the electron transfer mechanism for G. sulfurreducens
by cAFM. By visualizing how efficiently bacterium transfer electrons and some of the issues
that underlie inefficiencies in electron transfer from bacterium to the substrate, a better
understanding for how to improve the efficiency in microbial fuel cells can be obtained.
More broadly, we envision this combined use of CPEs and cAFM to be applied not only to
other electrogenic bacteria, but also to nano- and micro-catalysts, opening up new avenues
of study for electron transfer reactions on the nanoscale.
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Chapter 7 − Appendix

Figure 7-1. Schematic for preparation of G. sulfurreducens CPE-K sample
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