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ABSTRACT

Author: Hay, Martha, E. M.S.Ch.E.
Institution: Purdue University
Degree Received: Fall 2016
Title: Design of Nitroxide-Based Radical Polymer Materials for Electronic Applications.
Major Professor: Bryan Boudouris
Radical polymers represent a new class of organic electronic materials that rely on
an oxidation-reduction (redox) reaction to transport charge. That is, stable radical sites
pendant to the polymer backbone communicate electronically through a rapid oxidationreduction reaction. This redox mechanism has previously been established as effective for
charge-storage applications (e.g., secondary batteries). When applied in the solid state,
radical polymers demonstrate electrical conductivity on par with that of first-generation
conjugated polymer electronic materials. This initial success has prompted interest in
developing design rules for radical polymers. Specifically, this thesis explores the impact
of

radical

density

in

a

polymer

blend

system

of

poly(2,3-bis(2’,2’,6’,6’-

tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene) (PTNB) and its nonfunctional counter-part on electrical conductivity. An exponential decay of electrical
conductivity is established as a function of decreasing radical density, which also
corresponds to decreased proximity of radical sites. It is proposed that quantum tunneling
would support this exponential relationship, as well as the observed temperatureindependence of electrical conductivity in the radical polymer system. Moving forward,
we propose exploring the handles known to be critical in the quantum tunneling system,
and thus anticipate elucidating the impact of these handles to allow for improved design of
next generation radical polymer materials.
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CHAPTER 1. INTRODUCTION TO RADICAL POLYMERS

Electronic devices could be described as ubiquitous in today’s society, strongly
enhancing the success of many critical industries (e.g., medical, scientific, and
transportation), while also enabling more efficient and productive management of tasks at
the individual level. As the societal dependence upon, and capabilities of, electronic
devices continue to rise, it is imperative to develop reliable, high-performance, and
sustainable electronic materials. In the interest of sustainability and reduced processing
requirements (e.g., low-temperature, solution-processing), some focus in the past 30 years
has shifted from inorganic materials (e.g., silicon) to organic materials. Compared to their
inorganic counterparts,

polymers

offer compatibility with

flexible substrates,

optoelectronic tunability, earth abundance, synthetic control, light weight, and the option
for low-temperature processing.1-2 1
Within the field of organic electronic materials, focus has rested on polymers that
rely on π-conjugation to transport charge.1-3 Electrons delocalized along a conjugated
polymer backbone allow for charge transport to occur among overlapping π-orbitals, not
only along the polymer backbone, but also among neighboring polymer chains (red arrows
Figure 1.1).1, 4-7 The ordering in conjugated materials facilitates readily accessible transport
avenues; however, within amorphous domains, fewer π-orbital overlaps limit the paths for
charge transport, and, thus, the overall flux of charge (i.e., the electrical current).8-9

2

Figure 1.1 Two ordered regions of poly(3-alkylthiophene) separated by an amorphous
domain. Charge transport can occur through the delocalized electrons along a polymer
backbone, or via π orbitals of adjacent polymers (π-π stacking); note these behaviors are
designated, respectively, by the horizontal and vertical arrows. While charge transport can
still occur in the amorphous regime, it can be significantly limited due to reduction in πorbital overlap, and, thus, fewer routes for charge transport.
While radical polymers have historically been utilized as spin-labeling agents for
biomedical purposes, they have also demonstrated successes as electrode materials in
secondary batteries.10-21 Radical polymers are based on an aliphatic carbon backbone, with
stable radical sites pendant to each repeat unit (Figure 1.2); these radicals are stabilized by
steric hindrance and/or the presence of electron-withdrawing or electron-donating
groups.22 With their amorphous nature, radical polymers bypass the crystallinity
requirements common to conjugated materials. Additionally, they alleviate some synthesis
constraints common to conjugated materials. Charge is transferred between these chargelocalized sites via oxidation-reduction (redox) hopping mechanisms. Figure 3 illustrates
two amorphous radical polymer chains that can transport charge indiscriminately among
pendant sites, allowing for both inter- and intra-chain charge hopping; communication
between sites does, however, rely on a threshold degree of proximity (within 0.55 nm).23

3

Figure 1.2 Cartoon depicting two radical polymer chains, with charge transport occurring
through oxidation-reduction reactions. The black line represents a non-conjugated polymer
backbone, while the circles represent the sites of stabilized radicals, which can be reduced
or oxidized to anions or cations, respectively. In this way, charge is transferred among
radical sites via redox reactions.
In secondary battery applications, radical polymers have been shown to
demonstrate fast electron transfer kinetics, which has been attributed to the rapid forward
reaction rate constant of the redox system, on the order of 10-1 cm s-1.

11, 24-26

In the

completely amorphous solid-state, PTMA has been found to exhibit conductivity on the
order of 10-6 S cm-1, on par with that of pristine P3HT, one of the benchmarks for organic
semiconductor materials.27 Figure 1.3, reproduced from Rostro et al.,28 illustrates simply
these relative conductivity values.

Figure 1.3 Conductivity values for the radical polymer PTMA compared to standard πconjugated polymer P3HT; this image is reproduced from Rostro et al.28 The higher
conductivity values for an amorphous radical polymer compared to ordered, conjugated
materials would suggest the transport mechanism is intrinsically faster in radical polymers
than conjugated systems.
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This result demonstrates that, for their first pass as a solid-state electrical conductor,
radical polymers have performed well. However, moving forward, it is important to
consider the design constraints of the radical redox system, such that next generations of
radical polymers can be developed to further improve their performance capabilities as a
transparent, thin-film conducting material.
1.1 Thesis Overview
Chapter 1 provides an overview and discusses the context for the contribution of radical
polymers to the field of organic electronic materials.
Chapter 2 has been published as “Radical Polymers and Their Application to Organic
Electronic Devices” by E. P. Tomlinson, M. E. Hay, and B. W. Boudouris,
Macromolecules, 2014, 47, 6145 – 6158. This review paper goes more in-depth regarding
the history of radical polymers, their mechanism for charge transport and structural design
considerations, as well as their success in electrolytic and solid-state electronic devices.
Chapter 3 has been submitted as “Correlating Thin Film Radical Density with Charge
Transport in Open-Shell Conducting Macromolecules” by M. E. Hay, S. Wong, S.
Mukherjee, and B. W. Boudouris. Radical polymers have demonstrated initial success as a
solid-state conductor, but moving forward, it is important to develop design rules for these
materials. By relating the density of radical sites to electrical conductivity, we begin to
develop structure-performance relationships for radical polymers, such that we can
continue to improve upon electrical performance in future generations of these promising
materials.
Chapter 4 discusses the future outlook of radical polymers and specific projects thath
would build from the results of Chapter 3.
1.2 References
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Organic Solar Cell Applications. Chem. Rev. 2009, 109, 5868-5923.
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Tanase, C.; Meijer, E. J.; Blom, P. W. M.; de Leeuw, D. M. Local Charge Carrier
Mobility in Disordered Organic Field-Effect Transistors. Org. Electron. 2003, 4, 33-37.
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8.
Zhang, Q.; Sun, Y.; Xu, W.; Zhu, D. Organic Thermoelectric Materials: Emerging
Green Energy Materials Converting Heat to Electricity Directly and Efficiently. Adv.
Mater. 2014, 6829-6851.
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CHAPTER 2. RADICAL POLYMERS AND THEIR APPLICATION
TO ORGANIC ELECTRONIC DEVICES

The content from this chapter has been reprinted with permission from:
E. P. Tomlinson, M. E. Hay, and B. W. Boudouris, Macromolecules, 2014, 47, 61456158. Copyright 2014 American Chemical Society.
2.1 Overview
Macromolecules bearing stable radical groups have emerged as extremely useful
active materials in organic electronic applications ranging from magnetic devices to
flexible batteries. Critical to the success of these open-shell polymers has been the readilytunable nature of their molecular architectures; this important molecular structureproperty-performance design paradigm has allowed for significant device performance
metrics to be achieved. In this Perspective, the recent advancements regarding the design
and device functionality of a common class of open-shell macromolecules, radical
polymers, are discussed. Here, radical polymers are defined as macromolecules with
saturated carbon backbones, whose optoelectronic functionalities arise due to the presence
of stable radical sites on the pendant groups of macromolecular chains. This class of
materials provides a unique platform for the design of unique optical and electronic
properties in soft materials; however, as with many organic electronic materials,
transitioning these gains from the laboratory to the commercial-scale remains a primary
challenge. As such, we provide context for the significant accomplishments that have been
made in the field, describe how these advances have been translated to high-performance
devices, and discuss future areas of evaluation for these next-generation polymer electronic
materials.
2.2 Introduction
Polymers with optical and electronic functionalities have been of increasing interest
due to the capability of these soft materials to complement, or potentially replace, their
inorganic counterparts in applications where flexible, mechanically-robust devices are
desired.1-4 Furthermore, the ability to impart tailored functionalities to these polymers, by
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synthetically altering their chemical constituents, affords scientists and engineers the
opportunity to refine macromolecular architectures for optimized device performance.5,6
This type of optimization has led to high-performance devices in a number of organic
electronic applications (e.g., polymer semiconductors possessing mobility values greater
than 5 cm2 V-1 s-1 in field-effect transistor geometries and polymer-based solar cells with
power conversion efficiencies greater than 10%).7-10 To date, the majority of the effort
regarding these promising macromolecules has focused on polymers with a closed-shell
electronic valence structure, and with a high degree of π-conjugation along the polymer
backbone (i.e., π-conjugated polymers).11-13 This focus has been with good merit, as the
highest-performing polymers for organic electronic applications have been those with large
degrees of conjugation along their backbones, and the underlying physical phenomena that
allow for these materials to perform well have been discussed in detail elsewhere.14-18
However, these electronically-active polymers are not limited to this one set of
functional materials. Another design manifestation is that of non-conjugated oxidationreduction-active (redox-active) polymers.19-21 While many types of redox-active polymers
have played important roles in a variety of organic electronic applications, radical polymers
are an emerging subclass of these redox-active polymers that are solely organic in nature,
in contrast to many metal-containing redox-active polymers.22-24 Although this perspective
is focused solely on organic polymers, efforts regarding metal-containing redox polymers,
which often include a ferrocene group, have been well-documented.25-26 Importantly, these
redox-active macromolecules exhibit promising properties as well, and offer a unique
pathway forward in the design and implementation of novel materials. In this Perspective,
the term radical polymer is defined as a macromolecule with a non-conjugated backbone
and with stable radical groups that are pendant to this non-conjugated macromolecular
backbone. We note that this definition is distinctly different than the more oft-used term
radical polymerization, which is used to describe a common synthetic methodology for the
creation of any number of functional homopolymers and copolymers. Furthermore, this
limited definition excludes other important classes of macromolecular materials with openshell systems (e.g., polyradicals); however, the designs and applications of these functional
materials previously have been described and summarized excellently.27-30 We restrict the
discussion here because the radical polymers that will be discussed offer distinct
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advantages over many commonly-used polymer electronic materials. Included in these
advantages are the: 1) ready synthesis, in relatively large quantities, of radical polymers
using common, and often controlled (e.g., atom transfer radical polymerization (ATRP),
reversible addition-fragmentation chain transfer (RAFT) polymerization, and anionic
polymerization) polymerization mechanisms; 2) fact that radical polymers can be
generated without the need for metal catalysts, which can alter the electronic properties
and device stability of organic electronic materials greatly; and 3) ability to generate holetransporting (p-type) and electron-transporting (n-type) radical polymers in quick order
through selective tuning of the functional pendant groups.31-35 Because of these types of
advantages, radical polymers have the ability to play a strong role in a number of important
organic electronic applications.
2.3 Fundamental Charge Transport Characteristics of Radical Polymers
Central to the electronic functionality of radical polymers are the stable pendant radical
groups along the backbone of the polymer.36 In order to ensure that these species are longlived, the unpaired electrons are stabilized in radical polymers either by bulky substituent
groups or through substituent groups that contain a substantial degree of conjugation in the
pendant group.23 Therefore, molecular architects must design the pendant groups of these
radical polymers such that they are reactive enough to undergo rapid charge transfer
reactions for high-performance electronic functionality, but stable enough to withstand the
relatively harsh conditions associated with device operation. However, it should be stressed
that this inherent balance between reactivity and stability is an important consideration in
both

open-shell

and

closed-shell

(e.g.,

π-conjugated)

optoelectronically-active

macromolecules and is not unique to radical polymers.37-39 The design of these pendant
radical groups is of great import because the ability of radical polymers to transport charge,
both in electrolyte-based and solid-state devices, relies on the unpaired electron on the side
chain of the macromolecule. The large amounts of unpaired electrons, which are present
on nearly every single repeating unit of the polymer chain, are capable of undergoing
simple and reversible redox reactions.40-43 That is, upon the creation of a high density of
stable radical sites, the intramolecular and intermolecular charge transport occurs through
a one-electron transfer of valence shell electrons that does not result in the breaking or
formation of chemical bonds. For example, the nitroxide functionality is oft-used in radical
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polymer systems, and a single pendant group of a radical polymer chain is shown in Figure
2.1.44-46 This structure can undergo an oxidation reaction to form the oxoammonium site
or be reduced to form the aminoxyl anion. Due to the unstable nature of the radical and
ionic sites, these electron exchange reactions between neighboring pendant groups occur
in a rather facile manner, if the radical sites are in close enough proximity for the reaction
to occur.47

Figure 2.1 Representative reactions possible for a nitroxide functionality on a radical
polymer. From the stable radical form (center), the functional group on the pendant group
of the non-conjugated polymer may undergo either oxidation to form the oxoammonium
cation species (right) or reduction to form the aminoxyl anion species (left). The R and R’
groups on either side of the nitroxide functionality must contain either a large degree of
conjugation or bulky substituents in order to stabilize the radical species.
While this redox-active behavior is present both in electrolyte-supported systems
and in solid-state devices, the mechanism by which charge can be passed does vary
between the two. For instance, the typical nanoscale picture envisioned for charge transport
in electrolyte-supported systems is one where self-exchange reactions between the stable
pendant radical groups occurs through a series of oxidation-reduction reactions. This type
of transport necessarily is guided by a gradient in radical density, and this type of
mechanism has proven to be of high value in applications such as flexible batteries.48 On
the other hand, solid-state charge transport is thought to occur through an electric fielddriven mechanism, in a manner akin to many disordered π-conjugated semiconductors that
lack crystalline domains. Here, application of an external electric field promotes the
injection of a charge onto the polymer chain from an electrode, and this charge
subsequently is transported from neighboring radical site to neighboring radical site. In
either instance, the design of the radical polymer macromolecular architecture must be
tuned to optimize the properties of the material for the desired performance during device
operation.
2.4 Molecular Design Considerations for Radical Polymers
One of the most enticing advantages of radical polymers is the ability to alter the
molecular properties of the materials with synthetic ease, relative to their conjugated
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polymer counterparts. That is, the functionality of radical polymers can be altered without
the employment of complicated synthetic pathways, and the syntheses of the actual radical
polymers occurs using well-known polymerization mechanisms that are controlled,
reproducible, and scalable. In fact, multiple groups have demonstrated the synthesis of
radical polymers with controllable molecular weights across wide ranges (10 kg mol-1 <
Mn < 100 kg mol-1) and narrow molecular weight distributions (Ð ≤ 1.3) using anionic
polymerization,34, 49-50 ATRP,32, 51 ring-opening metathesis polymerization (ROMP),48, 5253

and RAFT polymerization mechanisms.35-36 In the majority of these instances, the

pendant stable radical group is not present during polymerization, in order to prevent side
reactions associated with the pendant groups; however, results have demonstrated that
clever control of the pendant group and reaction conditions do allow for the polymerization
of radical-bearing monomers using anionic polymerization conditions.49 In the more oftoccurring cases, a protected version of the radical polymer repeating unit is polymerized,
and the protected, electrically-insulating species is converted to the electronically-active
radical polymer through oxidation of the protected group in a post-polymerization
functionalization reaction step. Importantly, the exact reaction conditions for this oxidative
functionalization step affect greatly the number of radical species on the macromolecular
chains and also can dictate the exact oxidation state of the side chain moiety. For example,
our team demonstrated recently that the deprotection reaction can oxidize the pendant
group beyond the stable radical species and to a cationic group with relative ease.36
Therefore, extreme care must be implemented during the conversion of radical polymers
to an electronically-active species. If these steps are approached in the appropriate manner,
however, nearly any type of macromolecular architecture is possible in radical polymers,
and this allows for the tunability of macromolecule performance.
Critical to the performance of radical polymers are the: 1) stable radical functionality
selected for the designer macromolecule and 2) macromolecular backbone and linking
groups selected (Figure 2).22-23 Clearly the chemical identity of the radical group pendant
to the macromolecular chain is of large import as it will dictate both the thermodynamic
charge transport energy level and the kinetics associated with the charge transfer exchange
rate, both in electrolyte-supported and solid-state organic electronic devices. Fortunately,
the wealth of information regarding the electrochemical properties and stability of small
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molecule radical species can be translated readily to the realm of radical polymers due to
the highly-interchangeable nature of the pendant groups with respect to the
macromolecular backbones of the radical polymers.54-56 For instance, as depicted in Figure
2, sterically-hindered, but non-conjugated, stable radical groups [e.g., groups akin to
(2,2,6,6-tetramethyl-piperidin-1-yl) oxidanyl (TEMPO)] tend to be more easily oxidized
than reduced and tend to be hole-transporting (p-type) materials. These pendant groups
also tend to have the singularly occupied molecular orbital (SOMO) energy level of their
lone electron removed further from the free vacuum energy level than electron-transporting
materials; that is, the SOMO energy level for the hole-transporting radical groups shown
in Figure 2.2 generally are arranged between 5.0 eV and 5.5 eV removed from vacuum.
Conversely, pendant groups with a higher degree of electron delocalization tend to be more
readily reduced and primarily are electron-transporting (n-type) materials. In turn, the
SOMO level of these materials is found to reside in the range of 3.8 eV and 4.8 eV removed
from vacuum. Therefore, simple alteration of the chemical functionality along the pendant
groups can alter both the charge transport type and absolute position of the transport energy
levels.23,

43

Both of these factors play critical roles in the device operation of both

electrolyte-supported and solid-state systems.

13

Figure 2.2 Schematic representation of a radical polymer where the red circles represent
the stable radical groups on the side chains of the non-conjugated, flexible backbone. This
backbone is depicted as a blue line. Oft-used pendant stable radical groups for holetransporting (left side) and electron-transporting (right side) are shown. Furthermore,
common radical polymer backbone architectures are drawn. In these chemical structures
the R group represents where the attachment of the radical-bearing moiety would occur in
the radical polymer. Here, TEMPO is the abbreviation for (2,2,6,6-tetramethyl-piperidin1-yl)oxyl and PROXYL is the abbreviation for 2,2,5,5-tetramethyl-1-pyrrolidinyloxy.
PTMA is the abbreviation for the radical polymer poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate), and PGSt is the abbreviation for poly(4-(2,6-di-tert-butyl-α-(3,5-di-tertbutyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy)styrene).
While the non-conjugated backbones depicted in Figure 2.2 highlight the
electronically-insulating carbon-carbon bonded repeating units, the nature of the radical
polymer backbone can dictate important processing parameters (e.g., the glass transition
temperature of the polymer), which, in turn, affects the polymers’ performances when they
are implemented into organic electronic devices. Importantly for device applications, the

14
backbone architecture dictates the solubility of the radical polymer; however, it must be
stressed that the stable radical group does tend to increase the polarity of the overall radical
polymer relative to the closed-shell macromolecular analog. Furthermore, the bulky and
polar side groups associated with radical polymers lead to polymers with glass transition
temperatures significantly higher than those observed for more common polymeric
materials (i.e., the glass transition temperature of many radical polymers is near 200 °C).57
While this relatively high flow temperature allows radical polymers to be used in a variety
of applications, it does impact the mechanical properties and thin film formation ability of
radical polymers for solid-state devices.
As with many other non-conjugated polymer systems, the tacticity of the pendant
groups relative to the radical polymer backbone impacts the properties of these materials.
In fact, a recent result demonstrated that the tacticity of group transfer-polymerized PTMA
can influence the electrochemical properties of the radical polymer greatly.57 In this effort,
it was determined that group transfer polymerization produced PTMA chains containing
84% isotactic triads, 12% heterotactic triads, and 4% syndiotactic triads. Importantly, these
different microstructural environments lead to distinctly unique spectroelectrochemical
properties, which could affect greatly the reported performance of the radical polymers
when implemented into electrolyte-supported energy storage devices. Therefore, this type
of macromolecular tacticity control must be evaluated when considering the potential
functionality of radical polymers in organic electronic devices.
This microstructural arrangement also plays a role in the local environment of the
radical polymers when incorporated into devices because charge transport does not occur
along pathways of conjugation. Instead each radical site must be in close proximity for a
charge transport (i.e., “hopping”) event to occur. In fact, recent modeling and molecular
dynamic simulation results have quantified the length scale of interest with respect to the
charge transport ability of radical polymers.56 Specifically, the simulations were able to
predict an effective charge transfer length of 0.55 nm for PTMA. Importantly, the results
also demonstrated that nearly 85% of all charge transfer events occurred between stable
radical groups on different macromolecular chains. This result corresponds well with the
fact that each pendant group is electronically-isolated from the next neighboring group,
independent of whether it is an intramolecular or intermolecular neighbor. And, given the
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statistics of having many macromolecular chains explore different configurations in the
melt, it is not surprising that locating a neighbor within 0.55 nm of the pendant group occurs
at a greater frequency with respect to interchain transport. Therefore, these computational
models predict that if the distance between adjacent stable radical sites could be reduced,
the macroscopic transport properties could be improved. This, in turn, is a powerful insight
for macromolecular chemists. Furthermore, this unique charge transport characteristic of
radical polymers separates them greatly from most conjugated polymeric materials, and
opens a different pathway of thought with respect to how to optimize the molecular
structure of the materials for organic electronic devices.
In addition to the wide range of design architectures that are possible for homopolymers
bearing stable radical groups, the compatibility of radical polymer synthetic methodologies
with those observed for more common non-conjugated polymers have allowed them to be
utilized in a range of synthetic protocols. Included in these synthetic schemes are: 1) the
copolymerization of radical polymer repeat units with ionic-bearing repeating units (e.g.,
vinyl sulfonic acid) in order to produce self-doping materials;59 2) the grafting of radical
polymers from the side chain of conjugated polymers and carbon nanotubes for the purpose
of increasing the optoelectronic properties of more oft-used conjugated semiconducting
polymers and carbon nanotube materials;60-63 and 3) the synthesis of radical polymercontaining block polymers for improved organic electronic applications.64-66 In one
example of this third class of synthetic schemes,65 an atom transfer radical polymerization
methodology was used to synthesize the poly(2,2,6,6-tetramethyl-4-piperidinyl
methacrylate) (PTMPM) moiety. This chlorine-capped PTMPM chain was then utilized as
a macroinitiator for the polymerization of polystyrene (PS). After formation of the twoblock macromolecule, the diblock polymer was treated with an oxidizing solution to
convert the first moiety to a radical-bearing species. In this way a PTMA-PS diblock
polymer was generated in a relatively straightforward manner. In this work, the researchers
were able to tune the overall molecular weight of the block polymers between ~10 kg mol1

and ~35 kg mol-1 while keeping the dispersity relatively narrow (Ð < 1.26) in all cases,

assuming that the oxidation conditions were controlled appropriately. In a subsequent
effort to this initial report, the same team was able to demonstrate that these PTMA-PS
block polymers could adopt self-assembled structures when dissolved in a battery
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electrolyte solution.66 Specifically, the block polymers were dissolved directly in the
electrolytic solution and, due to the chemical dissimilarity between the two blocks, formed
micelles in the solution where the PS phase served as the core and the PTMA moieties
served as the corona. These micelles were found to be ~30 nm in diameter both in the
electrolyte solution and in the solid state after being cast onto a silicon dioxide substrate
(Figure 2.3). These key findings demonstrate the important points that radical polymers
lend themselves readily to copolymerization with other vinylic monomers, and that they
can self-assemble readily into microstructures oft-associated with coil-coil diblock
polymers.67-69 Both of these aspects have been non-trivial to accomplish in the world of πconjugated block polymers.70-73 As such, radical polymers based on non-conjugated
polymer backbones hold the promise of generating useful self-assembled, nanostructured
materials for organic electronic applications.

Figure 2.3 Atomic force microscopy (AFM) image of PTMA-PS micelles after being cast
onto a silicon dioxide substrate, showing their ~30 nm diameter size. In some instances the
micelles are isolated and in others there are groups of micelles that have aggregated. These
nanostructured radical polymer-containing micelles were used subsequently for energy
storage applications. Reproduced with permission from Reference 66. Copyright 2013 of
Wiley-VCH Verlag GmbH & Company KGaA, Weinheim.
In addition to the synthesis of radical polymer-containing copolymers, the community
also has been able to demonstrate the synthesis of radical polymers from both inorganic
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and organic substrates using controlled polymerization reaction conditions.32,

74-75

For

instance, PTMA brushes have been initiated from the surface of flexible conducting
substrates [e.g., tin-doped indium oxide (ITO) deposited on poly(ethylene terephthalate)
(PET)] with the appropriate placement of ATRP initiating groups. This tethering of the
macromolecular chains to the surface prevented the dissolution of PTMA into the organic
electrolyte solvents associated with a battery and allowed for the radical polymer to have
improved electrochemical properties in device operation.75 Continuing along this line of
work, the same research team was even able to initiate the growth of PTMPM, which was
converted to PTMA subsequently, through the modification of a polypyrrole (PPy)
template. In this work, the nitrogen contained within the conjugated backbone of the
polypyrrole ring was substituted in such a manner that it was able to be converted to an
ATRP initiating agent as well. Because the PPy layer had been electropolymerized into a
three-dimensional pattern, this strategy yielded a microporous polypyrrole material that
had PTMA selectively coated at the edges of the template (Figure 2.4).51

Figure 2.4 More AFM Scanning electron microscopy (SEM) image of a microporous (the
porous regions appear as dark circles) polypyrrole-based film that had been templated
through the selective electropolymerization of pyrrole through a sacrificial template (gray
regions). The chemical functionality of the polypyrrole was altered such that it could serve
as a solid-state initiating site for the ATRP-mediated growth of PTMPM, which was
subsequently converted to PTMA. Because of the patterning of the film, the PTMA appears
only at the edges (i.e., in a hexagonal pattern) of the templated polypyrrole (bright regions).
The scale bar represents 1 µm. This figure has been reproduced with permission from
Reference 51. Copyright 2012 of Wiley-VCH Verlag GmbH & Company KGaA,
Weinheim.
These two examples demonstrate well the synthetic flexibility associated with the
electronically-active radical polymers, and the wide number of techniques that can be used
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to generate nanostructured materials for a variety of applications. These types of synthetic
and patterning techniques also can be achieved with conjugated polymer systems; however,
the degree of difficulty associated with the radical polymers is lowered significantly thanks
to the plethora of knowledge regarding the controlled synthesis and nanostructuring of
vinylic monomers in the polymer literature. These benefits have allowed radical polymers
to make significant inroads in both electrolyte-supported and solid-state organic electronic
devices, and the progress on both of these promising points is summarized below.
2.5 Design and Implementation of Radical Polymers in Electrolyte-Supported
Applications
Radical polymers were first identified for their advantageous qualities as active
electronic materials through application in organic batteries, and this application has served
as the driving force for their development over the past 20 years.22-24,

76

Given the

remarkably fast oxidation-reduction kinetics and high operational stability of radical
polymers, they naturally lend themselves to be utilized as electrode materials in secondary
batteries (i.e., a system where charging and discharging rates and cyclability are of great
import), where redox reactions govern many of the important device performance
parameters (Figure 2.5a).44, 77-83 Furthermore, the solution-processable nature of radical
polymers allows them to be fabricated in manners that are consistent with low-cost
operations (e.g., roll-to-roll processing).59-61 Additionally, their flexible nature (Figure
2.5b) and carbon-based composition allows them to serve as lightweight, flexible electrode
materials.22,

78, 84

Specifically, numerous studies have demonstrated that these radical

polymer systems have a rapid electron transfer rate, and that radical polymer-based
electrodes can undergo repeated cycling with minimal hysteresis. This confirms the
reversibility and durability of the pendant radical group in undergoing oxidation and
reduction reactions.
In addition to all of these readily-tangible benefits, radical polymers have other
advantages over traditional polymer-based electrode materials. First, the high degree of
synthetic suppleness associated with radical polymers allows for both anodic (n-type) and
cathodic (p-type) materials to be designed and applied in a very rapid manner. Second,
each of the redox-active sites in radical polymers is isolated distinctly from one another.
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Figure 2.5 (a,c) Schematic representation of the charging and discharging operations of a
radical polymer-based battery. Here, the free charges represent the cations and anions
present in the electrolyte solution. The larger positive and negative charges, which are also
drawn as being connected to the radical polymer backbone, indicate sites on the radical
polymer that have been oxidized or reduced during the operation of the battery. The lone
dots present in the circles of the pendant groups of the radical polymer chains represent
stable radical groups that have not participated in an oxidation-reduction reaction. In this
example, the cathode (pink) possesses more radical sites to accommodate electron transfer,
whereas the anode (green) limits the overall storage capacity of the battery due to its lower
radical density. (b,d) Images of a functioning radical polymer-based battery in the charging
and discharging states. In addition to illustrating the flexible nature of polymeric batteries,
this image showcases the unique optical properties of radical polymers. The difference in
optical absorption between the galvinolate anion and galvinoxyl radical, present in charged
and discharged states, respectively, is apparent. Figure 2.5b and Figure 2.5d were
reproduced from Reference 76.
Clearly, this is different from the behavior of redox-active conjugated
macromolecules, and this feature allows for a higher degree of charge stored on each one
of the radical polymer chains relative to a conjugated polymer with the same number of
repeat units. These key advantages have resulted in the realization of completely organic,
flexible batteries at the academic and industrial levels.85-86 As such, it appears that the
commercialization of radical polymer-based batteries is on the very near horizon.
In order to evaluate how radical polymers have reached this level of success, it is
important to base the discussion from more traditional electrode materials. And, while
organic materials offer several advantages over their inorganic counterparts with respect to
their performance as battery electrodes (e.g., flexibility, recyclability, and synthetic
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availability),22, 78, 84 few organic materials have led to sustained battery technologies. This
can be attributed to the stringent demands associated with battery electrode materials, in
terms of charge storage capacity, charge transfer rate, and operational stability in relatively
harsh chemical and thermal conditions. Among the more successful conjugated polymer
systems are polyaniline and polypyrrole.22 These polymeric materials have available redox
sites along the conjugated backbone. Oxidation and reduction reactions result in doping to
either the cation or anion form of the polymer, respectively, and a corresponding shuttling
of an electron. The degree to which the material can be doped directly governs capacity
(i.e., more charge can be stored in the charging state), as well as the energy density.31
Doping level can serve as a constraint to capacity, with conjugated materials commonly
exhibiting doping levels between 10 – 50% (limiting charge storage to 1 per every 2-3
polymer repeat units).87 While exceptional results in the Lutkenhaus group of 80-90%
doping for polyaniline and poly(dithienopyrrole) derivatives have challenged the state-ofthe-art,88-89 typically higher doping levels are achieved at the expense of chemical stability,
leading to side reactions and polymer breakdown.
Radical polymers, on the other hand, overcome these issues as they possess distinct
redox sites that remain isolated. In this manner, the electrical conductivity and stability
issues do not arise unless the radical sites are within a threshold proximity for intergroup
communication (d ~0.55 nm).57 This isolation of radical sites can be accomplished readily
in practice through proper design of the radical polymer, and proper selection of the
supporting electrolytic solution to be used in the radical polymer battery. Therefore, the
pendant sites are able to support readily a theoretical charge loading up to 1 charge per
pendant site without suffering instability issues because the radical sites are uniquelyisolated and well-stabilized. As such, radical polymers have been able to make a large
impact on flexible energy storage device research because they couple the known synthetic
benefits of macromolecular materials, while raising the standard for applied performance
(e.g., capacity and energy density). As such, they are positioned to advance polymer-based
energy storage to the commercial level.
The implementation of radical polymers in organic radical batteries (ORBs) has been
reviewed excellently and in great detail recently.22, 40 As such, we direct readers interested
in a detailed review of the operational mechanisms and design considerations specifically
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for ORBs to References 22 and 40. Here, we will highlight two aspects regarding the
molecular design of radical polymers and how tuning of these parameters has allowed
radical polymers to advance the state of energy storage devices. That is, in addition to large
specific energy values, long cycle lives, large coulombic efficiencies, low self-discharge
values, and high chemical stability, two aspects are of great import for functional
rechargeable batteries, and these are the theoretical capacity and the charging and
discharging rates (i.e., the C-rate of the battery). Because capacity is mass-based, it is
intuitive that the theoretical capacity is directly proportional to the number of charges that
can be stored on an individual repeat unit and inversely proportional to repeat unit
molecular weight, which can be altered relatively easily using radical polymers. That is, by
decreasing the distance between redox sites (δav), more sites for charge storage are available
in a given mass of material (i.e., the radical site density per a unit of volume can be
increased in a straightforward manner). One specific study showed the impact of repeat
unit molecular weight on the theoretical capacity through substitution of a nitroxide radical
functionality as the repeat unit into a handful of macromolecular backbones, including
polyether, polyacetylene, polynorbornene, cellulose, polythiophene, and polyalkene
(Figure 2.6).34 In one of the more standard cases, the theoretical capacity of PTMA was
confirmed to be 111 mA h g-1, which is roughly a factor of ~1.5-2 lower than the theoretical
capacities of emerging inorganic lithium-based cathode materials (e.g., LiFePO4 and
LiCoO2). However, the theoretical capacity of the radical polymer was tuned in order to
better reflect values found commonly in inorganic electrode materials. In particular, an
unsaturated PROXYL functionality, which contains a five-membered cyclic nitroxide, was
coupled to a poly(ethylene oxide)-like (PEO-like) backbone through a single carboncarbon bond. This combination of a small molecular weight radical group and a small
repeat unit molecular weight lead to a material with a theoretical capacity of 147 mA·h·g1 32

. This example highlights just one of the synthetic handles for tailoring of fundamental

electrode metrics through the molecular design of radical polymers, and it is the reason
why these materials hold such promise in future energy storage applications. However, it
should be stressed that the practical capacity values of radical polymers achieved in fully
functional batteries generally are only ~50% of the theoretical capacity values predicted.
This is due to the fact that the electrical conductivity of radical polymers is relatively low;
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therefore, a large amount of conducting additives and polymeric binders are added to the
radical polymer electrodes in order to conduct the stored charge to the current collection
layers in the battery during practical operation. These materials add to the mass of the
radical polymer-based electrodes while providing no additional redox-active sites.
Therefore, improving the electrical conductivity of radical polymers could prove to be of
immense utility in augmenting the practical capacity of radical polymers to their theoretical
capacity values.

Figure 2.6 The relationship between theoretical capacitance of radical polymers and the
distance between redox-active sites in the radical polymer (δav). In order to increase the
theoretical capacity of radical polymers, the density of radical sites may be increased by
decreasing the spacing between pendant radical groups or by increasing the number of
oxidation-reduction reactions that are stabilized on a single pendant group. Furthermore,
the theoretical capacity of the radical polymers can be increased if the molecular weight of
the macromolecular backbone and linking group that tethers the pendant radical group to
the main chain of the polymer both can be minimized. This figure was reproduced from
Reference 34.
While radical polymers still require enhanced molecular design in order to meet the
current state of the art in terms of capacity, the endeavor is worthwhile given the
remarkably fast charging and discharging rates. This is an ever-increasingly important
parameter for battery materials as portable energy storage devices continue to permeate
society.85,90 Typically, the charging and discharging rates are quantified by the C-rate,
which is a measure for the amount of charge that needs to pass such that the battery is
charged within a given period of time. For instance, a charging rate of 1C corresponds to a
complete charge in 1 h, and a charging rate of 0.5C corresponds to a charging rate of 2 h.
In general, many inorganic electrode materials have charging values at 0.1C – 0.5C,
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indicating that it requires 2 h – 10 h of charging to reach full battery capacity.91 On the
other hand, radical polymer-based batteries easily can have charging values of 10C – 50C,
and this is part of the future promise of radical polymer-based energy storage systems.92-93
The rate of charging is directly related to the molecular structure of the radical polymer.
For instance, the TEMPO-like repeat unit of PTMA showed charge transfer rates on the
order of 10-1 cm s-1, compared to 10-8 cm s-1 for redox couples of organic disulfides,94-96
the previous standard for organic cathode materials. Complementary to faster transfer
kinetics, the redox-active pendant groups of radical polymers are accessible for fast counter
ion transfer when supported by an electrolytic solution, which minimizes diffusion
constraints during battery charging and discharging.84, 86, 97-99 This is a common issue for
conjugated and inorganic electrode systems, and the fast counter-ion transport contributes
to the higher rate of charge transport in radical polymer systems relative to the two more
commonly-implemented materials classes.100-101 Therefore, the synthetic design principles
included in future generations of radical polymers must be sure to include this important
feature.
Finally, it must be stressed that the synthetic handles of radical polymers are so broad
that researchers are able to design both p-type and n-type radical-bearing macromolecules
with ease. Therefore, it is possible to have either an anode (using n-type radical polymers)
or a cathode (using p-type radical polymers) composed of a radical polymer material in
flexible energy storage devices. While the majority of studied radical polymers have been
found to exhibit p-type behavior, there also exist a number of readily-synthesized n-type
polymers. As such, it is anticipated that, because the proof-of-concept for radical polymerbased electrodes in battery systems was demonstrated first with cathode materials, future
research will focus on simultaneously developing complementary anodic materials.102 In
fact, on certain occasions, it has been demonstrated that both electrodes can be composed
of radical polymers to generate a battery that is almost entirely composed of radical
polymer materials. The first example of this type of secondary battery relied on the stable
n-type

radical

polymer,

poly(4-(2,6-di-tert-butyl-α-(3,5-di-tert-butyl-4-oxo-2,5-

cyclohexadien-1-ylidene)-p-tolyloxy)styrene) (PGSt), for the anode, combined with a
PTMA cathode, while NaCl was utilized as the electrolyte.103 While initial performance
values were lower than may have been hoped, this initial demonstration proved the utility
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and promise of all-radical polymer electrodes in energy storage devices. Furthermore, the
synthesis and application of ambipolar radical polymers could significantly reduce
fabrication complexity, as well as simplify selection of the electrolyte. That is, more
advanced battery design and simplistic processing can be achieved through the use of a
single polymeric electrode material. To this end, nitronyl-nitroxide-based radical polymers
have been characterized as ambipolar macromolecular materials.86,

94, 103

Furthermore,

upon implementation of this material as both the cathode and anode layers of battery
devices, they surpassed the practical capacity of comparable radical polymer batteries
composed of different radical polymers at the electrodes. In fact, the ambipolar battery had
a capacity of 67 mA h g-1 (Figure 2.7) while the more standard system had a capacity of 38
mA h g-1.33 This capacity value does need to be increased greatly in order to compete with
currently-used inorganic electrode materials, but the easily-tailored features of radical
polymers offer a solid handle by which macromolecular designers can tune these future
electrode materials for energy storage devices.
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Figure 2.7 Charge and discharge curves for nitronyl nitroxide-based cathode (and anode).
This radical polymer can achieve the same magnitude potential when applied as either the
(a) cathode (or (b) anode, demonstrating its capabilities as an ambipolar material. While
the cathode configuration yields a higher capacity (~65 mA h g-1 compared to ~55 mA h
g-1) than the anode Materials with such properties as the ambipolar nitronyl nitroxide
radical allow for completely organic electrode materials to be fabricated from a single
polymer, simplifying fabrication requirements. These data are reproduced from Reference
33.
2.6 Application of Radical Polymers in Solid State Organic Electronic Devices
While the majority of early applications regarding radical polymers have been
based on electrolyte-supported devices, a large number of emerging applications require
charge transport to occur in the solid state.6, 104-106 In the first reported demonstration of a
solid-state device application, pioneering work from the Nishide group highlighted the
ability of radical polymers to serve as the active layers in a flexible memory device. 43, 107108

In the first of these examples,43 these radical polymer-based memory devices were
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constructed by implementing a device architecture consisting of three distinct, yet still
solution-processed, organic layers; this was achieved through careful selection of
orthogonal solvents for coating of each of the upper two organic layers. The first of these
layers was that of the p-type polymer PTMA, which was coated on top of a tin-doped
indium oxide (ITO) anode. The second layer was coated onto the PTMA layer and was
composed of the ferroelectric polymer poly(vinylidene fluoride) (PVDF). Finally, the ntype polymer PGSt was coated as the final polymeric layer prior to thermal evaporation of
an aluminum top contact, which served as the cathode in the device. This yielded a final
device structure of ITO/PTMA/PVDF/PGSt/Al.43 With this device geometry, holes are
injected from the ITO contact to oxidize the nitroxide radical site in PTMA resulting in a
cation pendent group. In a similar manner, electrons are injected from the aluminum
contact to reduce PGSt radical sites, and, thus form anion sites within the PGSt functional
groups.43, 107 Recombination of the positive and negative charges is prevented in the center
of the device by the insulating PVDF layer, which blocks charge transport. 43 In fact, the
injection of charge allows for the polarization of the ferroelectric PVDF layer and, in turn,
provides a means by which to allow for the remembered polarization state in this layer.
This remembered state allows the entirety of the device to serve as a non-volatile memory
element that can be programmed at a relatively high applied voltage (Vwrite) and read at a
relatively low applied voltage (Vread). Of course, the element can be erased with the
application of a bias (Verase) that has a large enough magnitude and a polarity opposite to
that of the writing bias. As shown in Figure 2.8, application Vwrite < –5 V allows for
programming of the electrode from the OFF state to the ON state. Then, the radical
polymer-based memory device can be read at any voltage –5 V < Vread < 0 V prior to being
erased at Verase > 0 V. Importantly, the ON to OFF ratio of the current density remained
above 103 for more than 50,000 cycles. Furthermore, the low programming and reading
voltages associated with the device coupled with the thin film, lightweight nature of the
devices, make the radical polymer-based memory elements promising systems for portable
memory applications.
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Figure 2.8 Current density-voltage response of an ITO/PTMA/PVDF/PGSt/Al memory
device. Notice that the device is in the OFF state at low applied electric fields (Step 1) until
the programming voltage of Vwrite < –5 V is reached. At that point, the current density
increases by a factor of ~10,000 to take the device into the ON state (Step 2). This state
persists (Step 3) until the device is erased in Step 4. The high ratio of the current density in
the ON state to the OFF state is a valuable feature of this memory device. These data are
reproduced from Reference 43.
This initial success demonstrated well the promise of radical bearing molecules in
organic electronic devices; however, the fundamental solid-state charge transport
parameters of radical polymers have not been discussed in the literature until very
recently.109 To this end, our team has characterized the conductivity and hole mobility of
the oft-used radical polymer, PTMA.35-36, 110 From these measurements, it was established
that, despite being completely amorphous in the solid state, PTMA exhibits electrical
characteristics similar to commonly-used pristine (i.e., not doped) π-conjugated
semiconductors [e.g., poly(3-hexylthiophene) (P3HT)].35,

111

That is, the electrical

conductivity of PTMA was shown to be on the order of 10-5 S cm-1 and the mobility was
determined to be ~10-4 cm2 V-1 s-1.35-36, 111 This value of the electrical conductivity is
substantial given the simplistic and controlled synthesis of PTMA relative to many other
semiconducting polymers (aside from those materials synthesized via some emerging and
some more well-established (i.e., the Grignard metathesis (GRIM)) polymerization
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mechanisms).112-114 Due to the amorphous nature of the radical polymers in the solid state,
above a threshold molecular weight requisite for high film quality, thin film conductivity
values were independent of molecular weight. This is in direct contrast to most conjugated
conducting polymers,35 and can be explained fairly readily.35, 115-116 First, because each
radical unit is electronically-isolated from other units, both on its own chain and on
neighboring chains, there is no potential for increased conjugation length with increasing
chain length, as seen in conjugated semiconductors. Second, the amorphous nature of the
radical polymer thin films means that there is no potential for increased levels of
crystallinity in the polymer thin films at higher molecular weights, which is observed
frequently in semicrystalline polymer systems.116-117 As such, it is not the molecular weight
of the radical polymer that dictates its charge transport ability in the solid state. Rather it is
the ability for one radical site to interact with another radical site in a manner that allows
for the oxidation-reduction reaction to propagate from the injecting contact through the
thin film and to the extracting contact.
This hypothesis is confirmed by simulating an increase in the radical site density of a
PTMA thin film through the introduction of a small molecule stable radical. In this
example, the small molecule analog to the PTMA pendant group, 2,2,6,6tetramethylpiperidinyloxy (TEMPO), was blended with PTMA in varying weight ratios.
As shown in Figure 2.9, the conductivity of PTMA was found to increase two-fold at only
a 5% (by weight) loading of TEMPO, prior to decreasing.35 This decrease in conductivity
was directly related to the poor film quality associated with blending larger amounts of a
crystalline small molecule into the polymer matrix. This highlights a key point in that it
demonstrates that radical polymers, as opposed to their small molecule analogs, provide a
much better matrix by which to produce thin film devices, as the macromolecular
properties allow for easy deposition of high quality thin films across large areas. This
cannot always be accomplished easily with small molecules that contain stable radical sites.
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Figure 2.9 The conductivity of a thin film of PTMA is increased through the addition of
the small molecule analog of the pendant group of PTMA (TEMPO) to the thin film. As
the loading is increased to 5% (by weight) the conductivity of the thin film increases by a
factor of two. After this point, the addition of the small molecule leads to lower quality
films of the PTMA, which causes the measured conductivity to drop. The initial increase
in conductivity is associated with a higher density of radical sites available to serve as
charge transporting sites for the oxidation-reduction reaction. The molecular weight of this
particular PTMA sample was 10 kg mol-1, and the full molecular structure of the PTMA
species used in this work is inset to the figure. These data were reproduced from Reference
35.
A similar correlation between radical density and electrical conductivity also was
observed readily through altering the conditions at which the pendant group of PTMA was
converted from a protected species to a stable radical species. While a number of recent
and exciting works demonstrate the ability to polymerize the radical-bearing monomer of
PTMA directly, PTMA commonly has been synthesized through the polymerization of a
protected monomer that is then oxidized post-polymerization to generate the stable pendant
radical group.35-36, 49, 65, 118 The oxidation of the macromolecular PTMA precursor was
found to follow three distinct regimes, based on the oxidation state of different repeat units
within the (mostly) radical polymer chain. The first regime is characterized by an increase
in radical density as the protected monomer is converted to the electronically-active
PTMA. The second and third regimes reduce radical density in favor of cation sites and
protonated pendent groups, respectively. The electrical conductivity of PTMA was found
to reach a maximum at the outset of the second oxidation regime as a large number of
stable radical and a few cationic sites coexisted in the thin film.36 This effect was attributed
to the light p-type doping of the radical polymer thin film. Past this point, a large number
of the cationic sites were further converted to electrically-insulating functionalities, and the
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electrical conductivity of the PTMA thin films cast from these materials decreased greatly.
However, if the appropriate oxidation conditions are utilized in the PTMA synthetic
procedure, the mobility of the charge carriers within the film can be relatively high. In fact,
the space charge-limited hole mobility in neat PTMA is ~10-4 cm2 V-1 s-1 in the solid state,
which is comparable to the mobility values of many other commonly-used conjugated
polymers when their charge carrier abilities are measured in a similar manner.110, 116, 119-120
Therefore, the solid-state charge transport of radical polymers first demonstrates that these
materials could be used readily in a number of applications that go beyond the electrolytesupported device paradigm, and, second, suggests that increasing the crystallinity of
traditional organic electronic materials may have only limited returns with respect to their
ultimate charge transport ability.121-122
In addition to matching the charge transport characteristics of some commonly-used πconjugated materials, radical polymers have the added benefit of forming thin films that
are highly transparent in the visible portion of the spectrum (Figure 2.11).35, 123 This is a
direct result of the non-conjugated nature of the macromolecular backbone associated with
most radical polymer species. This transparency, in turn, has allowed radical-bearing
species to be utilized in organic photovoltaic applications without the concern that the
molecules are disturbing the light absorption events of the conjugated materials within the
polymer-based photovoltaic cells. Specifically, researchers demonstrated that 2,6-di-tbutyl-α-(3,5-di-t-butyl-4-oxo-2,5-cyclohexadien-1-ylidene)-p-tolyloxy

(galvinoxyl),

a

small molecule similar to the commonly used n-type radical polymer PGSt (i.e., a molecule
bearing the galvinoxyl radical species), is capable of enhancing the performance of OPV
devices when it is incorporated into the semiconducting active layer of polymer-based solar
cells (Figure 2.10).124-125
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Figure 2.10 The current density-voltage response of two organic photovoltaic devices
composed of a blend of P3HT and PCBM in a weight ratio of 1:2 (P3HT:PCBM). The
response of the pristine (i.e., the device that does not contain a radical species) active layer
(green line) yields a device that is ~1% efficient. Note that the OPV device performance is
increased through the addition of 3%, by weight, of a radical-bearing species (red line).This
enhancement in device performance is a direct result of an increase in the short-circuit
current density and fill factor of the radical-containing device. This figure was reproduced
with permission from Reference 124. Copyright 2014 of the Elsevier Publishing Company.
Even at low loadings of the radical-bearing molecule (3%, by weight), the Vardeny
group demonstrated that the stabilized radical was able to reduce charge recombination
losses in plastic solar cells, and, in turn, this increased the short-circuit current density, fill
factor, and power conversion efficiency of the commonly-used active layer blend
composed of poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM). Specifically, the radical-bearing group was able to enhance the life time of the
excited state species (i.e., the photogenerated excitons) by flipping the spin state of the
polaron pair from a singlet to a triplet, which led to the reduction in photogenerated charge
recombination.
These previous examples that demonstrate the solid-state charge transport ability and
application of radical polymers in devices which move beyond the more commonlyemployed electrolyte applications draw attention to their highly relevant charge transport
properties, and present a wonderful opportunity for future areas of research (vide infra).
Pairing these exciting macromolecules, which can be synthesized at large scales and using
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standard polymerization mechanisms, and even can be coupled directly to solid surfaces,
with the myriad of solid-state device applications that require transparent conducting
macromolecules present a new frontier in organic electronic materials research.
2.7 Opportunities in the Field of Radical Polymers
While radical polymers have become a mainstay in many organic electronic systems,
these functional macromolecules have received considerably less attention than their πconjugated polymer counterparts. Therefore, many opportunities exist to build from the
solid foundation currently in place for radical polymers, such that they can be applied to a
wide variety of organic electronic devices, as has been suggested previously. In many
respects, the challenges that are felt by the radical polymer community are similar to those
in the conjugated polymer community; however, the open-shell versus closed-shell nature
of the different macromolecular classes sometimes necessitates that different solutions be
employed in each distinct class of materials. Furthermore, the synthetic simplicity
associated with radical polymers does provide one very powerful handle that is not always
common in π-conjugated polymer systems, although it is not clear if this advantage will be
enough to overcome the transport limits associated with the non-conjugated, completely
amorphous nature of radical polymers, with respect to solid-state organic electronic
performance.
Given the available variety of selections for the macromolecular backbone and pendant
group of radical polymers, a clear area of need exists with respect to guided design of
materials. The conjugated polymer literature has been aided greatly by significant
contributions of computational simulations. In addition to allowing researchers to predict
molecular orbital energy levels, computational theoreticians also have been able to help
elucidate how the molecular packing and nanoscale morphology impact device
performance, especially in the realm of organic photovoltaics. While the predicted
structure-property relationships for the small molecule analogs of radical polymer pendant
groups are well-documented in the literature, these studies generally do not account for the
increased complexity associated with the physics of the macromolecular chains in solution
or in thin films. Aside from a recent and groundbreaking work from the National
Renewable Energy Laboratory (NREL) regarding the interplay between molecular
structure, polymer morphology, and transport in the model PTMA system,57 no reports on
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the computational design of radical polymers have been undertaken. These types of efforts
could be of great import as the functional group of the radical polymer will not only affect
the SOMO energy level, but it also will affect the thermal transitions and the
microstructural arrangement of the radical polymer. These two aspects, in turn, play
important roles in the charge transport ability of the radical polymers. Therefore, having
the computational ability to couple these important parameters together in a single package
would be extremely powerful. In fact, providing these design parameters would allow
polymer chemists to design radical polymers with even more highly-tuned functionalities
for improved performance in targeted applications. As such, implementing this marriage
of computation and experimentation in the radical polymer community in a manner that
has been very successful in the π-conjugated polymer community is of great import.

Figure 2.11 Optical image of a 1.2 µm thick PTMA thin film on a glass substrate. Note
that the optical transparency in the visible region is quite high and that the Purdue
University logo is easily-read through the conducting polymer film. A dashed line marks
the edges of the glass substrate, which has dimensions of 13 mm in width and 18 mm in
length.
Due to the lack of backbone conjugation and the amorphous nature of the materials,
radical polymers present themselves as having remarkably high transparency in the visible
spectrum even for films greater than 1 µm in thickness (Figure 2.11). This opens the
possibility for the implementation of radical polymers in a number of solid-state organic
electronic applications where it is desirable to utilize electrically-conductive, transparent
polymers (e.g., organic photovoltaic devices).126-128 However, the current record solid-state
electrical conductivity of a radical polymer is only ~10-5 S cm-1, which limits severely the
potential applications in which these materials can be used. Therefore, a critical need exists
to increase the solid-state charge carrying ability of the radical polymers in a manner that
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allows the macromolecules to retain their high optical transparency and solution
processability. If this challenge can be met, then the number of solid-state organic
electronic applications for radical polymers will increase greatly, and the focus of the field
could be shifted in a monumental manner.
A common strategy adopted in the conjugated polymer literature to improve their solidstate conductivity is through the use of dopants. Here, the most oft-employed example of
this would be the doping of poly(3,4-ethylene dioxythiophene) with poly(styrene
sulfonate) (PEDOT:PSS).3-4,

129

Through manipulation of the composition, thin film

processing, and post-processing conditions, the electrical conductivity of PEDOT:PSS has
been tuned between 10-2 S cm-1 and 103 S cm-1.130-132 Furthermore, a number of small
molecule dopants [e.g., 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (TCNQ-F4)]
have been shown to dope, in both p-type and n-type manner, conjugated polymer
systems.133-134 In these instances, the second molecule or macromolecule is thought to dope
the conjugated polymer moiety to yield a material with a high density of holes (p-type
doping) or electrons (n-type doping). Because radical polymers inherently do not have the
delocalized electronic structure of conjugated polymers, the mechanism for doping may
differ significantly in radical polymers; however, it has been established that the presence
of a cationic species can increase the overall conductivity of radical polymers as well. 36
Therefore, systematic evaluation of small molecule and molecular dopants for radical
polymers may push the upper limit on the electrical conductivity of these materials in the
solid state while still retaining the optical transparency needed for many optoelectronic
device applications.
In addition to optimizing the performance of pristine and doped radical polymers, the
ability to utilize these functional macromolecules in composite systems is of immense
interest. As noted above, the blending of radical polymers with conducting fillers in
electrolyte-supported systems is common practice; however, the extension of this paradigm
to solid-state devices has only started to occur. Two of the most high profile examples of
radical polymer-based composites have included the formation of radical polymer-carbon
nanotube composite materials. In one of these instances, sonication techniques were
utilized to disperse carbon nanotubes into a radical polymer matrix in such a manner that
the radical polymer was well-adhered around the entirety of the carbon nanotubes.60 The
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second instance demonstrated again the creativity that can be utilized when synthesizing
radical polymers.61 Here, the polymerization of the macromolecule was initiated from the
surface of functionalized carbon nanotubes such that the radical polymer was grafted to the
carbon nanotube surface. In both of these examples, the electrical functionality was
dominated by the carbon nanotube species; however, instead of implementing an
electrically-inert polymer as the matrix material, radical polymers were used. This strategy,
in turn, allowed for higher overall electronic performance. This type of strategy may very
well be the path of radical polymer-based solid-state device research that produces high
impact results in the most rapid manner.
A common theme throughout the radical polymer discussion has been the comparable
ease of synthesis associated with these polymers relative to their π-conjugated counterparts.
This is especially true when evaluating the ability to generate high molecular weight
polymers that have a narrow molecular weight distribution and that can be synthesized in
a manner that avoids the utilization of metal catalysts, which can serve as residual
contaminants after the polymerization. While impressive strides have been made to
accomplish these aims in the conjugated polymer world through a variety of strategies,
many of the highest-performing macromolecules still require a great deal of synthetic
might to generate. Furthermore, the synthetic and purification techniques employed for
these materials often make recovery of > 1 g quantities of material to be difficult. Clearly,
radical polymers avoid all of these potential issues in a rather direct manner as they can be
polymerized through controlled polymerization techniques that yield quantities on the level
of 50 g rather readily even at the laboratory scale. Furthermore, the controlled synthesis of
radical polymers opens the possibility of creating advanced macromolecular architectures
generally reserved only for electrically-insulating polymers.
As noted above, a few select teams have synthesized successfully block polymers based
on a radical polymer moiety, and they have utilized these materials in battery applications.
However, there is a wealth of fundamental science regarding the utilization of radical
polymer-containing block polymers that needs to be addressed by the community. The
solid-state bulk and thin film self-assembly of even simple radical polymer-insulating
diblock polymers have not yet been investigated. Given the relatively unique side chain
functionalities associated with radical polymers, elucidating the exact structure-
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nanostructure properties of these materials with respect to their thermodynamic selfassembly could lead to future applications that are not yet conceived. Furthermore, the
extension of this idea to block polymers containing multiple radical polymer moieties could
open future pathways of research. Importantly, because radical polymers are based on nonconjugated macromolecular backbones and generally are amorphous in the solid state,
many of the self-assembly and long-range order issues observed commonly (i.e., systems
showing weak order or no order at all beyond the formation of crystalline fibers) in block
polymers containing a conjugated (and, thus, usually semicrystalline) moiety could be
alleviated readily. In this way, many of the properties that are well-understood regarding
traditional coil-like block polymer systems could provide an excellent foothold for detailed
examination of radical polymer-based block polymer systems. These fundamental studies,
in turn, readily could lead to the advanced technological transfer of these materials in
nanostructured organic electronic device applications.
2.8 Conclusions and Outlook
The future of radical polymers offers the promise of capitalizing on previous success
such that: 1) tangible technological outputs may be achieved and 2) the fundamental
physics that enables these emerging technologies can be elucidated fully. This is because
radical polymers are positioned uniquely to combine the regimes of classic non-conjugated
polymers [e.g., polystyrene and poly(methyl methacrylate)] while adding the redoxfunctionality that allows them to perform well in electrolyte-supported and solid-state
organic electronic applications. The fact that these materials straddle between
electronically-active polymers and the classic non-conjugated polymer regime allows for
many of their synthetic, thermal, and mechanical properties to be estimated readily thanks
to the multitude of research on their electronically-inactive analogs. Furthermore, the
research dedicated to elucidating fully the structure-property relationships of the stable
radical small molecule analogs of the pendant groups of radical polymers allow for a solid
baseline by which to estimate the electrochemical and magnetic properties of these
materials. While these two arenas help guide the field of radical polymers, it must be
stressed that the final properties of radical polymer species rarely are exactly the sum of
these two parts, and it will require a great deal of future effort and scientific breakthroughs
for radical polymers to realize their full technological potential.
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Much of the initial work regarding radical polymers has been focused on electrolytesupported applications, and these innovative efforts have allowed for many of the
fundamental synthetic and electrochemical properties of radical polymers to rise to the fore.
Furthermore, the device implementation of radical polymers in flexible batteries
demonstrated the ability of these next-generation functional macromolecules to perform in
a manner that could make them of technological relevance in the very near future. Building
from this strong base, researchers in the field also have begun to embrace the utilization of
these materials in solid-state organic electronic devices over the past five years. This shift
in application area has allowed radical polymers to prove their utility in a number of device
settings, and it has allowed for fundamental physical parameters for these materials to be
measured for the first time. Interestingly, these studies have demonstrated that, despite
being completely amorphous, the initial solid-state charge transport metrics of radical
polymers are on par with some of the most oft-used conjugated polymer materials.
Therefore, just as in the realm of semicrystalline conducting polymers, new materials,
processing techniques, and device structures must be created in order to fabricate systems
where the ultimate performance limit of radical polymers is achieved.
Radical polymers are well-positioned for a positive future, and the recent surge in
publications regarding radical polymers speaks well to this fact. As most of these
publications have focused on a limited set of chemical functionalities, advanced molecular
design will allow for the formation of full structure-property-performance relationships in
this emerging class of electronically-active macromolecules. However, it is still not
apparent what the ultimate capability of charge transport is in pristine and composite
radical polymer thin films; this must be addressed if true societal impact is to be realized.
Therefore, performing the basic scientific studies, which have been performed in the πconjugated polymer literature and have allowed for their rapid advancement in a number
of thin film plastic electronic applications, must occur also for radical polymers. If these
endeavors do occur, major strides are likely to occur in short order. As such, the future of
radical polymers assuredly holds a great deal of promise, and the creativity and ingenuity
of polymer scientists, chemists, device physicists, and engineers will facilitate the
fundamental scientific breakthroughs and the transfer of technology that will allow these
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functional macromolecules to transition from the laboratory to the marketplace in a suite
of organic electronic applications.
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CHAPTER 3. CORRELATING THIN FILM RADICAL DENSITY
WITH CHARGE TRANSPORT IN OPEN-SHELL CONDUCTING
MACROMOLECULES

The content from this chapter has been submitted for publication:
M. E. Hay, S. H. Wong, S. Mukherjee, and B. W. Boudouris (2016). Correlating Thin
Film Radical Density with Charge Transport in Open-Shell Conducting Macromolecules.
3.1 Overview
Radical

polymers

are

an

emerging

class

of

electrically-conducting

macromolecules, and while optimization efforts have begun to improve the macroscopic
charge transport ability (i.e., the charge mobility and electrical conductivity) of these nonconjugated, amorphous conductors, the fundamental mechanism by which charge is
transferred in these functional polymers has yet to be established experimentally. In order
to address this issue in a direct manner, well-defined radical polymers were synthesized
and blended in a manner such that there was tight control over the radical density within
the conducting thin films. We demonstrate that the systematic manipulation of the radicalto-radical spacing in open-shell macromolecules leads to exponential changes in the
macroscopic electrical conductivity. When coupled with the fact that these materials show
a clear temperature-independent charge transport behavior, a clear picture emerges that
charge transfer in radical polymers is dictated by a tunneling mechanism between localized
donor and acceptor sites. These results constitute the first experimental insight into the
mechanism of solid-state electrical conduction in radical polymers, and this, in turn,
provides a crucial design paradigm for next-generation open-shell macromolecular
conductors.
3.2 Introduction
Polymeric

materials

with

high

degrees

of

π-conjugation

along

their

macromolecular backbones have been implemented in myriad optoelectronic applications,
including light-emitting diodes, solar cells, and transistors.1-11 Also, more recent successes
regarding organic rechargeable batteries have impressively highlighted a novel class of
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organic electronic materials, radical polymers, which rely on an oxidation-reduction
(redox) mechanism for charge transport.12-21 Due to the intrinsically fast electron transfer
kinetics associated with their redox reactions,1-3 radical polymers have since been applied
to various solid-state organic electronic applications.21-25 In addition to the advantages
common to many other polymer electronic materials (e.g., earth-abundant material
composition, solution processability, compatibility with flexible substrates, and
synthetically-tunable optoelectronic properties),26-27 radical polymers have exhibited their
success as completely amorphous materials (in contrast to conjugated polymers, which
usually rely on crystalline domains).21,

28-30

Moreover, it is still not clear from an

experimental perspective (although initial computational studies have provided excellent
insights to this matter)31 how this relatively rapid charge transport occurs in solid-state thin
films of these materials due to the non-crystalline, non-conjugated nature of radical
polymers. As such, the future success of radical polymers depends on the establishment of
these fundamental structure-charge transport relationships such that next-generation
materials may be developed.
Here, we establish that the density of radical sites (and, thus, the average spacing
between open-shell entities) in radical polymer thin films is a handle by which to tune
charge transport over macroscopic distances. Previously, this control over radical density
has not been evaluated systematically in solid-state radical polymer devices. This is due,
in part, to the fact that controlling the density of radical sites is challenging because often
radical polymers are synthesized in a manner that allows for a number of different chemical
functionalities to be present on the pendant groups of the polymer (i.e., not every repeat
unit of the radical polymer has an open-shell functionality due to side reactions during
synthesis).32-33 As such, isolating the distinct impacts of radical chemistry and polymer
physics on solid-state charge transport has yet to occur. We demonstrate a means by which
to decouple these two effects and isolate the correlation of radical density on solid-state
electrical conductivity in open-shell polymers containing nitroxide stable radical groups.
In order to achieve this aim, a polynorbornene-based radical polymer, poly(2,3bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene)

(PTNB),

was synthesized using a controlled ring-opening metathesis polymerization (ROMP)
mechanism. Then, a portion of this parent radical polymer was further reacted in order to
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eliminate the open-shell moiety to produce the electronically-insulating poly(2,3bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-hydroxyl-4’-oxycarbonyl)-5-norbornene)
(PTNB-OH). Blending the conducting PTNB with the insulating PTNB-OH at fixed ratios
allowed for direct control over the radical content in the polymer thin films and, thus, the
charge transport ability of these macromolecules was directly correlated to the radical
density within the films. Using these polymer blends as charge-transporting thin films, an
exponential dependence of the electrical conductivity on the radical density was
established. It is proposed that this follows an exponential decay model, as seen with redox
reactions in biological media,

34-46

and this type of behavior is attributed to an electron

tunneling mechanism. Additionally, the observed temperature-independent electrical
conductivity supports this same mechanism.46-49 As such, these data provide a critical
design handle for well-defined radical polymers, and they simultaneously provide an
experimental insight into the mechanism of charge transport in these unique materials.
Thus, this work highlights the crucial fact that the radical proximity must be prioritized as
a design tool for next-generation radical polymer-based electronic devices.
3.3 Experimental Methods
3.3.1 Materials
All reagents were purchased from Sigma-Aldrich, and they were used as received
unless otherwise specified.
3.3.2 General Methods
Ultraviolet–Visible (UV-Vis) light absorption spectroscopy data were acquired on
a Cary 60 spectrometer over a wavelength range of 300 ≤ λ ≤ 800 nm. The samples were
dissolved in tetrahydrofuran (THF) at a concentration of 10 mg mL-1. Room temperature
electron paramagnetic resonance (EPR) spectroscopy samples were dissolved in THF at a
concentration of 2 mg mL-1, with 0.15 mL of solution placed in the EPR sample tubes, and
a Bruker EPR-EMX spectrometer was used to collect the spectroscopic data. For lower
radical content blends, the magnetic field was swept with a gain of 100 and a power of 10
mW. The higher radical content blends and the TEMPO-OH standard were acquired with
the gain and power set at 71 and 5 mW, respectively. The output first derivative signals
were integrated twice, and the signal intensity was then compared to that of a TEMPO-OH
standard of known radical composition. This allowed for the radical content to be
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quantified for the blended systems by utilizing a comparison of the integrated intensity
values of the blended samples to the TEMPO-OH standard. Size exclusion chromatography
(SEC) data were collected by dissolving samples at a concentration of 10 mg mL-1 in THF,
and these samples were injected into a Hewlett-Packard 1260 Infinity series SEC column
equipped with a HP G1362A refractive index (RI) detector. Specifically, the polymers were
eluted (with THF serving as the mobile phase) at a volumetric flow rate of 1 mL min-1
through three PLgel 5 µm MIXED-C columns maintained at 40 °C. Polystyrene standards
(Agilent) of well-defined molecular weight and with narrow molecular weight distributions
were used for molecular weight calibrations. Attenuated total internal reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy was performed using dried powder materials.
The powders were placed on a diamond substrate of a Thermo-Nicolet Nexus FTIR, using
a deuterated triglycine sulfate KBr detector with a KBr beam splitter. Under a dry nitrogen
purge, 72 scans were acquired over a range of 800 cm-1 ≤ ν ≤ 4500 cm-1. A TA SDT Q600
instrument was used for thermal gravimetric analysis of the polymers. The powders were
loaded into a crucible and kept under ambient conditions, and they were heated from room
temperature, at a rate of 10 °C min-1, to a final temperature of 500 °C. Glass transition
temperatures were evaluated using a TA Instruments Q20 Series differential scanning
calorimeter (DSC). Powders, sealed in Tzero hermetic pans, were first annealed at 200 °C
under a nitrogen gas purge, and then cooled to −20 °C, before the trace that started at −20
°C and ended at 200 °C (at a scan rate of 10 °C min-1) was collected.
3.3.3 Synthesis of 2,3-Bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5norbornene) (TNB)
The synthesis of the nitroxide-functionalized norbornene polymer was modified
slightly from what has been reported previously.50 In an example reaction for the synthesis
of the radical monomer that contained 94% radical functionality, 5.5 g of 4-hydroxy2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO-OH, 213 mmol), 2.5 g of cis-5-norborneneendo-2,3-dicarboxylic anhydride (101 mmol), 0.75 g of 4-(dimethylamino)pyridine (41
mmol), 3 mL triethylamine (144 mmol), and 150 mL benzene were added to a reaction
flask under atmospheric conditions. This mixture was stirred at 80 °C for 24 h under reflux.
The reaction flask was then removed from heat and allowed to cool to room temperature
before 4.3 g of 2-chloro-1-methylpyridinium iodide (CMPI, 112 mmol) were added, and
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the flask was brought back to reflux conditions for another 24 h. The residual solids were
filtered from the reaction solution, and the mother liquor was concentrated to a thick,
viscous liquid using a rotary evaporator. After drying, the material was dissolved in
chloroform and washed with an aqueous solution of ammonium chloride at a concentration
of 370 g L-1, and the organic layer was dried over magnesium sulfate. After filtering to
remove the magnesium sulfate, the solvent was removed using a rotary evaporator. The
monomer was purified on a silica gel column using a mixture of chloroform/hexanes/ethyl
acetate (6:3:1, by volume) as the mobile phase. The desired product was concentrated using
rotary evaporation. The resultant orange solid was then recrystallized in a
hexanes/chloroform (8:2, by volume) mixture to produce orange crystals as the final
monomer product.
3.3.4 Synthesis of Poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’oxycarbonyl)-5-norbornene) (PTNB) using a Ring-Opening Metathesis Polymerization
(ROMP) Mechanism
In the polymerization reaction to form the radical polynorbornene with 94%
nitroxide functionalization, 100 mg (0.2 mmol) of TNB monomer and 5 mL of acetone
were added to a reaction flask. Then, the mixture underwent three freeze-pump-thaw cycles
before

2.7

mg

of

dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-

imidazolidinylidene](benzylidene)bis(3-bromopyridine)

ruthenium(II)

(Grubbs’

3rd

generation catalyst) were added to the reaction mixture (0.003 mmol Grubbs’ catalyst).
The solution was stirred for 2 h at room temperature. At this point, 0.3 mL (3 mmol) of
ethyl vinyl ether was injected into the reaction flask in order to quench the reaction, and
the mixture was allowed to stir for 0.25 h at room temperature. The polymer was
precipitated in a chilled (T ~0 °C) 1:1 (by volume) mixture of hexanes and diethyl ether.
After precipitation, the polymer was filtered, collected, and dried under vacuum overnight.
3.3.5 Synthesis of Poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-hydroxyl-4’oxycarbonyl)-5-norbornene) (PTNB-OH)
The PTNB parent material was converted to PTNB-OH using L-ascorbic acid. In
this reaction, PTNB was dissolved in chloroform at ~10 mg mL-1, while ascorbic acid was
dissolved in water at ~10 mg mL-1, with a molar excess of five times that of the PTNB
amount. The two phases were combined and stirred at room temperature for 2 h.
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Conversion of the open-shell sites to closed-shell sites occurred at the interface of the
aqueous and organic phase, with the final PTNB-OH product being a white material
insoluble in both chloroform and the aqueous phases. This allowed for a facile filtration
recovery of the final product, which was then dried in vacuum overnight.
3.3.6 Electrical Conductivity Test Bed Fabrication and Characterization
Test bed devices for electrical conductivity characterization were fabricated in a
through-plane geometry with tin-doped indium oxide (ITO) as the bottom contact and
silver as the top contact. The ITO on glass substrates were first cleaned through a series of
solvent washes in a Branson 2510 sonicator. That is, the substrates were treated with
ultrasonic treatment with solvents of acetone, chloroform, and isopropyl alcohol in a
sequential manner. The substrates were then treated in a Harrick PDC-32G ozone plasma
chamber for 10 m before a thin layer (~30 nm) of poly(3,4-ethylene dioxythiophene) doped
with poly(styrene sulfonate) (PEDOT:PSS) was coated on the ITO substrate to smoothen
the surface and to ensure conformal coating and electrical contact with the subsequent
radical polymer coating. Polymer solutions of 5 mg of PTNB per 1 mL of N,Ndimethylformamide (DMF) were drop-cast on a heated stage maintained at 140 °C for 5
m, before cooling to 50 °C to ensure slow evaporation of the casting solvent. The resultant
PTNB films were ~1 μm in thickness, as measured by a KLA Tencor D-100 Profilometer.
Patterned silver contacts were deposited atop the polymer film through a shadow mask in
a thermal evaporator to define a device area of 0.06 cm2. The current-voltage characteristics
of the polymer thin films were acquired within a Lakeshore Model TTPX vacuum probe
station. Testing was performed under ambient conditions, although control experiments
were performed under vacuum conditions (Figure S6), defined as operating at a pressure P
≤ 10-4 Torr, as well to ensure environmental conditions did not interfere with observed
results (see Supporting Information). A Keithley 2400 source meter was used to measure
current while voltage was swept (–0.3 V ≤ V ≤ +0.3 V). Temperature studies were also
performed in the TTPX probe station, under vacuum conditions, over the range 150 K < T
< 350 K. Samples were allowed to equilibrate at the set point temperature for 0.33 h prior
to acquiring conductivity measurements, again using the Keithley 2400 source meter over
the voltage range –0.3 V ≤ V ≤ +0.3 V.
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3.4 Results and Discussion
In order to begin the synthesis of the well-defined radical polymer,50 a norbornene
dicarboxylic anhydride ring, cis-5-norbornene-endo-2,3-dicarboxylic anhydride (ANB),
was reacted with 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO-OH), in the
presence of 4-(dimethylamino)pyridine (DMAP), which served as the reaction catalyst.
This step ensured attachment of the first nitroxide unit through Yamaguchi esterification.51
Addition of the second nitroxide unit occurred through the utilization of 2-chloro-1methylpyridinium iodide (CMPI) as a Mukaiyama agent.52 Thus, the resulting monomer,
2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene (TNB),
contained two open-shell nitroxide moieties per molecule (Figure 3.1). The TNB was then
polymerized

to

generate

poly(2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-

oxycarbonyl)-5-norbornene) (PTNB) via a ROMP mechanism, using a controlled ratio of
Grubbs’ 3rd generation catalyst to monomer, in order to achieve a radical polymer with a
number-average molecular weight of 45 kg mol-1, as determined by size exclusion
chromatography (SEC). Using a polymerization reaction pathway that did not include
radical intermediates (i.e., by not using a controlled or free radical polymerization pathway)
was critical as it allowed for a controlled radical density to be placed along the
macromolecular backbone. Moreover, in order to evaluate the role of the nitroxide radical,
two polymer species were created, which were identical in their structure, with the
exception of the nitroxide sites. That is, the nitroxide radical was reduced, by reacting with
ascorbic acid, to form N-hydroxy groups along the repeat units to form poly(2,3bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-hydroxyl-4’-oxycarbonyl)-5-norbornene)
(PTNB-OH).53-54
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Figure 3.1 Monomer synthesis and polymerization reaction scheme for the creation of
PTNB and the conversion of the radical polymer to PTNB-OH.
The successful syntheses of the monomer, spin-containing PTNB polymer, and
closed-shell PTNB-OH species were confirmed using attenuated total internal reflectanceFourier transform infrared (ATR-FTIR) and ultraviolet-visible (UV-Vis) spectroscopic
techniques. In particular, the well-defined resonances associated with the anhydride
functionality of the norbornene disappear, while the appearance of resonances associated
with the nitroxide radical confirmed the functionality of the TNB monomer (Figure 3.2a).
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Figure 3.2 The TNB monomer demonstrated the nitroxide radical signals in both ATRFTIR and UV-Vis spectra. (a) The starting norbornene material contained a dicarboxylic
anhydride, associated with coupled peaks, designated by i in the lower spectrum at ν =
1700 cm-1 and ν = 1770 cm-1. During the TNB monomer synthesis, the anhydride was
converted into two ester groups, each containing a pendant nitroxide functionality; this
corresponded to the coupled peaks being reduced to a single peak at ν = 1720 cm-1 in the
top spectrum. Attachment of the nitroxide functionalities introduced two peaks associated
with the nitroxide radical, at ν = 1467 cm-1 and ν = 1370 cm-1, labeled as ii. (b) UV-Vis
spectroscopy highlighted the characteristic peak associated with the nitroxide radical at λ
= 460 nm, which was also shared by the small molecule TEMPO-OH and the TNB
monomer.
Moreover, as seen in previous reports,28, 32, 55 the optical properties of the radicalcontaining materials shared a characteristic absorption peak, not observed in the ANB
starting material, which confirmed the presence of the nitroxide radical functionality
(Figure 3.2b). In a similar manner, the conversion of PTNB to PTNB-OH was first
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confirmed using UV-Vis spectroscopy, as the loss of the nitroxide sites within the
macromolecular material resulted in disappearance of this characteristic peak for the nonconjugated, closed-shell PTNB-OH. Additionally, the presence of the broad O-H (Nhydroxy) resonance was quite readily observed in the infrared radiation absorption
spectrum of the polymer powder (Figure A.1). Importantly, while the treatment of PTNB
with ascorbic acid clearly performed the desired reduction, this synthetic step did not lead
to any significant side reactions, as determined using SEC (Figure A.2).
In order to generate conducting open-shell macromolecular thin films with varying
radical densities, the PTNB and PTNB-OH polymers were blended in solution at various
loadings, and the radical density was quantified in a straightforward manner through
electron paramagnetic resonance (EPR) spectroscopy (Figure 3.3). That is, a PTNB
polymer that was functionalized completely (i.e., where each repeat unit consists of two
nitroxide units substituted on the norbornene ring) would be designated as possessing
100% radical functionality. Using this metric, the parent PTNB polymer contained 94%
radical functionality, while the quenched PTNB-OH batch contained 6% radical
functionality, relative to the small molecule TEMPO-OH standard. The intermediate
radical loadings achieved from this blending method are denoted PTNB-X, where X
represents fraction of the functionalized sites (i.e., the maximum is two per repeat unit, and
this would correspond to X = 100) that contained the radical loading. Of particular interest
was the appearance of hyperfine splitting for lower radical content polymer blends. That
is, the EPR signal changed in peak shape, from a Lorentzian nature, to a peak that
contained, at first, a barely discernable shoulder (PTNB-41), which then became more
prominent as three distinct peaks (e.g., in the PTNB-06 polymer).
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Figure 3.3 (a) Representative EPR signals for the blended polymer systems. In these
solutions PTNB-94 and PTNB-06 were co-dissolved in varying ratios to obtain a net radical
content, designated PTNB-X, where X denotes the percentage of functional PTNB. Note
the hyperfine splitting, which was present for low radical content systems; this represents
a disruption in interaction between the pendant radical groups at lower radical loadings. (b)
The integrated EPR signals of the data shown in part (a). The relative loading of nitroxide
radical was determined by comparing the integrated intensity of the TEMPO-OH standard
with that of the synthesized polynorbornene-based radical polymers.
For a nitroxide radical, the spin is predominantly located on the oxygen, the
neighboring nitrogen of which has a spin number of unity, and this corresponds to a
splitting pattern of three peaks.56 This is evidenced by the three sharp peaks observed for
the small molecule TEMPO-OH (Figure A.3). The Lorentzian nature characteristic of the
fully functional polymer encompasses the three characteristic nitroxide peaks, but due to a
high amount of spin interaction among radicals, these prominent peaks are blurred to form
the single Lorentzian curve.57 As radicals were removed from the polymer system, the
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interactions were fewer between the radicals, which removed the interference from the
three peaks characteristic of the small molecule system. This was interpreted as fewer
radical-radical interactions at lower radical contents, which should be anticipated.
Importantly, the interactions, or lack thereof, between radical moieties in solution
was carried into the solid-state as well when the solutions were cast in thin films. This is
because the chemical similarity of PTNB and PTNB-OH caused the samples to be
molecularly-mixed. The presence of molecular mixing was readily evidenced by the linear
increase in the glass transition temperature of the polymer blends,58 as measured by
differential scanning calorimetry (DSC) traces (Figure A.4) and the lack of phase
separation when the films were evaluated in atomic force microscopy (AFM) experiments
(Figure A.5).

Figure 3.4 Representative current-voltage sweeps for different polymer blend systems,
where the X in PTNB-X represents the radical content percentage in the film that was cast
using a blend of PTNB-94 and PTNB-06. The device structure of
ITO/PEDOT:PSS/PTNB/Ag (inset) was used to create a radical polymer sandwiched
between two metal contacts with an active cross-sectional area of 0.06 cm2.
This is a significant feature as previous efforts have shown that the majority of
charge transport in radical polymer thin films happens between chains (i.e., in an
intermolecular fashion) as opposed to along chains (i.e., in an intramolecular fashion), a
common means of transport in conjugated polymer systems.31, 59-62 Due to the systematic
control of the radical density within the thin films and the demonstrated phase stability, it
was straightforward to observe the impact of radical content on raw current-voltage data
(Figure 3.4). From here, we established an exponential dependence of electrical
conductivity on radical density. Moreover, there was a critical radical density (~70%) after
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which the thin films switched from a low-conducting to a high-conducting state (Figure
3.5). We note that this high conducting state approaches an electrical conductivity of 10 -4
S cm-1, which makes it the highest value of solid-state conductivity in non-conjugated
radical polymer systems reported to date.

Figure 3.5 Electrical conductivity depends on radical content in an exponential manner.
The conductivity of PTNB-94 approaches σ ~10-4 S cm-1, while the non-functional PTNBOH exhibits a significantly stronger insulating behavior, as expected. The error bars
represent the standard deviation measured across a minimum of 15 samples (with the
exception of PTNB-50, which only had 4 samples). If no error bars are present, the error
fell within the size of the data points. The inset depicts the same data as the main figure,
but it is plotted on a logarithmic-linear scale to highlight the exponential dependence of
conductivity on the radical content.
Furthermore, from a physical perspective, the experimental observations associated
with the transport data are consistent with a variety of key ideas. First, it is clear that, once
a set radical density is surpassed, enough radical sites are present within the required
proximity to communicate electronically. This allows for macroscopic charge transport
(i.e., across the ~1 μm between the electrodes of the devices) to occur in a facile manner.
These experimental results support prior landmark computational studies which have
predicted that, within a threshold distance of 0.55 nm, radical sites can communicate
indiscriminately in charge transfer events between nitroxide-based open-shell entities.31
Second, the electrical conductivity of the radical polymer thin films was independent of
the testing environment (i.e., ambient conditions relative to vacuum conditions) used
during the measurement (Figure A.6). This important aspect has been observed for
nitroxide-based radical polymers previously,63 and it hints at the idea that the charge
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transfer reactions that occur in radical polymer thin films are distinctly different than those
that occur in common conjugated polymers. This is because many conjugated polymer
systems are known to be remarkably air and water sensitive, and this sensitivity is related
to the introduction of chemical species (e.g., oxygen) into the conjugated motifs of these
thin films.64-68 Third, we note that the unique temperature-independent transport behavior
of radical polymers remains,55, 69 and this feature was independent of the radical density in
the thin films (Figure 3.6). This continues to suggest that the commonly-implemented
charge hopping models61-62, 70-76 proposed for conjugated polymer systems are not wellsuited to the charge transport processes of solid-state radical polymers. Finally, the
exponential dependence of the charge transport performance on radical density is unique
relative to conjugated polymer systems. That is, there are many impressive reports of
blends of conjugated and insulating polymers where the charge mobility of the blended
system requires only ~5% (by weight) of the conjugated material to reach the same
performance as the neat semiconducting polymer thin film.77-79 Thus, these observations
make it clear that a different paradigm must be introduced in order to explain the charge
transport behavior of radical polymers relative to their conjugated polymer cousins in the
realm of solid-state organic electronic devices.

Figure 3.6 Temperature does not significantly impact the electrical conductivity of the
PTNB radical polymer system. Previous radical polymer systems also have demonstrated
a lack of temperature dependence.55, 69 Here, this same independence is observed no matter
the radical loading density.
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In fact, the four key charge transport characteristics described above are
comparable to a radical charge transfer reaction mechanism that is oft-observed in redox
reactions that occur in biological media by way of an electron tunneling mechanism.
Previously, empirical models for these biological systems have shown exponential decay
trends similar to the electrical conductivity decay as a function of radical density as
discussed in the current work. That is, the charge transfer rates in these biological systems
drop exponentially as distance between units increases, which, again is consistent with
tunneling of charge between isolated donor and acceptor sites.34-46, 80 In the radical polymer
system evaluated here, this proposed mechanism is readily extended, in that the radical
charge transfer mechanism is consistent with the extraction of an electron from a radical
site at one electrode that undergoes a series of oxidation-reduction reactions until the
charge is finally recollected at the opposite electrode. The precedence of electron tunneling
as a means to facilitate redox reactions in biological media, in addition to the exponential
relationship observed between active units and electron transfer rates, situates our observed
results into a relevant and archetype-altering context. That is, these data provide the first
strong evidence that a never-before-seen mechanism for charge transport in synthetic
polymer electronics can occur due to the open-shell moieties associated with radical
polymers. Moreover, this highlights the fact that the electrical conductivity of these nonconjugated, amorphous materials is not necessarily limited (i.e., there is no leveling of the
exponential increase in electrical conductivity of Figure 3.5), as long as the distances
between interacting radical sites can continue to be lowered. Thus, this mechanism
provides a critical new molecular design trend in radical polymers for transparent
conductor applications.
3.5 Conclusions
The radical polymer PTNB, as well as its insulating counterpart, PTNB-OH, were
synthesized in a straightforward manner, and these well-defined, radical-containing
materials were blended at defined ratios to achieve target radical loadings for thin films.
The electrical conductivity of these films followed an exponential decay as spacing was
increased between radical sites, and this observed transport was also independent of
temperature. This behavior is consistent with a distinct charge transfer mechanism
observed previously for redox reactions in biological media, but is unique relative to
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transport in common conjugated polymers. Thus, this effort establishes that electrical
performance of radical polymers is attributed to a different mechanism relative to
conjugated polymer systems that dominate the organic electronics literature. This creates
unique opportunities as the tools to improve radical polymer performance can now better
be developed from both a molecular design and device architecture standpoint.
3.6 Supporting Information (see Appendix)
FTIR spectra of PTNB and PTNB-OH; SEC traces of PTNB and PTNB-OH; EPR data of
the radical polymer PTNB compared to a TEMPO-OH standard; DSC of varying radical
concentrations, demonstrating a shift in the glass transition with increasing radical density;
thermogravimetric (TGA) data of PTNB highlighting the relatively low degradation
temperature of the material; AFM images demonstrating no observable phase separation
for the PTNB / PTNB-OH blends; current-voltage data illustrating the increase in current
with increasing radical density; current-voltage data demonstrating a lack of environmental
impact between vacuum and ambient conditions. This material is available free of charge
via the Internet at http://pubs.acs.org.
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CHAPTER 4. CONCLUSIONS AND FUTURE OUTLOOK OF
RADICAL POLYMERS

4.1 Overview
Results from Chapter 3 of this thesis demonstrate an exponential decay of electrical
conductivity as a function of increasing radical inter-site distance. This result, coupled with
observed temperature-independence of electrical conductivity (Figure 3.6), suggests that
electronic transport in radical polymers occurs via a quantum tunneling mechanism.1-8 In
order to further support the proposed model of tunneling, we suggest multiple projects that
could probe the associated mechanism and parameters of tunneling. First we will discuss a
few simplified assumptions and ideas of the tunneling mechanism, and the experimental
details of how to probe and confirm these ideas will be outlined in subsequent sections.
In classical quantum tunneling, the position of an electron can be described by its
transmission function, Ψ, or the probability of it being found in a given location. We
consider the electron’s position as being within a well or a box, residing at some energy
level. In this model, the electron must overcome a certain energy barrier, U-E (similar to
the height of a box wall), in order to leave its site (in this case, the nitroxide radical which
is denoted as red in Figure 4.1) and reach a neighboring cation site (denoted as blue). These
two sites are separated by an inter-site distance, δ, and, outside of the box, the transmission
function drops exponentially with increasing δ. The height of the box wall, or energy
barrier, also factors into the transmission function. In the case of radical polymers, it is
fairly straightforward to understand that the radicals will be separated by a given distance;
however, the physical significance of the energy barrier (or box wall height) has not been
defined for the radical polymer system. Similar to the work function of metals serving as
the tunneling energy barrier,9 we propose that the energy barrier in radical polymers would
be defined by the singly-occupied molecular orbital (SOMO) energy level of the nitroxide
radical. The projects outlined in the following sections propose methods to study and
manipulate the impact of radical-radical spacing and the SOMO level on charge transport,
with the aim of elucidating the impact of such parameters on the proposed tunneling charge
transport mechanism.
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Figure 4.1 Schematic illustrates the key parameters of tunneling. Radical sites are
separated by inter-site distance (δ) and the energy barrier for an electron to move from one
site to another could be defined by the SOMO or some reorganizational energy (λ). As the
inter-site distance increases between the radicals, the probability of electron transfer,
defined by the transmission function (Ψ), drops exponentially.
4.2 Manipulating the SOMO Level through Incorporation of Poly(Temponium)
In order to evaluate the impact of the SOMO level on charge transport in the radical
polymer system, we propose to incorporate a material possessing the cation analogue of a
nitroxide

radical.

The

cationic

species

2,2,6,6-tetramethyl-1-oxo-piperidinium

(TEMPOnium) has demonstrated a lower oxidation potential (corresponding to a lower
SOMO). By incorporating this material into a 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) system, we can alter the net SOMO level of the system such that we can directly
observe the role of the SOMO level on charge transport; structures shown in Figure 4.2.
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Figure 4.2 Structures are shown for the TEMPO functionality possessing the nitroxide
radical, and the TEMPOnium functionality which possesses the cation analogue. PTMA
shown for reference.
The SOMO level of the TEMPO-based poly(2,2,6,6-tetramethylpiperidine-4-yl-1oxyl methacrylate (PTMA) can be readily determined as 5.2 eV from cyclic voltammetry.10
We have seen in previous work11 that the addition of small molecules of TEMPOnium
results in a direct shift in the CV oxidation peak of, and thus a lower SOMO energy level
of the PTMA system (Figure 4.3). In this same work,11 we observed that the addition of
this small molecule TEMPOnium did lead to an increase in electrical conductivity.
However, at higher (~50%) dopant concentrations, a decrease in conductivity was
observed; this was attributed to poor film quality.

Figure 4.3 Cyclic voltammetry shows a shift to a lower oxidation potential with the
addition of the small molecule TEMPOnium to PTMA. This represents a method by which
the energy barrier for quantum tunneling might be manipulated. These data are reproduced
from Ref 11
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Because it is difficult to achieve high concentrations of the TEMPOnium
functionality in the dopant system described above, it is proposed to synthesize a parent
polymer possessing the nitroxide functionality, and then converting radicals to the cation
analogue, such that the polymer would directly possess the TEMPOnium functionality
(Figure 4.4). The radical and cation polymers could be blended at fixed ratios, to observe
the impact of TEMPOnium loading, without the previous poor film quality concerns
associated with high concentrations of small molecule dopants.

Figure 4.4 Proposed reaction scheme for a parent polymer, poly(2,2,6,6tetramethylpiperidine-1-oxyl-4-vinyl ether) (PTVE), possessing the nitroxide radical
functionality. This radical is then oxidized to the cation analogue, yielding a
poly(TEMPOnium) functionality, more specifically poly(2,2,6,6-tetramethyl-1-oxopiperidinium vinyl ether). Scheme shown as reported in Ref.12
The scheme in Figure 4.4 demonstrates a synthesis mechanism for
poly(TEMPOnium). By blending with the radical parent in solution at defined ratios, the
net SOMO level can be directly manipulated. Solutions cast as thin films via drop-casting,
would be sandwiched together between metal contacts and characterized through currentvoltage measurements. In this way, the cation-radical blends could be utilized to directly
correlate the impact of SOMO level on electrical conductivity of a radical polymer system.

4.3 Tuning Inter-Site Distance of Radicals via Pendant Chain Spacers
We have previously shown (Chapter 3) that by blending functional and nonfunctional radical polymers and changing the resultant radical density, we can manipulate
the average spacing of radicals. Increasing the average spacing of radicals did yield an
exponential decay in electrical conductivity, which we postulate supports the tunneling
model. An additional method by which we could manipulate the inter-site distance of
radicals would be by changing the length of the pendant chain connecting the TEMPO unit
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to the polymer backbone. Proposed synthesis schemes are shown in Figure X. By
synthesizing polymers of varying pendant chain lengths we would have a more controlled
polymer system by which we could quantify inter-site spacing, whether computationally
or through methods such as small-angle neutron scattering (SANS).

Figure 4.5 Proposed synthesis schemes to produce polymers with an increasing number of
carbon spacers in the pendant chain. These spacers will serve as a new handle by which we
can directly manipulate inter-site distance of radicals and measure the subsequent impact
on electrical performance. Scheme (a) from Ref 13.
4.4 Impact of Deposition Method on Solid-State Radical Polymer Electrical Performance
We have seen that the average spacing of radical sites impacts electronic
performance, and in the case of the PTNB / PTNB-OH blend system (Chapter 3), the upper
bound in electrical performance was the 100% PTNB system. In order to further augment
the electrical performance of radical polymers, we propose alternative deposition methods.
For conjugated polymer systems, casting methods are capable of realizing drastic degrees
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of improvements in the processing of thin films. While our system is clearly governed by
a different paradigm, it is still important to consider the role of casting method on radical
polymers.

Figure 4.6 Conductivity of PTMA as deposited from solution typically approaches 10 -6 S
cm-1. These data are reproduced from Ref 14
Historically, we have seen that for spin- or drop-casting methods, the conductivity
of PTMA, which typically possesses about 75% radical functionality, approaches 10 -6 S
cm-1 (Figure 4.6).14 We have begun to explore an alternative deposition method, MatrixAssisted Pulsed Laser Evaporation (MAPLE). In our initial experiments, we see that
conductivity reaches 10-2 S cm-1 for the PTMA system (Figure 4.7).
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Figure 4.7 Current – Voltage sweeps for a MAPLE-deposited film of PTMA shows a
1000-fold increase in electrical conductivity, as compared to a solution-cast film.
When compared to traditional spin-cast methods, MAPLE has been shown to
increase the occupied volume of deposited polymers, as well as induce higher degrees of
disorder and yield less homogenous morphology.15-17 In spite of this, electronic
performance for benchmark conjugated material P3HT remains comparable between the
two deposition methods. This highlights the lack of understanding of the role of deposition
on electronic transport, even for well-established conjugated polymer systems. Similarly,
it has yet to be determined for the nascent solid-state radical polymer systems what types
of processing conditions are impactful for their electronic performance. As such, it is
proposed to further investigate the role of MAPLE deposition on electronic transport in
radical polymers.
4.5 Conclusions
The ideas presented herein are ways by which we might tune the design handles of
radical polymers transporting charge via quantum tunneling. We have confirmed (see
Chapter 3) that average inter-site distance of radicals impacts electrical conductivity
exponentially. We next hope to probe the details of the energy barrier, defined as U-E in
quantum tunneling; once better understood, we could manipulate this handle to further
reduce the energy barrier present for charge transport via quantum tunneling. Additionally,
we are interested in alternative methods for manipulating the inter-site distance (e.g.,
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through use of pendant chain spacers); we anticipate that this endeavor, coupled with
characterization of the distribution of radicals at the atomic scale (e.g., small-angle neutron
scattering) would further aid in more directly quantifying the relationship between intersite distance and electrical conductivity. Lastly, we propose alternative deposition methods
to explore the role of processing conditions on solid-state radical polymers for electronic
applications.
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APPENDIX
Supporting Information for Chapter 3

Figure A.1 Conversion of the radical sites along the polymer chains using ascorbic acid
results in the formation of an N-hydroxy group to generate the closed-shell PTNB-OH. The
FTIR spectra illustrate a new peak in the PTNB-06 material relative to the PTNB-94
material, and this is associated with an alcohol as a result of the chemical reaction.1,2
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Figure A.2 SEC traces confirm the polymerization of TNB to the parent polymer batch,
PTNB-94, in a controlled manner via a ROMP mechanism. Additionally, the molecular
weight and molecular weight distribution of the polymer chains is fairly well preserved
after the process of quenching radicals with ascorbic acid, PTNB-06. The number-average
molecular weight of the PTNB-94 polymer was 45.7 kg mol-1 and the PTNB-06 polymer
had a number-average molecular weight of 55.7 kg mol-1.
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Figure A.3 EPR spectroscopy data for the small molecule TEMPO-OH standard
demonstrates hyperfine splitting, the details of which are blurred together into a more
Lorentzian shaped curve for the fully functional PTNB-94 polymer.
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Figure A.4 (a) Differential scanning calorimetry data demonstrate the measured increase
in the glass transition temperature of the blended polymers, which supports the idea of the
polymers being molecularly-mixed.3 For an immiscible system, two distinct peaks would
be expected. Here, we demonstrate the shift in the glass transition temperature as a function
of PTNB content (inset). A linear relationship exists between the fraction of material that
contains radical groups (i.e., the molar fraction of PTNB); this is consistent with a lack of
phase separation between the PTNB-94 and PTNB-06 polymers. (b) Thermogravimetric
analysis data demonstrating that the onset of PTNB degradation occurs at ~200 °C. As
such, the glass transition temperature of blends that contained larger fractions of the
functional PTNB polymer could not be established.
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Figure A.5 Thin films of PTNB blends were cast and characterized using AFM imaging
to determine if any distinctive phase separation of the PTNB-94 and PTNB-06 polymers
was observable on the surface of the thin films. The (a) height image for PTNB-70; (b)
phase image for PTNB-70; (c) height image for PTNB-40; and (d) phase image for PTNB40 demonstrate that, for two different representative blends, no phase separation was
observed.
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Figure A.6 Current-voltage measurements for Figure 3.4 and Figure 3.5 were performed
under ambient conditions. A control experiment was performed on thin films of PTNB-94
to confirm that placing the sample in vacuum (P ~10-4 Torr) did not yield a different result
than when devices were tested under ambient conditions. The overall electrical
conductivity of the samples was not impacted by environmental conditions, which is
consistent with our previous results for nitroxide-bearing radical polymers.4
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