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Abstract

As an alternative for conventional inorganic-based electrode materials, organic redox-active
polymers have attracted substantial attention due to their high power density, flexible processibility
and metal-free characteristics. Organic radical polymers, especially TEMPO (2,2,6,6-tetramethyl-
1-piperidinyloxy)-containing polymers represent some of the fastest-charging redox active materials
available. Among various synthetic pathways available to obtain TEMPO-containing polymers
for energy storage applications, the present thesis focuses on post-polymerization modification
(PPM) via activated ester. The high selectivity and versatility of PPM to incorporate TEMPO
pendant groups and other functionalities within the polymer chain in precise ratios gives rise to a
library of redox polymers allowing for a systematic study of their battery performance.

Since the TEMPO content of poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl) (PTMA) synthesized
via conventional post-oxidation method typically varies from 60–80%, the quest for an alternative
approach with comparable TEMPO content has been taken and the current thesis focuses on
PPM of polymeric pentafluorophenyl (PFP) ester derivatives. Aimed at a high TEMPO content,
the reaction parameters such as type of nucleophile, catalyst, solvent, feeding ratio of catalysts
and nucleophile, along with reaction time and temperature for aminolysis and transesterification
reactions of poly(pentafluorophenyl acrylate) (PPFPA) and poly(pentafluorophenyl methacrylate)
(PPFPMA) were investigated. Electron paramagnetic resonance (EPR) spectroscopy and FTIR
confirmed the high TEMPO content in five types of TEMPO-containing polymers, particularly
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm, 96.2%). Moreover, the electron
transfer-promoting effect of the hydrolysis side reaction product (i.e. acrylic acid moieties) on
redox reaction of TEMPO was examined. Furthermore, the improvement in battery performance
due to the increased TEMPO content was presented by comparing PTAm and PTMA synthesized
by conventional post-oxidation method.

In similar manner, electrode processing plays a critical role in battery performance. Recently a vast
knowledge has been gained from the preparation of inorganic-based electrode materials, however,
this knowledge cannot be directly applied to organic-based materials due to the distinct difference
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Abstract

in the chemical nature (e.g. composition and chemical affinity) between organic and inorganic
materials. To fill this gap, the subsequent work investigated the influence of various processing
parameters, such as drying temperature, slurry viscosity, carbon forms and calendering on the
battery performance (e.g. cycle life and rate capability) of PTMA as the model polymer. With a
step-by-step examination of each parameter on the influence of cathode morphology and cycle
performance, a well-suitable processing conditions were thus proposed.

Finally, rational structural design of pyrene-functionalized radical (i.e. TEMPO) copolymers for
enhanced electrochemical performance was presented for energy storage applications. With a two-
step PPM via activated ester, other functionalities, e.g. amide-bonded pyrene and methylene-ester
linked pyrene, in addition to TEMPO moieties were efficiently incorporated within the polymer
followed by characterization with EPR and UV/vis spectroscopy. Both theory and experiment
confirmed the existence of π-π stacking between pyrene moieties and carbon nanotubes. Moreover,
amide-bonded pyrene moiety exhibited relatively stable redox reaction than methylene-ester linked
pyrene according to cyclic voltammetry analysis. Furthermore, a comparison between low and
high content of amide-boned pyrene moieties proved a significantly different effect on the battery
performance.

In summary, substantial advances in preparation and understanding of TEMPO-containing polymers
were made. As such, the thesis lays a solid foundation of TEMPO-containing polymers for energy
storage in future, in addition to possible applications of radical-containing polymers synthesized
via PPM.
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Zusammenfassung

Als Alternative zu konventionellen Elektrodenmaterialien auf anorganischer Basis haben organ-
ische redox-aktive Polymere aufgrund ihrer hohen Energiedichte, flexiblen Verarbeitbarkeit und
Metallfreiheit große Aufmerksamkeit erregt. Organische radikalische Polymere, insbesondere
TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy)-haltige Polymere, repräsentieren einige der am
schnellsten ladenden redox-aktiven Materialien, die zur Zeit verfügbar sind. Im Unterschied zu den
zahlreich vorhandenen Synthesewegen von TEMPO-haltigen Polymeren für die Anwendung zur
Energiespeicherung, konzentriert sich die vorliegende Arbeit auf Post-Polymerisations-Modifikation
(PPM) über aktivierte Ester. Die hohe Selektivität und Vielseitigkeit von PPM ermöglicht es
TEMPO-Seitengruppen und andere Funktionalitäten in präzisen Verhältnissen in die Polymerkette
einzubauen, was zu einer Bibliothek von Redoxpolymeren führt, die eine systematische Studie
ihrer Batterieleistung ermöglicht.

Da der TEMPO-Gehalt von Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl) (PTMA), welches über
die herkömmliche Methode der nachträglichen Oxidation synthetisiert wurde, typischerweise
zwischen 60–80% variiert, wurde die Herausforderung angenommen einen alternativen Ansatz
zu finden, der einen vergleichbaren TEMPO-Gehalt erzielt. Die vorliegende Arbeit konzentriert
sich auf die PPM von polymeren Pentafluorophenyl (PFP)-Esterderivaten. Um einem hohen
TEMPO-Gehalt zu erzielen, wurden die Reaktionsparameter wie Art des Nukleophils, Katalysator,
Lösungsmittel, Zugabeverhältnisse von Katalysatoren und Nukleophilen sowie die Reaktionszeit und
Temperaturen für die Aminolyse und Umesterungsreaktionen von Poly(pentafluorophenylacrylat)
(PPFPA) und Poly(pentafluorophenylmethacrylat) (PPFPMA) untersucht. Elektronenspinres-
onanz (engl. electron paramagnetic resonance, EPR)-Spektroskopie und FTIR bestätigten den
hohen TEMPO-Gehalt in fünf Arten von TEMPO-haltigen Polymeren, insbesondere Poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl-acrylamid) (PTAm, 96.2%). Darüber hinaus wurde die elektro-
nenübertragungsfördernde Wirkung des Nebenprodukts der Hydrolyse (d.h. Acrylsäuregruppen)
auf die Redoxreaktion von TEMPO untersucht. Ferner wurde eine verbesserte Batterieleis-
tung aufgrund des erhöhten TEMPO-Gehalts im Vergleich zu PTAm und PTMA, die durch die
herkömmliche Methode der nachträglichen Oxidation synthetisiert wurden, erzielt.
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Zusammenfassung

Für die Batterieleistung spielt die Elektrodenverarbeitung ebenfalls eine kritische Rolle. In
jüngster Zeit wurde durch die Präparation von anorganischen Elektrodenmaterialien umfangreiches
Wissen gewonnen. Aufgrund der ausgeprägten Unterschiede in der chemischen Beschaffenheit
zwischen organischen und anorganischen Substanzen (z.B. deren Zusammensetzung und chemische
Affinität) kann dieses Wissen jedoch nicht direkt auf Materialien auf organischer Basis angewendet
werden. Um diese Lücke zu schließen, wurde in der vorliegenden Arbeit der Einfluss verschiedener
Verarbeitungsparameter wie Trocknungstemperatur, Aufschlämmungsviskosität, Kohlenstoffformen
und Kalandrierung auf die Batterieleistung (z.B. Zykluslebensdauer und Stromratenfähigkeit) von
PTMA als Modellpolymer untersucht. Mithilfe einer schrittweisen Untersuchung jedes einzelnen
Parameter auf den Einfluss der Kathodenmorphologie und der Zyklisierungsleistung wurden
entsprechend geeignete Verarbeitungsbedingungen vorgeschlagen.

Schließlich wurde ein rationales strukturelles Design von Pyren-funktionalisierten radikalischen (d.h.
TEMPO) Copolymeren für eine verbesserte elektrochemische Leistung für Energiespeicheranwen-
dungen untersucht. Mit einer zweistufigen PPM über einen aktivierten Ester wurden zusätzlich zu
den TEMPO-Einheiten weitere Funktionalitäten, wie z.B. amidgebundenes Pyren oder Methylen-
Ester-verknüpftes Pyren, effizient in das Polymer eingebaut, gefolgt von Charakterisierung mit EPR
und UV/vis-Spektroskopie. Sowohl die Theorie als auch das Experiment bestätigten die Existenz
von π-π-Wechselwirkungen zwischen Pyren-Einheiten und Kohlenstoff-Nanoröhren. Darüber hinaus
zeigte die amidgebundene Pyren-Funktionalität laut der cyclovoltammetrischen Analyse eine relativ
stabilere Redoxreaktion als Methylen-Ester-gebundenes Pyren. Ferner zeigte ein Vergleich zwischen
niedrigem und hohem Gehalt an amidgebundenen Pyrenanteilen einen signifikant abweichenden
Effekt auf die Batterieleistung.

Zusammenfassend lässt sich sagen, dass wesentliche Fortschritte bei der Präparation und dem
Verständnis von TEMPO-haltigen Polymeren erzielt wurden. Damit legt die Arbeit ein solides Fun-
dament für TEMPO-haltige Polymere zur Anwendung in zukünftigen Energiespeichern, zusätzlich
zu möglichen Anwendungen von radikalhaltigen Polymeren, die mittels PPM synthetisiert werden.
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1. Introduction and Motivation

Due to the worldwide high economic growth, increased access to marketed energy and rapid
population growth, the globe is facing an unprecedented high energy demand. Globally, human
activity has consumed 583.90 EJ of primary energy in 2019 which increased by 1.3% compared
with 2018 [1], and the demand is expected to grow by 50% between 2018 and 2050 [2]. Among
diverse energy sources, fossil fuels are the dominant primary energy resources at present, which
accounts for more than 80% of the primary energy consumption in 2019 [1]. Although being
cheap (typically $0.049–0.174 per kilowatt hour for fossil fuel-fired electricity cost) and reliable
with well-developed technologies for extraction and refining [3], fossil fuels are finite energy source
(i.e. non-renewable) and bring about climate change due to the copious CO2 emissions, which
took up 67.8% of the total global greenhouse gas emissions in 2018 [4]. To meet the increasing
energy demand and prevent the worst consequences of climate change, there is a pressing need for
renewable energy, i.e. clean energy, which is energy from sources that are naturally replenishing but
flow-limited, such as wind and solar energy. With the pledge made at the 2015 Paris Agreement to
keep the global temperature rise within 2℃ above pre-industrial level by 2100, the transformation
to a sustainable energy system with high shares of renewables is thus more urgent.

As alternative energy resources, renewable energies, including solar, wind, hydro, biofuels and
others, are intermittent due to their fluctuating nature, e.g. diurnal or seasonal variations. Energy
storage is one way to constrain or even overcome this renewable energy intermittency challenge.
Apart from providing flexibility to the energy system, energy storage can generally be deployed
quickly and modularly whenever it is needed. While energy storage comes in many forms, including
pumped hydro, hydrogen, molten salt and flywheels [5], batteries are the most common ones.
Moreover, according to the International Energy Agency, batteries will have a central place in
future energy markets [6]. There are a variety of batteries that are currently in use and many more
under development. Lithium ion batteries (LIBs) represent the state of art battery technology [7]
that satisfies high demands in energy (100–265 Wh kg-1, 3.6 V) and long cycle life (last 15–20
years based on calendar aging) [7–9]. It is worth noting that the 2019 Nobel Prize in Chemistry
has been awarded to John B. Goodenough, M. Stanley Whittingham and Akira Yoshino for their
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1. Introduction and Motivation

contributions in the development of lithium-ion batteries, a technology that laid the foundation of
a wireless, fossil fuel-free society, and are of the greatest benefit to humankind [10].

However, LIBs are based on valuable metals such as lithium (39.7 mg g-1) as well as cobalt
(207.9 mg g-1), nickel (29.9 mg g-1) and manganese (18.7 mg g-1), which are sourced solely from
mining for the time being [11]. Although recycling these metals from spent LIBs is possible, the
recycling process is potentially unsafe, energy-consuming and environmentally undesirable [12].
Furthermore, with reference to the demand and mining capacities, it is predicted that cobalt
and nickel shortages are likely to occur by 2030 and mid-2030s, respectively, and even recycling
cannot replenish the supplies [9] that are needed. Therefore, new battery technologies with better
sustainable feature are required.

Organic electrode materials as an alternative to transition-metal-based materials have attracted
great attention over the years by virtue of its feature designable, environmentally benign and
cost-effective characteristics [13, 14]. To date, various organic electrode materials have been
reported, such as conjugated carbonyl compounds [15], organosulfur compounds [16], radical
polymers [17], imine compounds [18] or azo compounds [19]. Among them, radical-containing
polymers (RCP) represent one of the most promising candidates due to their excellent rate capability
and extraordinary cycle life [14, 20,21], especially TEMPO-containing polymers. For example, the
bimolecular rate constant (kex,app [M−1 s−1]) and the standard reaction rate constant (K 0 [cm
s−1]) for TEMPO-based polymers are typically in the order of ∼105 and ∼10−5, respectively [22].
The record cyclability so far for a redox polymer-based electrode, which is 6000 cycles with a
capacity retention of 92% at a high current density of 2.2 A g−1 (20 C-rate) [23], was set by a
TEMPO-containing polymer.

Despite its popularity, there are still several major obstacles that hindering the further application
of RCP. First of all, as the classic RCP, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate)
(PTMA), normally exhibits a TEMPO content of 60–80% from conventional post-oxidation
method [24, 25]. Although direct polymerization of TEMPO-acrylate/methacrylate derivatives via
anionic or group transfer polymerization can be achieved with a high yield of over 95% [26–28],
the synthetic route requires stringent reaction conditions. Therefore, there is a critical quest for
alternative suitable synthetic routes that enables a reliable, reproducible and scalable production of
the targeted PTMA derivatives. Moreover, radical polymers suffer from poor electrical conductivity,
which blocks the efficient electron transfer throughout the electrode layer. For instance, the
electronic conductivity of PTMA is only about 10-11 S cm-1 [29], which is much lower than that of
lithium transition metal oxides ranging from 10-4 S cm-1 (LiCoO2) to 10-9 S cm-1 (LiFePO4) [30].
Furthermore, RCP are propensity to dissolve in conventional organic electrolytes, e.g. carbonate-
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based electrolytes, which might lead to rapid self-discharge and capacity loss. For instance,
Nakahara et al. [31] found that 38% of the capacity for PTMA-based cathodes was disappeared
after 1 week of storage, which they attributed to the shuttle effect of dissolved PTMA in the
electrolyte. It is reported that compared to PTMA with a low number-average molecular weight
(Mn = 1.6 kDa, Ð = 1.1), PTMA with a high number-average molecular weight (Mn = 16 kDa,
Ð = 1.35) showed a higher specific discharge capacity (16%) and better cycling stability (65%
retention at 30 C) due to its relatively low solubility in the electrolyte [25].

Aimed at a simple and feasible synthetic approach for PTMA derivatives with a relatively high or
comparable TEMPO content compared with conventional post-oxidation method, the current thesis
turned to post-polymerization modification (PPM) via activated ester (namely pentafluorophenyl
(PFP) ester), which is an alternative and versatile route to equip polymers with numerous functional
groups including stable radicals [32–38]. Owing to the good solubility, high reactivity as well
as good traceability via 19F NMR spectroscopy and FTIR, the PFP ester-based polymers were
selected as the parent polymers. By reacting the parent poymers with various TEMPO nucleophilic
derivatives, diverse TEMPO-containing polymers can be obtained. Moreover, the reaction process
can be monitored by FTIR following the decrease of the C=O (PFP ester) band and the aromatic
ring C-C stretching band, both of which are quite distinguishable. Furthermore, TEMPO content
in the resulting polymer can be detected by electron paramagnetic resonance (EPR) spectroscopy.
In addition, to achieve a high TEMPO content, the optimal reaction conditions were investigated
by utilizing different solvents, catalysts, feeding ratios, reaction temperatures and times.

To achieve the full potential of TEMPO-containing polymers as cathode materials, the processing
of PTMA-based cathodes on battery performance was investigated. Battery performance, including
cycling performance and rate performance, was examined for cathodes prepared with different
parameters, such as drying temperature, mass fraction of cathode in the slurry, cathode thickness,
calendering, and conductive additives.

Moreover, to address the conductivity and solubility issue, specific functionality, i.e. amide-bonded
pyrene, was incorporated into the TEMPO-containing polymer as anchor points, which could
immobilize the RCP on carbon nanotubes (CNTs) through π-π stacking. With the high selectivity
and versatility of PPM, quantitatively and efficiently incorporating both TEMPO and pyrene
functionalities into one polymer chain is proposed in the present work. The pyrene and TEMPO
content within the copolymer can be determined by UV/vis spectroscopy and EPR measurement,
respectively. Furthermore, the π-π stacking could be evidenced by the sedimentation status of
CNTs in the suspension containing CNTs and pyrene-functionalized TEMPO-containing polymers.
Besides, quantum mechanical calculations can also give a hint by taking graphene flake as the
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model material and calculating the adsorption energy between the pyrene monomer and the
graphene layer. Due to the high conductivity of CNTs (106–107 S cm-1) [39] and intramolecular
π-π interaction between multiple pyrene and CNTs, a good rate capability and stable cycle life of
the resulting cathodes are expected.

The main focus of the present work is schematically summarized in Figure 1.1 as they expand
current knowledge and frontiers of radical-based (particularly TEMPO) batteries for energy storage
design.

Figure 1.1.: Graphical overview of the different studies included in the current thesis.
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2. Theoretical Background

With the increasing worldwide energy consumption demands and environmental problems, renewable
energy (or clean energy), that is usually based on natural sources and can be replenished on a
human timescale, such as sunlight and wind, offers a sliver of hope for the limited reserves of
fossil fuels and pollution therefrom [40–42]. As these renewable energies are intermittent, energy
storage, in particularly battery storage, qualifies to be one of the solutions for universal access to
clean, reliable and affordable electricity services [43–45].

A battery is based on the concept of an electric cell that transforms chemical energy into electrical
energy. Generally, it consists of two electrodes suspended in an electrolyte with a separator placed
between them. Both electrodes contain active materials that can undergo respective chemical
reactions when the two electrodes are electrically connected. Electrons move from the material
with a low redox potential to the material with a high redox potential, thus generating a current.
The electrode where oxidation takes place during the process is defined as the anode (i.e. negative
electrode with low potential), and the electrode where reduction occurs is designated as the
cathode (e.g positive electrode with high potential). If the active material can be restored to
its original composition by an external electric current flowing in the opposite direction, then
the corresponding cell is called a secondary cell/battery or rechargeable battery, otherwise, it is
classified as a primary cell/battery or a galvanic cell, which can only supply electrical power once
by sacrificing its electrodes without any rechargeable feature.

With the increasing demands being placed on future batteries, a wide variety of different battery
and cell technologies have been investigated, ranging from the established primary batteries
such as zinc-carbon (Leclanché), alkaline, silver oxide, mercury, lithium and zinc-air [46], to
rechargeable batteries, like lead-acid, NiCd, Nickel metal hydride (NiMH), lithium-ion batteries
(LIBs), etc [47]. During the last 200 years, battery technology has seen a rapid development and
the major achievements are listed in the timeline, as shown in Figure 2.1 [48]. As the very tip of
the iceberg was uncovered in 19th century, battery technology ushered a warm spring in the 20th
century, with development of LIBs being the crowning achievement.
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2. Theoretical Background

Figure 2.1.: Major achievement in battery development.

Entering the 21th century, battery technology continues to thrive, and more varieties of batteries
such as organic radical batteries (ORB), lithium-sulfur batteries, sodium/magnesium batteries,
etc. are being revealed. Organic based battery that are endowed with the feature of fast charging
and long cycle life (typically exceeds 1000 cycles) and consequently, ORB has attracted a lot of
attention since its discovery [17]. Accordingly, this chapter mainly focuses on ORB, including
the fundamental, working principle and the most prominent electrode material utilized in ORB,
i.e. TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl)-containing polymers. Additionally, post-
polymerization modification (PPM), which is a versatile approach to functionalize polymers, is
also going to be discussed in this chapter, as it is intensively adopted in the present thesis.

2.1. Organic Radical Batteries

LIBs are the state of art battery technology designated for portable devices (dozens of watt-
hours), electric vehicles (dozens of kilowatt-hours) and grid applications (tens of megawatt-
hours) [7, 49,50]. Nevertheless, next-generation batteries are expected to provide higher energy
density, remarkable rate capability, and excellent cycle life with environmental-friendly and cost-
effective features [8, 9,51,52]. Due to the relatively limited availability of lithium and cobalt in
addition to the large energy cost of battery manufacture and recycling, replacing lithium by more
abundant and environmentally benign material is imperative. Hence, organic electrode materials
have evolved as alternatives to traditionally metal-based inorganic materials that may fulfill the
aforementioned criteria as electrodes in next-generation batteries [13, 14,53]. First of all, they are
environmental benign without the usage of expensive and rare earth metals (e.g. lithium, cobalt,
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2.1. Organic Radical Batteries

manganese etc.), as the constitutional elements (e.g. C, H, O, N, S) are naturally recycled within
the biosphere. Moreover, their electrochemical properties are designable, for example, in respect
of redox potential [54, 55], theoretical capacity [56, 57], rate capability [55, 58], solubility [59, 60]
and mechanical properties [61,62], which in turn can be altered by employing various synthetic
routes, thus resulting in sustainable and eco-effective electrodes derived from biomass, such as
cellulose and alginate [63,64]. Furthermore, they provide a superior processability, making printing
techniques (e.g. screen printing, inkjet printing), various casting methods (e.g. blade casing) and
roll-to-roll manufacturing feasible [65].

Different categories of organic compounds are adopted as electrode active materials over the
years as depicted in literature survey. Among the broad toolbox, the following classes can be
distinguished: conjugated carbonyl compounds [15], conducting polymers [66], organosulfur
compounds [16], radical polymers [20], imine compounds [18], nitrile compounds [67], azo-
compounds [19], conjugated N-heterocyclic compounds including Hydrazine-Embedded ones
and pteridine derivatives [68–70], conjugated carboxylates [71], naphthalene derivatives [72,73]
as well as hydrated dilithium rhodizonate [74], triangulene derivatives [75, 76], antiaromatic
norcorroles [77], and tetracyanoquinodimethane [78]. Among them, radical polymers, which
contain stable radicals such as open-shell nitroxides moieties, are quite promising as electrode
materials owing to their extraordinary rate capability and excellent life performance [24,79–81].

Batteries with radical polymers as redox-active materials are referred as ORB, which is a relatively
new type of rechargeable battery and was initially proposed by NEC in 2001 [17]. The radical in
the name of ORB indicates the persistent radical in the molecular structure of the active material,
i.e. radical polymer. By far, a variety of stable radicals have been investigated for ORB, such
as nitroxyl, phenoxyl, and hydrazyl radicals, as depicted in Scheme 2.1. Among them, most of
the stable radicals possess a relatively high redox potential (Scheme 2.1), making them right
candidates for cathode active material but not suitable for anode active material.

The first report on ORB was released in 2002 by Nakahara [17], in which poly(2,2,6,6-tetramethyl-
piperidenyloxyl-4-yl methacrylate) (PTMA) and lithium were adopted as active materials for
cathode and anode respectively. Since lithium meal was also involved in the battery in addition
to PTMA, it is actually a metal–organic hybrid cell in a strict sense. The first all organic ORB,
featuring radical polymers for both electrodes, was presented by Nishide et al [82] not until 2009.
The hybrid ORB generally exhibits a specific capacity below 185 mAh g-1 referred to the active
material [83], however, an all organic ORB delivers a much lower capacity (6 64.4 mAh g-1

referred to the total amount of active materials) [84]. Although ORB do not excel in capacity,
they have great advantages in fast charging and extraordinary cycle stability. In combination with
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Scheme 2.1: Various stable radicals used as redox-active sites in ORB and their redox potentials
(vs.Ag/Ag+).

their good processability and tailor made properties, possible applications can be found in sensors,
radio frequency identification tags, intelligent food packages, etc [20,21].

With regard to the fundamentals and working principles of ORB, such as components, working
mechanism, as well as common battery specifications, this section will give an detailed introduction
with an focus on TEMPO based ORB.

2.1.1. Components

As the electrode active material, radical polymer possess unique electronic properties, because
they can be oxidized (p-type, as cathode material) or reduced (n-type, as anode material) during
a charging-discharging cycle. Taking TEMPO (or similar nitroxide) containing polymer as an
example, it can undergo either oxidation or reduction to the N-oxoammonium cation or the
aminoxy anion by either losing or gaining one electron, respectively, as shown in Scheme 2.2. The
former process leads to a p-doping of the polymer while the latter induces n-doping. Theoretically,
both ORB electrodes can be based on nitroxide radical polymers, however, practically nitroxide
radical polymers are mainly used as cathodes since the n-doping process of nitroxide exhibits poor
electrochemical stability and reversibility [85]. Therefore, lithium metal is commonly adopted as
the anode when nitroxide radical polymers are employed as cathode active materials in battery
research. In this respective battery system, during the charging process, the nitroxide is oxidized
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2.1. Organic Radical Batteries

to oxoammonium at the cathode while lithium-ion is reduced to lithium at the anode. Upon
discharging, this process is reversed and the corresponding nitroxide radicals are regenerated, as
indicated in Figure 2.2.

N
O

N
O

N
O

-e

+e

-e

+e

aminoxyl anion oxoammonium cationnitroxide
n-type p-type

Scheme 2.2: Redox reactions among different nitroxide redox species.

Figure 2.2.: The mechanism of ORB during discharging.

Figure 2.2 shows the typical composition and configuration of an ORB. This configuration permits
a closed circuit with an internal ion transportation and an external electron transmission. During
charging, anions (e.g. PF−6 ) in electrolyte migrate from the negative electrode through a separator
to the positive electrode driven by an external power, while cations (e.g. Li+) move in the opposite
direction. In the meantime, electron flow is generated from the direction of the positive electrode
to the negative electrode. Discharging the battery reverses the process, thus causing an electron
flow from anode to cathode to provide electricity. The spontaneous ion transportation is driven by
the difference of the electromotive force (emf) between the two half-cell reactions, i.e. potential
difference (∆E ). Therefore, the reversible conversion between electrical energy and chemical
energy is realized when ions shuttle between the two electrodes. With respect to each component
of an ORB, a detailed introduction is given in the following section.
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2. Theoretical Background

Electrodes

An electrode is classified as either a cathode or an anode. The cathode is the positive electrode
where active material accepts electrons from the external circuit and get reduced during discharging,
displaying relatively high reaction potential. The anode is the negative electrode where active
material donates electrons to the external circuit and gets oxidized during the cell discharge, which
should exhibit a relatively low reaction potential to obtain a high full-cell voltage. Practically,
when radical polymers which generally have an intrinsic low electrical conductivity (e.g. 10−11 S
cm-1 for PTMA) [29] are adopted as active materials, conductive additive and binder are also
required in electrodes. The two components are introduced as follows.

Conductive additives are necessary to accelerate electron transfer by constructing a conductive
percolation network, thereby increasing the electrical conductivity of the electrode. Furthermore,
it could also adsorb and retain part of electrolyte liquid, allowing close contact between ions and
active materials. So far, various carbon forms have been reported in literature for ORB, such as
carbon black (CB) [86, 87], vapor grown carbon fiber (VGCF) [17], graphene [88], and carbon
nanotubes (CNTs) [89,90] and activated carbon [91].

The selection of carbon species and their mixing with other electrode components are very critical,
as the characteristics of the carbonaceous material as well as their respective distribution in
the composite electrode may affect the electrochemical properties of the composite electrode.
For instance, Liu et al. [87] compared the electrochemical performance of cathodes based on
PTMA with Black Pearl 2000 (BP-2000), VGCF and acetylene black (AB) as conductive agent,
respectively. They revealed that the specific capacity of the PTMA-BP cathode is 26.7% larger
than that of PTMA-VGCF and PTMA-AB cathodes at 1 C rate, and 27.6% and 16.7% higher than
that of PTMA-VGCF and PTMA-AB cathodes at 50 C rate, respectively, due to the high specific
surface area of BP-2000, which facilitates a thorough contact of PTMA with BP carbon, and thus
improve the conductivity of the PTMA-BP composite. Apart from the inherent specific surface
and conductivity of the conductive additive, shape also matters. As revealed by Suguro et al. [92],
VGCF played a significant role in reinforcing the polymer-carbon composite in the electrodes and
promoting the electron transfer, while carbon black additive (e.g. Ketjenblack black and acetylene
black) would result in the cracking of electrodes at the same filling amount (15 wt.%). Probably
due to the good crack control effect of short fibers (10–20 µm) as well as their good electrical
conductivity (104 S cm-1) along the fiber direction, VGCF has been adopted as the most common
conductive agent for ORB since the radical polymer PTMA was first reported as a cathode active
material in 2002 by Nakahara et al. [17]. In addition to the nature of the carbon species, its
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distribution within the composite electrode also cannot be underestimated. For example, Choi et
al. [93] fabricated a nanocomposite electrode with highly dispersed single-walled carbon nanotubes
(SWCNTs) wrapped by PTMA at a molecular level via a combination of ultrasonication and
ultracentrifugation. This cathode displayed both high electrical conductivity and excellent rate
capability, which was 100 mAh g-1 at 1 A g-1 and 75 mAh g-1 at 60 A g-1, with the content of
SWCNTs being only 4 wt.%. This result demonstrates the importance of the even distribution
of the conductive agent to form uniform conductive pathways within the composite electrode in
realizing quantitative formula-based redox capacity and fast electron transfer.

A binder also plays an important role in composite electrodes, though being inactive. On one
hand, it acts as an adhesive to maintain the connection between the electrode materials and
current collector [94]. On the other, it keeps the integrity of the composite electrode and imparts
mechanical flexibility [95,96]. An ideal binder should meet the following criteria: (1) Offer high
adhesion to both the electrode materials and the current collector; (2) Be electrochemically stable
to ensure a superior cycling performance; (3) Be high soluble in the processing organic solvent or
water for slurry preparation but insoluble in electrolyte or have a low swelling ratio; (4) Have a high
electrical and ionic conductivity; (5) Have a high tensile strength to endow the composite electrode
with mechanical flexibility; (6) Be economically effective and environmentally friendly. The most
commonly used binders are poly(vinylidene fluoride) (PVdF), poly(tetrafluoroethylene) (PTFE),
carboxyl methyl cellulose (CMC) and CMC-SBR (styrene butadiene rubber) in Li batteries as well
as in ORB [94,96,97]. Nevertheless, these binders do not fulfill all criteria mentioned above. In
the search for better binders fulfilling more of the above criteria, other binders have also been
reported in the literature [98, 99]. For instance, Komaba et al. [98] adopted polyacrylate binder in
PTMA-based cathode and achieved capacity retention of 96% after 1000 cycles at 20 C rates
due to the boosted electron-transfer kinetics of TEMPO radical and improved conductivity of the
electrode. Casado et al. [99] employed a conducting polymer, poly(3,4-ethylenedioxythiophene)
(PEDOT) decorated with TEMPO pendant groups, as a binder as well as partial active material
in LiFePO4-nitroxide hybrid electrode. It is worth noting that the addition of a binder in the
composite electrode reduces the gravimetric energy density of ORB as a binder does not essentially
contribute to the redox reaction while still contributing to the overall weight of the electrode.

The typical form of a radical polymer-based electrode is a laminated film normally prepared by
tape casting (or doctor blading) a well-mixed slurry consisting of a suspension based on the
three independent components in organic solvent or water. Nonetheless, other forms with various
morphologies and architectures, such as a (patterned) planar film [100–102], a three-dimensional
porous foam [103, 104] and a non-woven fibrous membrane [105, 106], etc., have also been
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attempted. For instance, Lee et al. [100] fabricated a PTMA brushed ITO electrode by grafting
PTMA brushes on a patterned ITO glass via surface-initiated atom transfer polymerization
(SI-ATRP) to prevent the dissolution of PTMA in the electrolyte. Similarly, they immobilized
nitroxide polymer brushes on three-dimensional ordered macroporous (3DOM) polypyrrole via
SI-ATRP. The resulting 3DOM nitroxide polymer brush cathodes delivered 40 times higher capacity
than that of the planar electrode at 5 C rate, and remained 96.1% of its capacity after 250
cycles [103]. Kim et al. [104] prepared an ordered nanocomposite of polyethylene glycol–organic
radical polymer–mesocellular carbon foam by incorporating PTMA into acidified mesocellular
carbon foam (MCF) followed by polyethylene glycol coating, and demonstrated a much better
cycle performance at 1 C rate with 70% capacity retention after 50 cycles at 50℃ compared
to pristine PTMA and PTMA-MCF, whose capacity decreased rapidly to 20% within 7 cycles
and 50 cycles, respectively. Kim et al. [105] prepared a micro-fibrous PTMA-based electrode by
electrospinning technique. Due to the fibrous microstructure, this cathode showed a quantitative
capacity even at 50 C rate, and a remarkable volumetric capacity which is 209 mAh cm−3 at 10
C rate.

Concerning fabrication methods for the prevailing laminated electrode, spin coating [82, 107],
reactive inkjet printing [108], screen printing [109] and drop-casting [110] have also been reported
in addition to doctor blading. For example, the Nishide group prepared a see-through, flexible
battery by spin coating poly(galvinoxylstyrene) (n-type) onto an ITO-coated glass or poly(ethylene
terephthalate) (PET) substrate with a film thickness of 50–500 nm [82]. Taking advantage of
the good dissolution of PTMA in dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP),
the Schubert group [108] prepared an inkjet printable ink, which was a suspension of epoxidized
carbon nanopowder in a solution mixture of PTMA, an epoxy-based cross-linker, and a plasticizer
(e.g. ethylene carbonate) in DMF and NMP. After inkjet printing on a graphite foil, followed by
drying and thermal cross-linking arising from the expoxy-amine reaction between the epoxy-based
cross-linker and PTMA bearing residue chemically reactive amine groups from the incomplete
oxidation of PTMA precursor, they obtained an inkjet printable cathode. Lin et al. [110] prepared
a PTMA/carbon-nanotube-array electrode by drop-casting the solution of PTMA and PVdF in
NMP onto a stainless-steel substrate grown with vertically aligned carbon nanotubes array to
improve the high-rate charge/discharge performance in ORB.
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Electrolytes

Electrolyte serves as an ionic charge carrier in a battery system, which can either be a liquid or
a solid. Typically, an ideal electrolyte should meet the following requirements: (1) Having high
ionic conductivity but low electronic conductivity with low viscosity to promote ion transportation
and minimize self-discharge; (2) Possessing a wide electrochemical stability window to avoid
electrolyte degradation within the working potential range; (3) Being thermally stable with the
working temperature in between its melting point and boiling point but not close to; (4) Being
safe and cost-efficient with low toxicity and less environmental hazards. The common electrolyte
in ORB is liquid ones which consist of an organic solvent or water in addition to a conducting salt.
Theoretically, the common liquid electrolyte used in LIBs can also be applied to ORB without any
further adjustment. Among them, the state-of-the-art electrolytes in commercial LIBs batteries,
i.e. lithium hexafluorophosphate LiPF6) in carbonate-based electrolyte (e.g. 1 M LiPF6 in ethylene
carbonate/dimethyl carbonate (EC/DMC=50/50, v/v) or ethylene carbonate/diethyl carbonate
(EC/DEC=30/70, v/v)) [111,112], is also the most commonly used electrolyte in ORB. Other elec-
trolytes reported in ORB are: 0.1 M NaCl aq. [113], 1 M lithium perchlorate (LiClO4) in EC/DEC
(50/50, v/v) [114], LiPF6 or lithium tetrafluoroborate (LiBF4), tetrabutylammonium tetrafluorobo-
rate (TBABF4) or LiCF3SO3 in PC [115], 1 M lithium bis(trifluoromethanesulfony)imide (LiTFSI)
in N-butyl-N-methyl-pyrrolidiniumbis(trifluoromethanesulfonyl)imide (Py14TFSI) [116], LiTFSI in
N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMPTFSI) [117], 1 M LiPF6

in EC/DEC/DM (1/1/1, v/v/v) electrolyte [118], lithium bis(fluorosulfonyl) imide (LiFSI) or
LiTFSI in EC/DMC (4/6, v/v) [119], 1 M tetraethylammoniumbis(trifluoromethylsulfonyl)imide
(Et4NTFSI) or Pyr14TFSI in PC and neat Pyr14TFSI [120] etc.

The type of electrolyte and its respective concentration are very critical for secondary batteries
including ORB [120,121]. Initially, the charge-discharge process is regulated by the chemical and
physical properties of an electrolyte, such as ionic conductivity, viscosity, ion-ion and ion-solvent
interactions. For instance, Iwasa et al. [119] revealed that LiFSI has a high degree of dissociation
and weak interaction with PTMA gel, and the increase in LiFSI concentration from 1.0 M to
1.5 M suppresses the shortage of electrolyte anions at high rate charging, thus improving rate
performance. Nakahara et al. [115] experimentally showed that the mobility of anions (e.g. PF6

−

and BF4
−) strongly influenced charge transfer and electron self-exchange in PTMA. Using in situ

electrochemical quartz crystal microbalance with dissipation monitoring (EQCM-D) during cyclic
voltammetry, Wang et al. quantitatively showed a two-mode doping mechanism of PTMA. It was
revealed that the dominate mode is highly depended on polymer–anion, anion–solvent interactions
as well as timescale [122]. Secondly, the electrochemical stability of the electrode material at
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high potentials and elevated temperature is associated with electrolyte. For example, using float
tests, Gerlach et al. [120] found 1 M Et4NTFSI in PC has a negative effect on the electrochemical
stability of PTMA-based electrodes, while 1 M Py14TFSI in PC and neat Py14TFSI not. Moreover,
the self-discharge that decreases the shelf life of batteries results from dissolution of electrode
material in the electrolyte. For instance, Nakahara et al. [31] found that 38% of the capacity
for PTMA-based cathodes disappeared after 1 week of storage, which they attributed to the
shuttle effect of the dissolved PTMA in the electrolyte (1 M LiPF6 in EC/DEC (30/70, v/v)).
Cheng et al. [117] revealed that the addition of LiTFSI to BMPTFSI electrolytes increased the
polarity of the electrolytes, and thus suppressed the solubility of PVDF binder and PTMA active
material. Accordingly, the PTMA-based cathode exhibited a good cycle-life performance with
94.5% retention after 200 cycles, when 0.6 M LiTFSI/BMPTFSI electrolyte was utilized. Last but
not least, an electrolyte that contains flammable solvent can be a safety hazard for rechargeable
batteries [123].

Separators

A separator is a permeable electrical insulating membrane placed between the two electrodes of a
battery to prevent an electrical short circuit caused by direct contact of the cathode and anode,
allowing ion charge carriers to transport between electrodes. Monolayer and triple-layers (typically
20–30 µm thick) of micro-nonporous (pore size of 30–100 nm) polyolefin derivatives (polyethylene,
polypropylene or their blends) with semi-crystalline based separators have been the most widely
used separators for ORB, due to their excellent electrochemical stability, high mechanical strength
and acceptable cost [124]. However, there are some negative aspects that need to improve,
particularly, the poor electrolyte wettability and severe shrinkage at high operating temperatures.
The former drawback arising from the surface hydrophobicity of the polyolefin separator could
lower the electrolyte uptake and ionic conductivity, and consequently, lead to a high internal ionic
resistance and a low rate capability. The latter can result in a short-circuit or thermal runaway,
especially at high charge/discharge current. Another type of separator used in ORB is a glass
microfiber filter (e.g. Whatman® GF/D) [125,126], which has been intensively adopted in Li-S
and Li-air batteries due to its high porosity, superior wettability and good thermal stability [127].
It is worth noting that as the glass microfibers separators typically have a thickness up to several
hundreds of micrometers (e.g. 670 µm for Whatman® GF/D), their applications are mainly limited
to the laboratory. Additionally, non-woven fabric membrane based on electrospun poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) was also attempted as separator and electrolyte for
ORB [128]. Owing to the three-dimensional microporous structure (58% porosity and average
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diameter of 1µm), this non-woven membrane exhibited a good wettability (240% within 1 min)
and sufficient mechanical strength and self-standing properties.

Current Collectors

A current collector is a conductive solid part connected to the electrode with external loading. It
mainly has two purposes. One is to support the electrode, and the other is to conduct electrons
from inside the electrochemical reaction to the external circuit. It is desired to be chemically
and electrochemically stable when it is in contact with the cell components, e.g. electrode active
material and electrolyte, within the potential operation window. In practical terms, continuous
corrosion of current collectors should be avoided as it increases the internal resistance of cells,
causes capacity loss and may even induce short-circuit. Therefore, the choice of material is very
critical. Normally thin aluminum foils are used as current collectors at the cathode side while
copper foils are employed at the anode side. This can be explained from two aspects, which are
passivation and corrosion of current collectors [129]. Aluminum is usually covered with a thin and
dense passive oxidation layer, Al2O3, which can prevent aluminum from further oxidation. Besides,
this passive Al2O3 layer has a minor effect on the conductivity of aluminum. Furthermore, at high
voltage (3.5–5 V vs. Li/Li+), the protective passive film of the aluminum can be formed, which
could ensure battery performance and safety. However, at low potential (0–1.5 V vs. Li/Li+),
aluminum reacts with lithium ions to form an aluminum–lithium alloy, which may cause battery
failure. Therefore, aluminum cannot be used as a current collector on the anode side. On the
contrary, copper showed a good stability at low potential (0–3 V), nonetheless, oxidation occurs at
high voltage (> 3.6 V vs. Li/Li+). Accordingly, copper is selected as anode current collectors and
not suitable as cathode current collectors. Apart from aluminum and copper, other types of current
collectors have also been reported, such as 304 stainless-steel wafer [110], ITO substrate [100],
flexible graphite [102] and CNTs [89], etc. Besides, in order to increase the contact area of active
material and electrolyte, some current collectors with three-dimensional porous structure were
also investigated, for example 3DOM polypyrrole opal [103] and MCF [104].

Similar to LIBs, the above-discussed components can be manufactured into different battery
shapes, such as coin cells, cylindrical cells, prismatic cells, and pouch cells. In addition, due
to the substantial flexibility of radical polymers, printable batteries are also achievable with the
help of conventional printing methods, like screen-printing [130, 131]. This allows the storage
of electrical energy without employing metals or metal compounds. Actually, Evonik already
stepped forward and made a leap in this field with TAeTTOOz®, a new material technology for
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printable batteries, unveiled at the LOPEC trade show 2019 held in Munich, Germany [130,132].
Attractively, battery cells produced with the TAeTTOOz® technology even do not require liquid
electrolytes and therefore cannot leak.

2.1.2. Working Principle

Charge transport in redox polymers is normally driven by band conduction (for conjugated polymers)
or electron self-exchange between adjacent redox sites (typically for nonconjugated polymers) [133].
As a non-conjugated redox polymer, a radical polymer is not an exception, and follows the latter
mechanism (see Figure 2.3), which is also called diffusive hopping with the existence of electrolytes.

The typical working mechanism of an organic radical polymer based-electrode is considered to
consist of two steps: heterogeneous electron transfer between the current collector and the radical
sites and homogeneous electron transfer among the radical centers, as shown in Figure 2.3 [79,134].
In the meantime, physical diffusion of counterions occurred to compensate for the charge change
at the radical sites maintain charge neutrality.

Figure 2.3.: Electron transfer in a non-conjugated redox polymer-based electrode.

In the first step, the electron transfer rate is entirely dependent on the diffusion rate of the radical
polymer onto the current collector surface. The standard rate constant (k0) of heterogeneous
electron transfer is found to be on the order of 10−4–10−6 cm s-1 according to the peak separation
of cyclic voltammogram by the method of Nicholson [22,134,135].

Unlike conjugated polymers whose charge is transported along pathways of conjugation, charge
propagation in the second step is realized in the form of redox diffusive hopping among neighboring
redox centers, i.e. self-exchange. In order to make electron diffusion occur through self-exchange,
the adjacent redox centers must be in close proximity [22, 136, 137]. Moreover, in respect of
different polymer structures, it is suggested that the smaller the intersite distance, δav, the higher
the capacity a radical polymer could deliver, as shown in Figure 2.4 [58]. The effective charge
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transfer length of a certain polymer can be predicted by modeling and dynamic simulation. For
example, Kemper et al. [136] found the effective electron transfer length for PTMA to be 5.5
Å using atomistic molecular dynamics simulations. Besides, they claimed nearly 85% electron
transfer between radical sites occurred on different polymer chains. This result indicates that
polymeric chains with a high degree of flexibility and mobility facilitate redox sites contact by
diffusion, and accordingly improve the rate capability of ORB. Due to the shielding effect of the
surrounding electrolyte, no electric field is present in the bulk electrode; it only exists across
the electric double layer (Stern layer and Gouy-Chapman layer) on the electrode surface, hence
migration is negligible [138]. The electron hopping follows Fick’s law of diffusion and is driven
by the concentration gradient of the oxidized species in the film. This electron self-exchange by
neighboring redox-active centers decreases the concentration gradient until all present radicals are
oxidized. The bimolecular rate constant kex, app for electron self-exchange was estimated to be
typically 105–107 M−1 s−1 by the Smoluchowski model, which is in the same order of magnitude as
that of transition metal-containing polymers such as poly(vinylferrocene) [22,134,135,139]. Owing
to the relatively fast electron propagation, a layer of cross-linked polynorbornene with TEMPO
pendant groups showed Nernstian adsorbate-like electrochemical behaviors with thicknesses in a
submicrometer scale [135]. The apparent electron diffusion coefficient (DTEMPO, app) as a sum of
the contributions from the physical motion of redox centers and electron exchange, is typically
∼10−8–10−10 cm2 s-1 [22, 140].

Figure 2.4.: Correlation of the mean intersite distance δav versus redox capacities for various
radical polymers (adapted from ref [58] with permission from American Chemical Society).

In the presence of an electrolyte, the electron hopping is accompanied by the diffusion of
counterions. In terms of the counterion migration and doping during the electrochemical process,
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a dual doping mechanism is proposed for PTMA: doping by lithium-ion expulsion and doping by
anion uptake [122], as shown in Figure 2.5. In the first process, a lithium cation is expelled by
an anion (A-) that already imbibed into the PTMA dope. Afterwards, an anion from the bulk
electrolyte is uptaken to dope PTMA. In the end, PTMA is doped by an anion imbibed in the
polymer and another anion from the bulk electrolyte is taken to balance the imbibed lithium
cation. The contribution of each doping highly depends on the electrolyte (i.e. salt and solvent)
and radical nature of the respective polymer.

Figure 2.5.: Anionic doping mechanism for a swollen PTMA electrode (reproduced from ref [122]
with permission from Springer Nature).

Generally, the ion diffusion process is faster (normally D ion, app = 10−5 cm2 s-1) than the electron
hopping diffusion process (typically DTEMPO, app = 10−8–10−10 cm2 s-1) [22, 141]. Therefore,
the physical diffusion of counterions normally is not the main limiting process of charge transfer
for many radical polymers. However, there are exceptions. For example, with 0.5 M lithium
trifluoromethanesulfonate (LiCF3SO3) in propylene carbonate (PC) acting as electrolyte, the
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PTMA-based electrode exhibited an electron-diffusion-limited behavior within the scan rate range
of 10–100 mV s-1 [122]. For a poly(bis-TEMPO-norbornene) film (270 nm) with 0.1 M tetra-n-
butylammonium hexafluorophosphate in dry acetonitrile (MeCN) as an electrolyte, the physical
diffusion coefficient of counterions, D ion, app, was estimated to be on the same order of magnitude
as the electron diffusion coefficient,DTEMPO, app, but slightly lower, thus limiting the current
at short times/fast charging (e.g. 0.2 s) [142]. To verify whether an electron transfer system
is mass-diffusion-limited or electron-diffusion-limited (kinetically-limited), Nicholson model of
voltammetry and Laviron’s model of voltammetry can be applied [141,143].

2.1.3. Battery Specifications

• Capacity or Nominal Capacity (Ah) - The amount of charge a battery (cell) contains, which
depends on the nature and amount of active materials in a battery. Capacity is obtained by
integration the discharge current (in Amps) over the discharge time (in hours), Q =

∫
i(t)dt.

It decreases with increasing C-rate.

• Specific capacity (C, mAh g-1 or Ah kg-1) - The amount of charge per unit mass that an
electrode active material contains. The theoretical capacity of an electrode active material
can be calculated according to the Faraday’s laws of electrolysis (see Eq. 2.1).

Qtheoretical = nF

(3600×Mw) (2.1)

where n is the number of charge carrier, F is the Faraday constant (96485.3 C mol-1), and
Mw is the average molecular weight of the active material used in the electrode.

• Cell voltage - The electrical potential difference between the two electrodes of an electro-
chemical cell. It usually refers to nonequilibrium conditions, that is when current is flowing
through the cell (although this convention is not always followed). Besides, the cell voltage
differs from the emf or open-circuit voltage of the cell by the amount of the overvoltage.

• Energy density (Wh kg-1 or Wh L-1) - The amount of electrical energy stored per unit weight
or volume. Weight-based energy density is often called "specific energy" or "gravimetric
energy density". Volume-based energy density is often called "energy density" or "volumetric
energy density".
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• Power density (W kg-1, W L-1) - The maximum available electrical power per unit weight or
volume. Weight-based power density is often called "specific power" or "gravimetric power
density". Volume-based power density is often called "power density" or "volumetric power
density".

• C-rate (A) - A charge or discharge current is often described as C-rate to normalize against
battery capacity. It is a measure of the rate at which a battery is charged or discharged
relative to its maximum capacity. A 1C rate means that the discharge current will discharge
the entire battery in 1 hour. 1C means fully charge or completely discharge one cell in one
hour, and n C corresponding to n-1 hours of charge or discharge time.

• Coulombic efficiency or Faradaic efficiency (%) - The percentage of electrical charge restored
during discharging after a battery is fully charged.

• Internal resistance (Ω) - The resistance within a battery, normally differs between charging
and discharging and also depend on the state of charge. With increasing internal resistance,
the battery efficiency decreases as more of the charging energy is converted into heat.

• Cycle life - The number of times a rechargeable battery (or capacitor, especially an elec-
trochemical capacitor) can be cycled before it fails to meet specific performance criteria.
Practically, it is related to the C-rate, depth of cycles, as well as temperature and humidity.

2.2. TEMPO-Containing Polymers as Electrode Materials

To act as an electrode material of an ORB, one crucial prerequisite has to be met. In other words,
the material should bear redox-active radical groups that can undergo a reversible electrochemical
process with stable species in both oxidized and reduced forms. Moreover, this material should
not be readily soluble in electrolyte, otherwise severe self-discharge would happen. Small organic
molecules which are facilely dissoluble in traditional electrolyte, e.g. carbonate-based electrolyte, are
thus mostly inappropriate. Apparently, incorporating radical groups into a polymer structure appears
to be the simplest way. Over the years, various polymer backbones, such as poly(methacrylate) [17],
polynorbornene [144], polyacetylene [144], polyallene [145] polythiophene [146], polypyrrole [147],
polyether [148], poly(vinyl ether) [149], polysiloxane [150], polystyrene [151,152] polydopamine
[153], polytriphenylamine [154] and biomaterials (e.g cellulose derivatives and DNA) [155,156]
have been examined as parental electrode materials.
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2.2. TEMPO-Containing Polymers as Electrode Materials

Besides, a variety of stable organic radicals have been investigated, as depicted in Scheme 2.1.
Among them, TEMPO-containing polymers represent one of the most promising electrode materials
as a result of rapid electron transfer process and reversible redox reaction between TEMPO and
the corresponding oxoammonium [13,21,157]. Accordingly, in this section, the electrochemical
properties of TEMPO as well as the synthetic methodology towards TEMPO-containing polymers
for battery application are discussed.

2.2.1. TEMPO and Its Derivatives

Nitroxides

A free radical is a chemical species possessing an unpaired valence electron except for all paramag-
netic salts of transition metals [158]. Generally, it is highly reactive and has a short lifetime due to
the open-shell configuration. Chemical reactions like substitution, isomerization, disproportionation,
addition and decomposition are typical reactions that take place with the involvement of the free
valence. However, there are persistent organic radicals with sterically protected structures around
the paramagnetic centers or with resonance stabilization involving the centers, e.g. triphenylmethyl
radicals, nitroxides and verdazyl radicals.

Nitroxides, also known as aminoxyl or nitroxyl radicals, are a class of persistent organic radicals
with the oxygen radical mainly stabilized by electron donation from the nitrogen lone pair, as
depicted in Scheme 2.3. The molecular orbitals (MO) of N-O· are composed of eight filled bonding
orbitals including one single occupied molecular orbital (SOMO), as shown in Figure 2.6. This
SOMO is an antibonding π∗ orbital with the unpaired electron polarized toward the nitrogen atom.
On account of the three π electrons and the two resonance structures, (A) and (B), in Scheme
2.3, the N-O bond of the nitroxide has a bond order of 1.5 (one σ bond and a half π bond). The
latter is indicated by the bond energy (∼ 100 kcal mol-1), and the bond length, dNO, (1.25 Å <
dNO < 1.30 Å), which fits the middle course of a N-OH single bond (53 kcal mol-1; ∼ 1.43 Å)
and a N=O double bond (145 kcal mol-1; ∼ 1.20 Å) [158–160].

N
O

R1 R2

N
O

R1 R2

(A) (B)

Scheme 2.3: Resonance stablization of nitroxides.
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Figure 2.6.: Molecular orbital diagram of NO·.

Based on thermochemical studies, the gain in energy from unpaired electron delocalization between
the nitrogen and oxygen atoms was evaluated to be ∼ 30.4 kcal for heterocyclic nitroxides [158].
Employing He I/He II photoelectron spectroscopy, this value was reported to be even lower, i.e.
23 kcal mol-1 [161]. Whereas, the gain in energy for dimerization of oxygen radicals to form
O-O bond was calculated to be ∼ 35 kcal mol-1. These results indicate that delocalization
is thermodynamically more favorable than O–O dimerization as a system always try to attain
maximum stability by minimizing its potential energy, in other words, nitroxides are considerably
stabilized. Nonetheless, the persistence of nitroxides depends on the nature of the substituents.
For instance, nitroxides with α positions fully substituted or incorporated into the bridgehead
position of a bi- or polycyclic framework were suggested to have enhanced stability in general [85],
while, nitroxides with α-hydrogen atoms are normally unstable and may undergo disproportionation
reactions [162–164], as shown in Scheme 2.4.

N
H

O
N

H

OH

N
O

+

Scheme 2.4: Disproportionation reaction of nitroxide with α-hydrogen atom.
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2.2. TEMPO-Containing Polymers as Electrode Materials

The spin density is mainly distributed on the nitrogen and oxygen atoms with the latter being
moderately higher, and slightly allocated to the adjacent alkyl groups. The distribution of
spin density between the nitrogen and oxygen atom is strongly dependent on the hybridization
preference of the nitrogen atom, e.g. sp2 (planar) and sp3 (pyramidal), and the polarity of the
solvent [159,165].

Since the first discovery in 1845 by Edmund Fremy [166], a variety of nitroxides have been prepared
as shown in Figure 2.7. As the most prominent member of heterocyclic nitroxides, TEMPO
has received great attention due to their inherent paramagnetic feature and unique electronic
properties by either losing or gaining one electron to form the corresponding N-oxoammonium
cation or the aminoxy anion, respectively [80, 85]. So far, widespread applications of TEMPO
have been found in analytic techniques, e.g. spin labeling [167], spin probing [168] and spin
trapping [169], in chemistry and biology as radical scavengers [170], catalysts for oxidation of
alcohols [171], ligands for organometallic catalysis [172], and initiators for nitroxide-mediated
radical polymerization (NMP) [173], and battery field as electrode materials [20,21,134].

Synthesis of TEMPO Derivatives

TEMPO, an orange-red colored persistent organic radical, was discovered by Lebedev and
Kazarnovskii in 1959 [174]. Similar to all nitroxides, TEMPO is stabilized by delocalization
of the unpaired electron between the nitrogen and oxygen atom. Moreover, the steric effect from
methyl groups at the α position in the six-membered piperidine ring structure (Scheme 2.5) also
contributes to the stabilization.

N
O

TEMPO

Scheme 2.5: Chemical structure of TEMPO.

TEMPO and its common derivatives with the substituent at 4-position are synthesized from
triacetone amine (3), followed by alteration of the ketone group on triacetone amine to other
functional groups, and then oxidation of the amine group into a nitroxide functionality, or the
other way around, as depicted in Scheme 2.6. Depending on the X and Y functional groups, the
resulting TEMPO derivatives (5,8) may also undergo further modifications. The key intermediate,
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Figure 2.7.: Structures of various nitroxides.

i.e. triacetone amine (3), can be synthesized in several methods. For instance, the most frequently
used procedure is the condensation of acetone (1) and ammonia (2) in the presence of an acidic
catalyst (e.g. calcium chloride, organic carboxylic acid halide, p-nitrotoluene) [175–179]. On similar
lines, triacetone amine (3) can also be prepared from phorone (6) and ammonia (2) [180,181].
Moreover, condensation of 2,2,4,6,6-pentamethyl-1,5-dihydropyrimidine (9) with acetone in the
presence of a Lewis acid, such as calcium chloride and ammonium tetrafluoroborate, is another
procedure, which was mainly disclosed in patents [182,183].

Based on triacetone amine (3), 4-oxo-2,2,6,6-tetramethyl-1-piperidinyloxy (4-oxo-TEMPO, 7)
can be obtained, which is commonly achieved with hydrogen peroxide and a sodium tungstate
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Scheme 2.6: Synthetic procedure for TEMPO derivatives.

catalyst [184]. On top of 4-oxo-TEMPO (7), a variety of TEMPO derivatives can be synthesized,
including modifications at 4-position and 3- or 5-positions, as shown in Scheme 2.7. For
instance, the ketone (7) can be converted into an imine (10) [185], an amine (11–18, reductive
amination) [184,186–192] or a hydantoin (19, Bucherer–Bergs reaction) by reacting with diverse
amines [193]. Through Wolff-Kishner reduction, the carbonyl group can be transformed into a
methylene (-CH2-) group, thus forming TEMPO (20) [192]. Through reductive nitrilation of the
ketone (7), a cyano-substituted TEMPO derivative (21) can be acquired [194], which could be
further hydrolyzed to a carboxylic acid (22). With Corey-Chaykovsky reaction, TEMPO epoxides
(23) can be achieved [185]. Via a Witting reaction, an enol ether functionality can be attached
to the 4-position of 4-oxo-TEMPO, leading to compound 24 [195], which can be converted to
an aldehyde (25) by the application of an acid [195]. Additionally, halogen-substituted TEMPO
derivatives can also be obtained either via hydrazone (in situ product from condensation of the
ketone (7) with hydrazine) iodination at the 4-position (26) [196] or via ketone halogenation
at the 3-, 5- position (27, 28) [197, 198] or both (29) [199]. Apart from compounds 27–29,
other TEMPO derivatives with modification at 3- or 5- position are also attainable, such as
compounds having heterocycles (30, via Mannich reaction) [200], compounds containing double
bonds (31–33) [201,202] and compound with hydroxy group and dimethylacetal group at 3- and
4-position, respectively (34) [203].

Aside from 4-oxo-TEMPO (7), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (35, 4-hydroxy-
TEMPO) [186], one member of compound 5, also plays an important role in the preparation of
TEMPO derivatives. With a hydroxyl group at the 4-position, 4-hydroxy-TEMPO can participate
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Scheme 2.7: TEMPO derivatives obtained from 4-oxo-TEMPO.

in a broad spectrum of reactions, hence extend the scope of TEMPO derivatives (see Scheme 2.8).
For instance, the nucleophilic substitution with the hydroxyl group is one of the most common
reactions in which alkyl halides, sulfonyl chlorides, chloro silianes, phosphorous chlorides can serve
as electrophiles and result in diverse TEMPO-based ethers (36–48) [190,204–216]. Electrophilic
substitution at oxygen by derivatives of carboxylic acid, sulfonic acid, acyl chloride, chlorophosphate,
sulfonyl chloride etc., is also achievable, leading to the formation of various TEMPO-based esters
(49–58) [185,217–228]. Employing a SN2 reaction with thionyl bromide, TEMPO bromide (59)
can be obtained [185]. Moreover, the resulting compounds from these reactions may also bear
other functionalities, i.e. unsaturated hydrocarbons, alkyl halides, acids, amines, alkoxysilanes,
tosyl/mesyl groups and epoxides, which can be further modified and consequently broaden the
scope of TEMPO derivatives.
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Electrochemistry of TEMPO Derivatives

1) Electrochemical behavior of TEMPO derivatives and the mechanisms

Shortly after the discovery of TEMPO, the electrochemistry of TEMPO started to be investi-
gated [229]. With linear sweep voltammetry, an electrochemical reversible, one-electron transfer
process controlled by diffusion (mass transport to the electrode) with E pa = 315 mV, E pc =
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250 mV vs. Ag/Ag+, was revealed for TEMPO in MeCN (see Figure 2.8A). Other than that,
voltammetric studies of TEMPO in aqueous media were also conducted in a combination of
UV-visible spectroscopy [230]. Figure 2.8B and 2.8C illustrate the voltammograms of TEMPO in
tetraethylammonium perchlorate (TEAP) aqueous solution at pH = 7. A defined, symmetric peak
at E pa = 480 mV vs. a saturated calomel electrode (SCE), with a peak width of 94 mV, was
observed in the differential pulse voltammogram (DPV) (Figure 2.8B). A pair of redox peaks at E pa

= 520 mV and E pc = 460 mV vs. SCE, with ipa/ ipc close to unity, and ipa or ipc being proportional
to ν1/2, was noted in cyclic voltammogram (CV) (Figure 2.8C). These results confirmed that the
electrooxidation of TEMPO in aqueous solution is a diffusion-controlled, reversible, one-electron
transfer process, which resembles the reaction in organic media [229]. Whereas, the redox process
exhibited at negative potential proved to be irreversible with a poorly defined peak at E pc = -720
mV vs. SCE in DPV, and no anodic peak accompanying the cathodic peak at E pc = -0.62 V
showed up in CV. The products from the electrooxidation and electroreduction of TEMPO were
monitored by thin-layer spectroelectrochemistry (Figure 2.8D). It was found that the oxidation
product at +0.65 V is quite stable and did not change over an observation period of 3hr., while
the reduction product at -0.80 V could not be reoxidized even at a potential 200 mV more positive
than -0.62 V (E pc). The latter further confirms the complete irreversibility of the reduction process
of TEMPO on a platinum electrode.

By utilizing a glassy carbon electrode, the reoxidation peak arising from the anodic sweep of the
reduction product of TEMPO was later detected with cyclic voltammetry in both aqueous and
aprotic solution [231,232]. On an oxidized carbon electrode, a smaller peak-to-peak separation for
the reduction process was observed in comparison to a glass carbon electrode [233]. At the surface
of a hanging mercury drop electrode under basic condition (pH = 12), a practically reversible
redox behavior, with a peak separation of 66 mV, was found by Kishioka et al. [234]. These
results indicate that the kinetics of the reduction process of TEMPO, notably the reoxidation, is
dependent on the characteristics of the electrode, which may due to the catalytic effect related to
surface chemistry of the electrode [235,236].

N
OH

N
OH

+

H+
H

TH TH2
+

Scheme 2.9: The equilibrium between TEMPO hydroxylamine (TH) and TEMPO hydroxylam-
monium (TH2

+) under acid conditions.

The mechanism of the irreversible reduction processes for TEMPO derivatives was revealed by
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2.2. TEMPO-Containing Polymers as Electrode Materials

Figure 2.8.: Voltammograms of TEMPO at platinum electrodes. (A) Cyclic votammogram of
0.005 M TEMPO in 0.5 M LiClO4 in MeCN with a scan rate of 92 mV s-1 (adapted from ref [229]
with permission from Elsevier Science Ltd.); (B) differential pulse voltammograms of 0.0008 M
TEMPO in 0.08 M TEAP aqueous solution at a scan rate of 2 mV s-1 and amplitude of 20 mV;
(C) cylcic votammograms of 0.0008 M TEMPO in 0.08 M TEAP aqueous solution at a scan rate
of 100 mV s-1; (D) electronic absorption spectra of 0.000174 M TEMPO in 0.08 M TEAP a)
during oxidation at applied potential of +0.75 V, and b) during reduction at -0.80 V (adapted
from ref [230] with permission from American Chemical Society).

Kato et al. [231]. The electron transfer process is accompanied by a proton coupling leading
to the formation of hydroxylamine. Moreover, according to Nigam et al. [237], under acidic
conditions, there exists an equilibrium between the hydroxylamine form (TH) of TEMPO (T∗) and
its conjugate acid hydroxylammonium (TH2

+), as shown in Scheme 2.9. Therefore, the change in
pH of the solution would interfere with the formation of hydroxylammmonium ion (TH2

+) and
hydroxylamine (TH), especially under acidic conditions, thus affecting the redox potentials (E a2

and E c2, see Figure 2.9A) between TEMPO and hydroxylamine species (T∗/TH). As shown in
Figure 2.9B and 2.9C [231,238], with the increase in pH, both E a2 (stick marks) and E c2 (star
marks) shifted downwards for TEMPO as well as for 4-hydroxy-TEMPO. On the contrary, the
oxidation product of TEMPO, i.e. oxoammonium cation (T+), is found to be stable over the
acidic and most of the basic pH range [237], suggesting less pH-sensitive redox potentials (E a1
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and E c1) between TEMPO and oxoammonium cation (T∗/T+, see Figure 2.9A). As exhibited
in Figure 2.9B and 2.9C [231,238], with the change of pH, E a1 and E c1 remained relatively the
same for both TEMPO (E 1/2

ox = 740 ± 10 vs. NHE) and 4-hydroxy-TEMPO (E 1/2
ox = 825 ±

15 mV vs. NHE).

Figure 2.9.: (A) A representative CV of TEMPO with the anodic peak potentials, E a1 and
E a2, and cathodic peak potentials, E c1 and E c2, highlighted. CV of (B) 2.4 mM TEMPO in
acetate-borate-phosphate buffer and (C) 4.6 mM 4-hydroxy-TEMPO in 10 mM phosphate buffer
measured at various pH conditions at a scan rate of 100 mV s-1; stick marks, star marks, solid
lines and dash lines show E a2, E c2, E a1 and E c1, respectively. (D) Experimental values of E a1 and
E a2 as a function of pH for 5 mM TEMPO in 150 mM Robinson buffer consisting of equal parts
phosphate, acetate, and borate (adapted from ref [231,238,239] with permissions from Elsevier
Science Ltd. and American Chemical Society).

By tracking the anodic peak potentials, E a1 and E a2 in CV, followed as a function of pH, Hickey
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2.2. TEMPO-Containing Polymers as Electrode Materials

et al. [239] experimentally showed that E a1 is independent of proton concentration, while E a2

is inversely proportional to pH, and as a result, exhibited a low value under basic conditions, as
presented in Figure 2.9D. On similar lines, the pH dependence of the half-wave potentials, E 1/2

red,
between nitroxide and hydrxoylamine redox couples for TEMPO and 4-hydroxy-TEMPO was
investigated by Israeli et al. [238]. Fitting curves containing two straight lines with an intersection
were obtained in both cases, as shown in Figure 2.10. Furthermore, the slopes of the linear plots
below the intersection E 1/2

red were found to be -51 and -54 mV/pH, corresponding to a 1 e-/1 H+

redox process (T/TH), while the slopes above the intersection E 1/2
red were -127 and -144 mV/pH,

indicating a 1 e-/2 H+ redox process (T*/TH2
+), for TEMPO and 4-hydroxy-TEMPO, respectively.

Based on the intersection of the two lines, the pK a values for TEMPO and 4-hydroxy-TEMPO
were determined to be 7.5 and 7.1, respectively, which is in agreement with the value determined
by kinetic experiments (7.5 and 6.9, respectively), particularly in the case of TEMPO [238].

Figure 2.10.: E 1/2
red of (A) 4.6 mM TEMPO and (B) 4.6 mM 4-hydroxy-TEMPO in 10 mM

phosphate buffer measured in pH range of 2–12 by CV measurement (scan rate = 100 mV s-1)
(reproduced from ref [238] with permission from Elsevier Science Ltd.).

In a more detailed study conducted by Samuni and co-workers [233], the redox behavior of TEMPO
derivatives within a wide pH range from 0 to 13 were investigated. The mechanism of each section
and the structural effects of various TEMPO derivatives were elaborated via Pourbaix diagrams,
i.e. potential/pH diagrams, (Figure 2.11). Taken TEMPO for instance (see Figure 2.11B), above
pH = 7.34, pKa of hydroxylammonium, the redox reaction for the reduction process takes place
between TEMPO and hydroxylamine species (T∗/TH), as depicted in Figure 2.11A_a1. Whereas,
at 3 < pH < 7.34, the reduction process occurs between TEMPO hydroxylammonium and TEMPO
(T∗/TH2

+) as shown in Figure 2.11A_a2, and its corresponding reoxidation process takes place
in the reverse path. At pH < 3, acid-promoted disproportionation of TEMPO goes essentially
to completion, and no TEMPO exists under such acidic condition, as shown in Scheme 2.10;
hydroxylammonium is thus directly oxidized to oxoammonium (TH2

+/T+, see Figure 2.11A_a3).
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Concerning the oxidation process of TEMPO, it takes place between TEMPO and oxoammonium
(T∗/T+) redox couples (see Figure 2.11A_a4) in the pH range of 7.34–14.0 (the upper pH limit
may differ from literature to literature) [230]. While at pH > 14.0, the redox reaction continues
as exhibited in Figure 2.11A_a5, due to the presence of an equilibrium between oxoammonium
and hydroxylamine N-oxide.

Figure 2.11.: (A) Redox mechanisms for TEMPO derivatives. Pourbaix diagrams of (B) TEMPO,
(C) ACT, (D) AMT measured by cyclic voltammetry in the pH range of 0–13. Fitted lines have
been constrained to have slopes corresponding to 0, 1, or 2 H+/e–, and to intersect at points.
Black circles and lines correspond to oxoammonium reduction, red stars and lines correspond to
nitroxyl reduction, solid blue lines are pKa values measured spectroscopically, dashed blue lines
are pKa values inferred from CV data; dashed red lines are redox potentials inferred from NMR
data (adapted from ref [233] with permission from American Chemical Society).
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Scheme 2.10: Disproportionation-comproportionation equilibrium between TEMPO (T∗) and
oxoammonium/ hydroxylammonium (T+/TH2

+) under acid conditions.

Due to the mild electron-donating effect of the amide substituent (-NHCOMe), 4-(acetylamino)-
2,2,6,6-tetramethyl-1-piperidinyloxy (ACT) exhibits an increase in the 1 e- oxoammonium/nitroxyl
and 1 H+/1 e- nitroxyl/hydroxyamine reduction potentials by 113 mV and 20 mV, respectively, in
comparison to TEMPO (see Figure 2.11C). The pKa (6.4) of its corresponding hydroxylammonium
ion decreases relative to TEMPO. The critical pH below which hydroxylammonium can be directly
oxidized to oxoammonium, also decreases compared to TEMPO. At pH value greater than 11.6,
i.e. pKa of the oxoammonium cation, the midpoint potential shifts to a lower potential (i.e. <
0.858 V) and the CV appears more reversible at low scan rates.

Compared to TEMPO and ACT, the redox mechanisms for 4-amino-2,2,6,6-tetramethyl-piperidinyloxyl
(AMT) is rather complicated, as the amine substituent features protonation at a wide range of pH
(0–10.1), aside from the inherent electron-donating effect to the heterocyclic structure. Except
for the protonation of the hydroxylamine site (II → III, Figure 2.11D) at pH < 10.1, each species
with a primary amine substituent is involved in a protonation equilibrium at a certain pH range,
which is below 10.1, 8.9 and 5.7 for amino-hydrxoylamine (I, Figure 2.11D), AMT (IV, Figure
2.11D) and amino-oxoammonium (VI, Figure 2.11D), respectively. Moreover, because of the
amine substituent, the direct oxidation of hydroxylammonium to oxoammonium (III → VII, Figure
2.11D) does not occur even at pH = 0.

It is worth noting that there is a pH-dependent disproportionation-comproportionation equilibrium
between TEMPO (T∗) and oxoammonium/hydroxylammonium (T+/TH2

+) (see Scheme 2.10)
[238], which may influence the electrochemical behavior of TEMPO derivatives at various pH
conditions. Under acidic conditions, disproportionation dominates, as shown in Figure 2.12A
[240]. With the increase in acidity of the media by adding p-toluenesulfonic acid (p-TSA),
the concentration of TEMPO declined to half of its initial concentration, while oxoammonium
accumulated. Both concentrations changed in a linear fashion against the concentration of p-TSA,
with the former changing twice faster as the latter. At pH = 3 (1 mM p-TSA), TEMPO disappeared
completely, and the concentration of TEMPO oxoammounium reached a plateau with the value
being half (0.5 mM) the initial concentration of TEMPO (1 mM). As shown in Figure 2.12B, the
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addition of p-TSA caused the rest potential of the TEMPO/oxoammonium cation couple to shift
in a more positive direction and resulted in a decrease of the peak current in CV (Figure 2.12B_b).
The subsequent addition of 2,6-lutidine as a Lewis base promoted the reverse comproportionation
and thus made the rest potential and the peak current recover (Figure 2.12B_c and 2.12B_d),
indicating the disproportionation-comproportionation reactions of the nitroxides in MeCN are
chemically reversible. In aqueous solution, this disproportionation-comproportionation equilibrium
also exists [241,242]. As shown by Grzeszczuk et al. [241] with steady-state voltammograms in
Figure 2.12C, at pH = 7, an anodic plateau ascribed to TEMPO/oxoammonium (T∗/T+) was
observed, while, at pH = 0, the anodic plateau was almost absent with I ≈ 0, and the cathodic
current reached maximum which is approximately half of the initial anodic current, implying that
the concentration of T+ is half of the original TEMPO concentration.

Figure 2.12.: (A) Concentration plots of TEMPO and TEMPO oxoammonium as a function
of the concentration of p-TSA in 0.2 M NaClO4 in MeCN. (B) CV for 1 mM (a) TEMPO, (b)
TEMPO with 1 mM p-TSA, (c) TEMPO with 1 mM p-TSA and 0.5 mM 2,6-lutidine and (d)
TEMPO with 1 mM p-TSA and 1 mM 2,6-lutidine in 0.2 M NaClO4 in MeCN. (C) Steady-state
voltammograms of 1mM TEMPO in 1M NaClO4 (pH = 7) and 1M HClO4 (pH = 0) aqueous
solution (adapted from ref [240, 241] with permissions from Elsevier Science Ltd. and John Wiley
& Sons, Inc.).

Under basic conditions, the comproportionation reaction dominates. With rapid-mixing stopped-
flow methods in combination of electron paramagnetic resonance (EPR) spectroscopy, Samuni et al.
evaluated the rate constants of comproportionation reactions for TEMPO and 4-hydroxy-TEMPO
as a function of pH, as shown in Figure 2.13. A similar trend was observed for both TEMPO
(Figure 2.13A) and 4-hydroxy-TEMPO (Figure 2.13B): at pH < 7, the rate constant of the
reaction is relatively slow, while at high pH (basic condition), the comproportionation reaction
indeed speeds up dramatically.

Additionally, the half-wave redox potential, E 1/2
ox, between TEMPO and oxoammonium cation
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2.2. TEMPO-Containing Polymers as Electrode Materials

Figure 2.13.: The pH dependence of the second-order rate constant (kapp) for the reaction of
oxoammoniums with hydroxylamines derived from TEMPO (A) and 4-hydroxy-TEMPO (B). The
values of kapp were determined by spectrophotometric measurements (solid symbols) and EPR
spectrometry (open symbols). The solid lines reflect the fitting curves. Plateau values represent
the rate constants of hydroxylammonium and hydroxylamine. The intersections reflect the pK a of
hydroxylamines (adapted from ref [238] with permission from Elsevier Science Ltd.).

(T+/T∗) is reported to be insensitive to the identity of the buffering electrolyte, indicating that
there is no strong ion pairing between the oxoammonium species and the electrolytes [233],
whereas the half-wave redox potential between TEMPO and hydroxylamine (T∗/TH) exhibited
some dependence on the anions present in the buffer at pH > 7.0 [243].

2) Structural effects on the redox properties of TEMPO derivatives

As mentioned in the previous section, substituent effects may affect the redox mechanism of
TEMPO derivatives, resulting in distinctive electrochemical behavior. Generally, the half-wave
potential is susceptible to the inductive constants or Hammett constants of the substituents. In
1991, Morris et al. [244] found that E 1/2

red for hydroxylamine/nitroxide redox couple increased as a
function of inductive substituent constant in a linear fashion (see Figure 2.14A), indicating electron-
donating substituents lead to a more negative E 1/2

red. However, no such trend was observed
for the anodic potential of nitroxide/oxoammonium (see Figure 2.14B). By screening thirteen
TEMPO derivatives electromagnetically, Zhang et al. [245] recently revealed the linear correlation
between the anodic potential for nitroxide/oxoammounium and the Hammett constant, δp. As
shown in Figure 2.15A, with an increase of δp, the anodic potential for nitroxide/oxoammounium
increased. The latter can be explained by the ability of various substituents to electrostatically
stabilize/destabilize the oxoammonium cation. The substituent R can electrostatically interact with
both the polarized N-O· bond in nitroxide and the formal charge in oxoammonium (+N=O). When
the charge-dipole is dominant, the favorable charge-dipole interaction with the R substituent would
stabilize the oxoammonium cation, thereby resulting in a lower anodic potential. Conversely, the
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poorly aligned charge-diplole interaction with R substituent would destabilize the oxoammonium
cation, thus leading to a higher anodic potential (see Figure 2.15B).

Figure 2.14.: (A) Correlation between inductive constants and half-wave potentials (vs. SCE) for
various hydroxylamine/nitroxide redox couples measured in phosphate butter (pH = 7.2–7.4) on a
Hg drop electrode. (B) Oxidation potentials (vs. SCE) of nitroxide/oxoammonium redox couples
measured on a glass carbon electrode (adapted from ref [244] with permission from American
Pharmacists Association).

Figure 2.15.: (A) Correlation between oxidation potentials (vs. Fc/Fc+) for various TEMPO
derivatives with the Hammett constants (δp). (B) Oxidation of nitroxide radical with differing
remote (non-conjugated) substituent dipole orientations (adapted from reference [245] with
permission from the PCCP Owner Societies).

Additionally, the substituent moiety can also affect the electrochemical stability of TEMPO
derivatives. For instance, at high pH, AMT displays irreversible oxidation, possibly arising from
oxidation of the amino group [233]. At moderate pH (4.63), degradation of the oxoammonium
cation for 4-oxo-TEMPO is expected [233].
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3) Electron-transfer kinetics of TEMPO derivatives

The kinetics of electrochemical behavior for TEMPO derivatives are of great importance for
the potential applications of TEMPO derivatives [81]. As both the oxidation and reduction
process of TEMPO derivatives exhibit diffusion-controlled behavior, the diffusion coefficient, D,
thus can be determined by cyclic voltammetry in combination with Randles-Sevcik equation
(Eq. 2.2) [81,246–249]. Generally, the measured diffusion coefficients for the oxidation process
of TEMPO derivatives in aqueous solution (pH = 7) are on the order of 10-5–10-6 cm2 s-1

[246,248,250]. Whereas diffusion coefficients in low viscosity organic solvents, like MeCN, are
typically in the regime of 10-5 cm2 s-1 [81], and in high viscosity media, like ionic liquids, are
around 10-7 cm2 s-1 [247,249]. Compared with the oxidation process of TEMPO derivatives, the
diffusion coefficients for the reduction process are typically slower, for instance, 10-7 cm2 s-1 in
ionic liquids, which is one order less than the oxidation process [249].

ip = 0.4463nFAC
(nFνD
RT

) 1
2 (2.2)

Where ip refers to the current maximum in amps, n denotes to number of electrons transferred in
the redox event, A refers to the electrode area in cm2, F is Faraday constant in C mol-1, D is the
diffusion coefficient in cm2 s-1, C refers to the concentration in mol cm-3, ν refers to scan rate in
V s-1, R is gas constant in J K-1 mol-1, T refers to the temperature in K.

The heterogeneous or standard electron-transfer rate constant (k0) can be estimated by the
Nicholson method [81, 249]. For the oxidation process, it is reported to be ∼ 10-3 cm s-1 in
aqueous solution (pH = 7) [246,248], 10-1–10-2 cm s-1 in organic electrolyte [81], and 10-4–10-5

cm s-1 in ionic liquids [249]. For the reduction process, k0 is relatively slow with k0 being one or
two orders of magnitude less in comparison to the oxidation process [249].

2.2.2. Synthetic Approaches Towards TEMPO-Containing Polymers

Generally, a radical polymer consists of a polymer backbone with populated organic stable radicals
as pendant functional groups. When TEMPO is adopted as the persistent organic radical pendent
group, this radical polymer is usually referred to as a TEMPO polymer, TEMPO-containing
polymer or TEMPO functionalized polymer. Such polymers are generally prepared in three ways:
(1) conventional post-oxidation of a polymer precursor decorated with N-H moieties instead of
N-O moieties; (2) post-polymerization deprotection/oxidation of polyalkoxyamine precursors; (3)
direct polymerization of a TEMPO bearing monomer; and (4) post-polymerization modification
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(PPM) of a functionalized polymer with low-molecular-weight TEMPO derivatives.

1) Conventional post-oxidation method

TEMPO-containing polymers are generally prepared by either polymerizing TEMPO precursor
monomers with secondary amine groups, followed by oxidation of the secondary amine moieties
into nitroxide radicals. The first radical polymer synthesized by this means was introduced in
1972 [251]. As shown in Scheme 2.11, 4-methacryloylamino-or-oxy-2,2,6,6-tetramethylpiperidines
were employed as precursor monomers, based on which homopolymers having piperidine groups
in addition to copolymers containing either styrene or methyl methacrylate were prepared by
free-radical polymerization (FRP), and then post-oxidized with hydrogen peroxide (H2O2) in the
presence of ethylenediaminetetraacetic acid (EDTA) and sodium tungstate (Na2WO4), leading to
the successful synthesis of TEMPO-containing homopolymers as well as copolymers. Aside from
FRP [24,251], the synthesis of polymer precursor with secondary amine moieties, e.g. poly(2,2,6,6-
tetramethyl-4-piperidyl methacrylate) (PTMPMA), has also been successfully synthesized by
living/controlled radical polymerization (LRP) techniques, such as ATRP [29,252,253], reversible
addition–fragmentation chain transfer-mediated (RAFT) polymerization [29,252,254,255] and
single electron transfer-living radical polymerisation (SET-LRP) [25, 256], in order to acquire well-
defined polymers with a narrow molar mass distribution [252]. The best results on number-average
molecular weight (Mn) and dispersity (Ð) for PTMPMA synthesized from the aforementioned
LRP techniques are listed in Table 2.1. NMP technique has also been attempted [252], however,
it failed to achieve a controlled polymerization kinetics.
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+ Cl
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X O
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n

H2O2-Na2WO4

MeOH

Scheme 2.11: Synthetic routes towards TEMPO based methacrylate and methacrylamide
monomers and their respective polymers via conventional post-oxidation.

In terms of the oxidation process, there are two commonly used methods. The first one em-
ploys m-chloroperbenzoic acid (mCPBA) as oxidant and proceeds in an inert solvent such as
dichloromethane (DCM) or chloroform [24]. The second one utilizes a Na2WO4·2H2O/EDTA/H2O2

combination and conducts in methanol [251]. With regard to PTMA, the former method was found
to result in a narrow polymer dispersity (Ð = 1.31) compared with the latter (Ð = 4.31), which
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Table 2.1.: Mn and Ð based on size exclusion chromatography (SEC) data for
PTMPMA/PTMA/PMPEOT synthesized by controlled radical polymerization techniques.

Sample Polymerization technique Mn (Kg mol-1) Ð Ref
PTMPMAa RAFT 25.2 1.31 [252]
PTMPMAb ATRP 48.2 1.28 [253]
PTMAc SEC-LRP 131.6 1.35 [25]

PMPEOTd ATRP 55.2 1.20 [217]
SEC were carried out in dimethylacetamide (DMAc), chloroform/2-
propanol/triethylamine (94/2/4), THF and THF for a-d, respectively; Data
were analyzed with polystyrene (PS), poly(methyl methacrylate) (PMMA), PS and
PMMA as standards for a-d, respectively.

may result from the relatively complex work-up procedure for the former method to remove the
by-product m-chlorobenzoic acid. Moreover, PTMA synthesized from the former method (oxidized
with mCPBA) showed a slightly lower radical concentration than the latter, which may due to
side reactions between mCPBA and nitroxides [255,257,258]. Besides, both methods suffered
from incomplete oxidation of amino groups into nitroxide moieties and sometimes cross-linking
of PTMA may accompany [25, 27]. Therefore, post-oxidation results in PTMA with TEMPO
content typically in the range of 60–80% as calculated via EPR measurement [24,25,29,254].

2) Post-polymerization deprotection/oxidation method

Similar to the conventional post-oxidation method, post-polymerization deprotection/oxidation
is also accomplished in two steps. First, polymerization of a protected TEMPO monomer is
applied to obtain a polymer precursor. Then, this polymer precursor is deprotected /oxidized to
attain the final TEMPO-containing polymer. Using alkoxyamines as protected precursor groups
for nitroxides, Eckert and co-workers [217] presented an approach toward PTMA. As depicted
in Scheme 2.12A, PTMA was obtained from oxidative cleavage of the C-ON bonds on the
precursor polymer, i.e. polyMPEOT (PMPEOT), which was polymerized from 4-methacryloyloxy-
1-((1’-phenylethyl)oxy)-2,2,6,6-tetramethylpiperidine (MPEOT, 1) via ATRP. Since the nitroxide
is protected by alkoxyamine, ATRP of MPEOT proceeded straightforwardly without nitroxide
exchange reaction with Br happened, and the isolated PMPEOT exhibited a high number-average
molecular weight of 55.2 kDa (see Table 2.1). Recently, a thermally robust methoxyamine-
protecting group was employed for the synthesis of PTMA by Blinco and co-workers [259], as
depicted in Scheme 2.12B. Facile polymerization of the corresponding monomer, i.e. methyl-
TEMPO methacrylate, has been demonstrated via FRP and RAFT polymerization. Cleavage of
the methoxyamine functionality was accomplished by oxidative treatment with mCPBA.

41



2. Theoretical Background

Scheme 2.12: Synthesis of PTMA via post-polymerization deprotection with (A) alkoxyamine
and (B) methoxyamine protecting groups.

3) Direct polymerization of TEMPO monomers

Direct polymerization of TEMPO monomers represents a straightforward methodology to obtain
TEMPO-containing polymers. So far, several polymerization methods have been applied, such as
ionic polymerization and metathesis polymerization.

i) Ionic polymerization

As ionic polymerization does not involve any radical species during the polymerization process,
nitroxide functionalities incorporated in the monomers could remain intact. The widely used
ionic polymerization techniques for the direct synthesis of TEMPO-containing polymers include
carbanionic, oxyanionic, metal-coordinated anionic and cationic polymerizations.

The first TEMPO-containing polymer, to be precise, oligomer (Mn = 1050–1950 g mol-1), was
synthesized via carbanionic polymerization in 1967 [260]. In the presence of phenylmagnesium
bromide, a Grignard reagent, PTMA was directly synthesized from 2,2,6,6-tetramethyl-4-piperidyl
methacrylate (TMPMA) (see Scheme 2.13, path 1). This method was later found to result in a
partially cross-linked polymer structure, which may result from side reaction between the Grignard
reagent and the nitroxide radical center [98].

Both sec-butyllithium and 1,1-diphenylhexyllithium (DPHLi) have been reported as initiators for
the anionic polymerization of PTMA (Scheme 2.13, path 2 and 3) [27, 261]. However, carbanion
attacking radical centers of nitroxides were observed in both cases, resulting in relatively low
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TEMPO contents, which were 0.81 and 0.70 radicals per repeating unit, respectively. Owing to the
moderate nucleophilicity, bulky structure and reduced basicity, methyl methacrylate-capped 1,1-
diphenylhexyllithium (DPHLi/MMA) was found to be an appropriate initiator for the carbanionic
polymerization of TMPMA, which can effectively suppress the side reaction with the nitroxide
radical moiety (Scheme 2.13, path 4) [27]. The resulting PTMA showed a high TEMPO content of
99% with number-average molecular weight of 19 kDa and the dispersity of 1.04. In similar manner,
the initiator lithium,(3-methyl-1-phenylpentyl)benzene capped with tert-butyl methacrylate also
facilitated the anionic polymerization of TMPMA, resulting in PTMA with Mn = 13.5 kDa and Ð
= 1.04 [262].

Scheme 2.13: Direct synthetic methods (1-5) of PTMA via carbanionic and group-transfer
polymerizations, respectively.

Group-transfer polymerization (GTP), which can be categorized as a type of anionic polymerization,
is another reported method for the synthesis of PTMA (Scheme 2.13, path 5) [26]. Although
(1-methoxy-2-methyl-1-propenyloxy)-trimethylsilane (MTS) as an initiator in conjunction with
tetrabutylammonium fluoride (TBFA) as catalyst worked excellently for GTP of benzyl methacrylate
(Ð < 1.1). Whereas the GTP of TMPMA did not proceed in a living/controlled manner. The GTP-
PTMA showed a number-average molecular weight of 18 kDa and a dispersity of 3.15. Nonetheless,
the TEMPO content was determined to be 100% by UV/vis spectroscopy. Moreover, it is revealed
that there is a correlation between spectroelectrochemical behavior and microstructural features
of GTP-PTMA, which consists of 84% of isotactic triads, 12% of heterotactic triads, and 4% of
syndiotactic triads, respectively [28]. A cross-linked copolymer with ethylene glycol dimethacrylate
was also attainable in ∼ 69% yield with some low molecular weight, non-cross-linked PTMA
involved.

Ionic polymerization of TEMPO monomers with epoxy or oxetanyl functionalities has also been
attempted. As early as 1993, Endo et al. [263] investigated both the anionic and cationic
polymerizaiton of 4-(glycidyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl (4-glycidyloxy-TEMPO).
With potassium tert-butoxide (tBuOK) as an initiator (Scheme 2.14, path 1), the anionic
polymerization in bulk resulted in polymers with TEMPO contents close to 100%, although
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the resulting polymer exhibited a low number-average molecular weight, which was below 6.6
kDa. Similar to the anionic homopolymerization, copolymerization of 4-glycidyloxy-TEMPO
with equimolar glycidyl phenyl ether was also attempted in the same study with a 91% yield
(Mn = 6.1 kDa). Whereas, the cationic polymerization was not successful with only < 5%
conversion obtained. Following the same path in bulk, Nishide et al. [148] later synthesized a
TEMPO-containing polymer with high number-average molecular weight (Mn = 32 kDa, Ð = 1.8)
and high radical content (84%) in relatively good yield (88%). The obtained polymer was insoluble
in any common organic solvents but slightly swollen in chloroform, tetrahydrofuran (THF), and
the electrolyte solution (e.g. 1 M LiPF6 in EC/DMC). Similar anionic polymerization was carried
out in solution with THF as the solvent. The resulting polymer exhibited a TEMPO content
(90%) and a narrow polymer dispersity (Ð = 1.4), but in poor yield (57%) with a relatively low
number-average molecular weight (Mn = 3.6 kDa), compared with the bulk one. With ZnEt2/H2O
adopted as an initiator (Scheme 2.14, path 2), the coordinated anionic ring-opening polymerization
in bulk was allowed to react at room temperature, however, no apparent improvement on yield
(62%), number-average molecular weight (Mn = 25 kDa, Ð = 2.1) and radical content (62%)
was observed compared to the anionic polymerization in bulk with tBuOK as an initiator [264].

Scheme 2.14: Reported anionic polymerization methods (1-3) of 4-glycidyloxy-TEMPO.

By utilizing potassium 2-(2-methoxyethoxyl) ethoxide as an initiator, anionic copolymerization
of 4-glycidyloxy-TEMPO and ethylene oxide were accomplished by Jia and co-workers with a
yield of 95% [265]. The resulting copolymer exhibited a number-average molecular weight of
5.4 kDa when the molar ratio between 4-glycidyloxy-TEMPO and ethylene oxide was ∼ 1:5. Via
anionic ring-opening polymerization of 4-glycidyloxy-TEMPO and 1,4-butanediol diglycidyl ether,
Nishide and co-workers [90] synthesized a cross-linked polymer bearing TEMPO pendant groups
at room temperature by adopting P4-t-Bu, a strong base with low nucleophilicity, together in
the presence of an alcohol (e.g. 3-phenyl-1-propanol, pentaerythritol) as a monofunctional and
a quadruply-branched initiator. Besides, with P4-t-Bu as the initiator (Scheme 2.14, path 3),
homopolymerization of 4-glycidyloxy TEMPO was also achievable, while showing a relatively low
yield (80%) compared with the copolymer synthesis. The resulting homopolymer exhibited a
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number-average molecular weight of 9.3 kDa (Ð = 1.5).

In terms of the TEMPO-substituted oxetanes, anionic ring-opening polymerization is incompatible,
as it requires heating up to 180℃ arising from the smaller ring-distortion energies, and consequently,
resulting in thermal decomposition of nitroxides. Attempts on a cationic polymerization with Lewis
acidic BF3 or other cationic initiators were also made but no promising results were obtained, due
to undesired oxidation of the radical pendants (i.e. TEMPO) [264].

Apart from cyclic ether monomers, ionic polymerization has also been applied to 2,2,6,6-
tetramethylpiperidine-N-oxyl-4-vinyl ether (4-vinyloxyl-TEMPO) with BF3·Et2O as an initia-
tor [149] (see Scheme 2.15). The resulting polymer, i.e. poly(2,2,6,6-tetramethylpiperidine-N-
oxyl-4-vinyl ether) (PTVE), was hardly soluble in organic solvents, such as THF, chloroform, and
DMF. Nevertheless, the TEMPO content within the polymer was determined to be 100%, which
preserved intact for more than a year when stored under aerobic conditions at room temperature.
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Scheme 2.15: Synthesis of 4-vinyloxyl-TEMPO and its cationic polymerization.

ii) Ring-opening metathesis polymerization(ROMP)

ROMP is another polymerization technique that does not involve any radical initiating or propagat-
ing species, therefore it is considered as one of the promising candidates for direct polymerization
of TEMPO monomers. Cyclic-ene substituted TEMPO derivatives, such as TEMPO-containing
norbornenes and 7-oxanorbornenes, are the desirable monomers suitable for ROMP.

As shown in Scheme 2.16, a series of TEMPO-containing monomers have been polymerized with
ruthenium-based metathesis catalysts (Grubbs catalyst, second- and third-generation) via ROMP
[144,266–269]. Among them, poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidin-1’-oxyl-4’-oxycarbonyl)-
5-norbornene] (PTNB) is the first reported and most investigated one [144]. Its polymerization
proceeded very fast under mild conditions (30℃ in DCM within 45 min) in 59% (endo, exo) and
quantitative (endo, endo) yields. The obtained polymer was soluble and exhibited a molecular
weight of 185 kDa (endo, exo) and 137 kDa (endo, endo), with dispersity being 1.92 and 2.31,
respectively. Katsumata et al. [268] later revealed that unlike its other endo-endo and endo-exo
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Scheme 2.16: TEMPO-containing norbornenes and 7-oxanorbornenes applicable in ring-opening
metathesis polymerization (ROMP).

isomers, ROMP of 5-norbornene-exo,exo-2,3-dicarboxylic acid bis[4-(2,2,6,6-tetramethylpiperidine-
1-oxy)] ester resulted in a polymer insoluble in any common organic solvents, although its TEMPO
content was slightly higher (2.0 ± 0.1) than the other two isomers. With regard to TNB-2 to
TNB-5, insoluble polymer gels were obtained in the end due to very high molecular weight or
cross-linking side reaction.

Using norbornene-substituted diphenylhexyllithium as an initiator, Nishide and co-workers syn-
thesized a norbornene-terminated PTMA macro-monomer (TNB-8) via ionic polymerization, fol-
lowed by ROMP with Grubbs third-generation catalyst (Dichloro[1,3-bis(2,4,6-trimethylphenyl)-2-
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imidazolidinylidene](benzylidene)bis(3-bromopyridine)ruthenium(II)), and finally acquired TEMPO-
crowded bottlebrush polymers [267]. Additionally, copolymerization of TNB-2 with glycol-modified
norbornene, TNB-1 with aniline-substituted norbornene or imidazolium-containing norbornene,
etc., have also been attempted for various applications [270–273] such as supported catalyst for
alcohol oxidation [270], efficient electrical conducting path [271] and organic resistive memory
material [272].

On similar lines, TEMPO-containing 7-oxanorbornene monomers, e.g. TNB-6 and TNB-7, were
polymerized via ROMP using a ruthenium carbene catalyst. Monomers TNB-6 (exo, endo) and
TNB-7 (exo, endo) gave polymers with high number-average molecular weights of 80.1 kDa and
112 kDa in 85 and 96% yields, respectively. Whereas, the polymerization of their endo-endo
isomers did not afford high molecular weight polymers even at high monomer concentration (2M),
especially in the case of TNB-7 (endo, endo), owing to the strong steric selectivity of ROMP with
ruthenium-based catalyst.

iii) Transition metal catalyzed polymerization of TEMPO substituted acetylenes and
alkenes

Apart from ROMP polymerizations, Rhodium-based transition metal catalyst plays an important
role in the direct polymerization of TEMPO-containing acetylenes and alkenes, as it is more
robust than other transition metal catalyst systems such as W and Mo based ones, in the presence
of a nitroxyl radical [274]. Similar to ROMP, the reaction condition for Rhodium catalyzed
polymerization is rather mild (30℃ in dry toluene, chloroform, DCM or THF for 24 hr. with
(nbd)Rh+[(η6-Ph)B-Ph3] or [(nbd)RhCl]2-Et3N.

As depicted in Scheme 2.17, a variety of TEMPO substituted acetylenes and alkenes have been
subjected to transition metal catalyzed polymerization with Rhodium-based transition metal
catalyst, e.g. (nbd)Rh+[(η6-Ph)B-Ph3], [(nbd)RhCl]2-Et3N or [RhCl(COD)]2. [144, 274–276].
TA-1 was first attempted by Dulog et al. [274] with [RhCl(COD)]2 at 70℃ in dry methanol
(MeOH). The resulting polymer exhibited a low number-average molecular weight of 2.3 kDa
(Ð = 1.30) with a TEMPO content of 79%. Among mono TEMPO monomers, TA-3 and
TA-5 represent the most successful ones with the resulting polymers exhibiting number-average
molecular weights of 47 kDa (Ð = 2.01) in 66% yield and 92.7 kDa (Ð = 2.91) in 82% yield,
respectively [144,275]. Polymerization of TA-7 (X = NH), which has a long spacer with amide
linkage compared with TA5, did not yield a polymer with (nbd)Rh+[(η6-Ph)B-Ph3], while a
low number-average molecular weight (Mn = 7.5 kDa) oligomer mixture was obtained when
[(nbd)RhCl]2-Et3N) was adopted [276]. In terms of monomers containing two or multi TEMPO
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Scheme 2.17: Transition metal catalyzed polymerization of TEMPO-containing acetylenes.

moieties, polymers with number-average molecular weights of 10–137 kDa in 62–99% yield were
obtained except for TA-8 with ester functionality, which resulted in gelation similar to the case of
TA-2 [275].

Polymerization of spirobisnitroxide acetylene and alkene (TA-11) with Rhodium-based transition
metal catalyst was also attempted. Polymerization of the acetylene monomer produced a TEMPO-
containing polymer with Mn = 42.9 kDa (Ð = 2.7) in 89% yield. With the addition of a
cross-linker (N,N’-diprop-2-ynyl-oxalamide) to the alkene monomer system, a polymer gel was
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2.2. TEMPO-Containing Polymers as Electrode Materials

afforded in quantitative conversion [277].

4) Post-polymerization modification

Post-polymerization modification (PPM) of activated ester-containing polymers has emerged as
an alternative and versatile route to equip polymers with numerous functional groups including
stable radicals [32]. Indeed, early in the 1970s, Kálal and co-workers [33,34] were the first who
employed this strategy in preparing nitroxide-containing polymers, by utilizing a series of copolymers
of N-(2-hydroxypropyl)methacrylamide with the activated ester monomers 4-nitrophenyl esters
(4-NPE) of ω-methacryloylamino acids, which were subsequently converted with 4-amino-2,2,6,6-
tetramethyl-piperidinyloxyl (4-amino-TEMPO) yielding the spin labeled copolymers. However, the
yield of aminolysis was very low with 60-80%, probably owing to the steric inaccessibility of the
4-nitrophenol ester of methacrylic acid in the copolymer. Next, Bergbreiter et al. [35] incorporated
nitroxyl groups into poly(N-isopropylacrylamide) (PNIPAM) copolymers to generate ‘smart’
polyacrylamide copolymers showing redox-sensitive LCST (the lower critical solution temperature)
behavior by substitution reaction of polymers derived from N-acryloxysuccinimide (NAS) monomers,
as shown in Scheme 2.18A. While this post-polymerization strategy is considerably mild, it is often
accompanied by side reactions, such as succinimide ring-opening or the formation of N-substituted
glutarimide groups [36]. Alternatively, pentafluorophenyl (PFP) esters have recently become an
increasingly utilized reactive moiety in the modification of polymers with radicals by preserving the
integrity of these pendant radicals and polymer backbone. For instance, the group of Théato has
recently modified poly(pentafluorophenyl acrylate) (PPFPA) prepared by RAFT polymerization
with 4-amino-TEMPO to obtain triple stimuli-responsive copolymers that featured thermo-, light-
and redox-responsive characteristics [37] (Scheme 2.18B). Likewise, Suga and colleagues [38]
utilized the same PPFPA-motif to prepare a copolymer featuring TEMPO and ionic imidazolium
sites, which were further evaluated as organic resistive memory devices.

Poly(acrylic acid) (PAA) is another functional polymer that can be post modified with TEMPO
derivatives, such as 4-amino-TEMPO [278–280], 4-hydroxy-TEMPO [281] and 4-glycidyloxy-
TEMPO [282]. For instance, Pelton et al. [279] grafted TEMPO moieties onto PAA in the presence
of 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysulfosuccinimide sodium
salt (sulfo-NHS), as depicted in Scheme 2.18C. The final TEMPO-containing polymer is an
amphoteric polymer, which is soluble at pH values less than 2 and above 4.5. Besides, it exhibited
a reversible phase separation under acid conditions (pH = 2–4.5), which is suggested to be
driven by electrostatically driven association of polymer molecules. Besides, cellulose derivatives
can also be functionalized into TEMPO-containing polymers. Masuda et al. [155] modified
ethylcellulose and cellulose acetate with 4-carboxy-2,2,6,6-tetramethylpiperidine 1-oxyl (4-carboxy-
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TEMPO) in the presence of EDC·HCl (condensation agent) and 4-dimethylaminopyridine (DMAP,
base) and obtained TEMPO-containing cellulose derivatives with high TEMPO content, which is
75% and 99%, respectively (Scheme 2.18D). Recently, Zhang and co-workers [283] converted
poly(ethylene-alt-maleic anhydride) (PEM) to TEMPO-containing polymer via transesterification
with 4-hydroxy-TEMPO, as shown in Scheme 2.18E. The resulting polymer is hardly soluble in
carbonate-based electrolyte, but easily soluble in THF and NMP; moreover, the Curie-Weiss plots
revealed a TEMPO content of 97%, making it an extraordinary candidate as the cathode material.
Indeed, this material delivered a capacity of 88 mAh g-1 and exhibited an excellent rate capacity
with 94% retention after 1000 cycles.

Besides, linear poly(ethylenimine) (LPEI) and poly(methylhydrosiloxane) (PMHS) can also act
as functional polymer for PPM, as depicted in Scheme 2.18F and 2.18G. For example, Minteer
et al. [284] prepared a TEMPO-containing polymer TEMPO-LPEI by simply mixing LPEI with
4-glycidyloxy-TEMPO at room temperature. This TEMPO-LPEI polymer was then cross-linked
onto the surface of a carbon electrode and used for electrocatalytic oxidation of alcohols, which
resulted in a dramatic enhancement in the catalytic current density when compared with an
analogous homogeneous TEMPO catalyst. Suguro et.al [150] modified PMHS with 4-allyl-2,2,6,6-
tetramethylpiperidine-N-oxyl ether (4-allyl-TEMPO ether) and 4-hydroxy-TEMPO, respectively,
in the presence of a platinum- or rhodium-catalyst. The hydrosilylation ratio of PMHS with
4-allyl-TEMPO-ether was determined to be 76%, and the dehydrogenative alcoholysis ratio with
4-hydroxy-TEMPO was 77%, according to elemental analysis.
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2. Theoretical Background

2.2.3. TEMPO-Containing Polymers as Electrode Materials

By virtue of the stable and reversible redox reaction between nitroxide and oxoammonium,
TEMPO-containing polymers that are endowed with the unique characteristics of nitroxide, have
thus found application in ORB as active cathode materials [17]. An efficient battery material
is expected to provide high energy density, fast charge and discharge capability, and long cycle
life with cost-effective feature [8, 9, 51,52]. To improve the battery performance concerning the
aforementioned properties, great efforts have been made in preparing various TEMPO-containing
polymers as electrode materials including ingenious composite architecture with the toolbox of
chemistry [97, 285].

2.2.3.1. TEMPO-Containing Polymers Aimed at High Energy Density

Regarding an electrode material, e.g. TEMPO-containing polymer, energy density is proportional
to the theoretical capacity and inversely correlated with the mass of the material. Theoretically,
tuning the structure of the redox polymer by incorporating as much redox sites within a polymer
as possible and adopting low-molecular-weight repeat unit would lead to a high energy density. In
terms of a electrode composite, which consists of active material, binder and conductive agent,
energy density also depends on mass of the binder and conductive agent. Therefore, decreasing
the amount of binder and conductive agent involved in the cell should help in improving energy
density. In respect of a whole cell, which contains not only electrodes, but also electrolyte solution,
energy density is thus related to the amount of electrolyte solution as well. Hence, methods to
minimize the volume or amount of electrolyte solution would be desirable. Based on the design
principle, four categories can be classified, as discussed in the following sections.

1) Improving TEMPO content within the polymer

Tremendous efforts have been made in search for a suitable synthetic methodology to convert or
preserve as much TEMPO moieties as possible. Since conventional post-oxidation route results in
a polymer with typically 60–80% TEMPO content (based on EPR measurement) [24, 25, 29, 254],
direct polymerization such as ionic and group transfer polymerization [26,27], post-deprotection
[217,259] and PPM [286] were accordingly attempted, resulting in TEMPO contents that exceed
90% within the corresponding polymers. In terms of the detailed information for each synthetic
method are found in section 1.2.2.

Incorporating more than one TEMPO moiety per repeating unit is another strategy. For instance,
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2.2. TEMPO-Containing Polymers as Electrode Materials

Masuda and co-workers [144, 268] equipped two TEMPO moieties on one norbornene-based
monomer (TNB-1) and polymerized it via ROMP, leading to a polymer (PTNB) containing
approximately two TEMPO moieties in each repeating unit. When used as cathode active material,
this polymer delivered a capacity of 109 mAh g-1, which reached the theoretical value.

2) Adopting simple polymeric structures

Polymers having a simple structure are favorable as cathode materials [144, 149, 268], owing
to their relatively low molecular weight of the repeating unit (Figure 2.16). Nishide and co-
workers [149,287] synthesized PTVE via cationic polymerization and used it as cathode active
material in ORB. As PTVE is comprised of the simplest backbone, i.e. vinyl, in general purpose,
and contains one of the simplest linkages between the polymer chain and TEMPO moieties, it
exhibits a much higher theoretical capacity (135 mAh g-1) than other reported TEMPO-containing
polymers, as shown in (Figure 2.16). Indeed, it delivered a discharge capacity of 114 mAh g-1 at
a current density of 0.1 mA cm-2 with lithium anode, and approximately 131 mAh g-1 with Zinc
anode in an aqueous electrolyte at a C-rate of 60 C.

Figure 2.16.: The correlation between theoretical capacities and molecular weights of the
repeating units of diverse TEMPO-containing polymers (reproduced from ref [285] with permission
from The Royal Society of Chemistry).

3) Fabricating binder-free electrodes

A TEMPO-containing polymer that can act as both active material and binder is also favorable.
To this end, many researchers made efforts on fabricating binder-free electrodes. One strategy is
to anchor polymer brushes on surfaces via in situ polymerization method. For instance, Lee et
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al. [114] grafted PTMA brushes onto silica nanoparticles and prepared a binder-free electrode
comprising of PTMA brushes/silica nanoparticles and carbon black. The immobilized PTMA
brush exhibited a discharge capacity of 84.9–111.1 mAh g-1 at 10 C rate and capacity retention
of 96.3% after 300 cycles resulting from the insoluble nature of PTMA brushes/SiO2. Kim et
al. [102] took another step and fabricated a flexible electrode film by directly bonding PTMA onto
a graphite paper via in situ polymerization and subsequent oxidation approach, achieving 100
wt.% active material loading without any additives. Together with polyimide-based gel electrolyte
and lithium anode, the assembled full-battery displayed almost twice higher energy density (470
Wh kg-1) than the commercial graphite/NCM (LiNi1/3Co1/3Mn1/3O2) battery. Another strategy
is to incorporate the redox sites, i.e.TEMPO, into a polymer with a binding feature. For example,
Zhang et al. [283] synthesized poly(ethylene-alt-TEMPO maleate) by attaching TEMPO to PEM
whose analogue poly(isobutylene-alt-maleic anhydride) has been adopted as a binder in LIBs [288].
By blending this TEMPO-containing polymer with CB, they fabricated a binder-free cathode
which showed a comparable electrochemical performance compared to the cathode with PVdF
binder.

4) Switching to cation migration

As mentioned in section 1.1.1, during charging, nitroxide loses an electron and forms oxoammonium,
in the meantime, anions in the electrolyte, e.g. PF6- migrate to the positive electrode to maintain
charge neutrality. Upon discharge, the process is reversed. Therefore, it is the anion migration
during the charging-discharging process from the mechanism perspective, which is different from
the rocking chair mechanism of LIBs. However, the anion migration results in a change in the
salt concentration, hence, the excess amount of electrolyte salt is required for ionic conduction.
To dissolve the excess amount of salt, a large volume of solvent is in demand, leading to a low
energy density. Contrarily, cation migration helps to minimize the electrolyte volume, due to the
"rocking-chair-type" mechanism (Scheme 2.19).

Inspired by the self-doping concept in conducting polymers, zwitterionic pendant design was
proposed, as shown in Scheme 2.19. Anionic groups with a large potential window like sulfonate
anion, and anionic groups having a high degree of dissociation such as TFSI- have been attempted
to incorporate into polymeric structures of TEMPO-containing polymers [289–291]. For instance,
TMPMA was copolymerized with potassium 4-styrenesulfonyl(trifluoromethanesulfonyl)imide,
followed by oxidation of the precursor polymer to afford P(TMA-ran-TFSI). Owing to the self-
charge compensation of TEMPO with TFSI– uniformly tethered to the polymer chain, the
P(TMA-co-TFSI) layer electrode exhibited a high discharging voltage of 3.7 V and good rate
performance with 83% capacity retention at 30 C relative to 5 C [291].
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2.2.3.2. TEMPO-containing Polymers Aimed at Good Rate Performance

1) Tuning electrical conductivity

Generally, radical polymers exhibit poor electrical conductivity [122,292]. For instance, solid-state
PTMA was shown to be electrically insulating (on the order of 10−11 S cm−1) over the length
scale of micrometers [29], although there are reports showing different values (10−5–10−6 S
cm−1) [142,254,255,293]. Owing to the flexible backbone and linker, poly(4-glycidyloxy-2,2,6,6-
tetramethylpiperidine-1-oxyl) (PTEO) was found to have an electrical conductivity of up to 28 S
cm−1 over channel lengths up to 600 nm, while a compromised conductivity (∼ 10−4 S cm−1)
was observed at channel length scale over 700 nm [292]. The poor electrical conductivity would
limit electron transfer during charging-discharging process, thus having a negative impact on the
discharge capacity as well as the rate performance of the cell.

In order to construct efficient conductive pathways within the composite electrode and improve
the electron transfer property of the active material, tremendous efforts have been involved in the
aspect of ingenious molecular engineering as well as innovative processing solutions. Thoroughly
mixing of TEMPO-containing polymers with conductive carbon for a homogeneous electrode
composite is one of the options. Vald et al. [294] proposed a solvent-free, melt-polymerization
process of TMPMA with in situ-incorporated carbon black nanoparticles, which results in a
cross-linked, insoluble PTMA-carbon composite with carbon homogeneously dispersed at the
nanoscale. The resulting electrode exhibited a competitive electrochemical performance at a low
carbon content of 10 wt.%, achieving ca. 50% of its nominal capacity at 10 C rate with ca.
85% retained after 1200 cycles. Selecting conductive agents with high surface area and good
conductivity is another path. Choi et al. [93] employed SWNTS as a conductive additive and
wrapped it with PTMA at a molecular level through sonication in dichlorobenzene. This cathode
exhibited a good rate capability with 70% capacity retention at a current density of 60 A g-1.
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Molecular-level anchoring of radical polymers on carbonaceous materials, such as CNTs [23,89] and
graphene [295,296], has also been attempted. Gohy et al. [89] grafted PTMA onto multiwalled
carbon nanotubes (MWCNTs) via SI-ATRP methods, and constructed a core-shell morphology with
a MWCNTs mass loading of 40 wt.%. This MWCNT-g -PTMA showed a good capacity retention
(87%) after 200 cycles at 2 C. In addition to the molecular-level anchoring of redox polymer onto
CNTs or graphene through covalent bonds, efforts have also been made based on intramolecular π-π
stacking by incorporating pyrene moieties into the redox polymeric structure [23,253,296]. Via NRC
reaction, Jia and co-workers [23] attached pyrene moieties to PTMA polymer chain and utilized
this TEMPO-pyrene copolymer as cathode active material with CNTs as the conductive agent in
sodium-ion batteries. Benefiting from the structural merits (π-π stacking), the nanocomposite
exhibited an excellent cyclability with 92% capacity retention at a high current density of 2.2 A
g-1 after 6000 cycles, and remarkable rate capability (78 mA h g-1 at 5.5 A g-1).

2) Tuning polymer mobility

Polymeric chains with a high degree of flexibility and mobility are suggested to facilitate redox
sites contact by diffusion, and accordingly improve the rate capability of ORB [22, 136]. For
instance, nitroxide-substituted polyether, i.e. PTEO, was synthesized via anionic ring-opening
polymerization and used as a cathode-active material for a secondary battery [148]. Due to the
flexible polyether backbone and its high compatibility with the carbonate-based electrolyte, the
corresponding cathode maintained the same discharge capacity when the loading amount of active
material increased from 10–20 wt.% to 30 wt.% even at 10 C rate, while PTMA-based cathode
decreased.

Poly(2,2,6,6-teteramethylpiperidine-4-yl acrylamide) (PTAm), a hydrophilic radical polymer, has
been fabricated into a fully organic-based rechargeable battery as a cathode active material,
together with cross-linked polyviologen hydrogel or poly(tripyridiniomesitylene) (PTPM) acting as
anode material, in an aqueous electrolyte [297]. This organic-based cell demonstrated extraordinary
high-rate charging/discharging characteristics which allowed the battery to be fully charged and
discharged in 30 s (120C) while maintaining long cycle stability (over 2000 cycles) with relatively
high voltages (1.1 and 1.5 V, respectively). To enhance the swellability of PTAm in aqueous
electrolytes and its stickiness to electrodes as well as other substrates, while maintaining the
fast electron self-exchange feature, an acrylic acid moiety was introduced into the polymeric
structure of PTAm via PPM (Scheme 2.18C) [280]. The resulting P(TAm-ran-AA) copolymer
exhibited a two times higher diffusion coefficient (2.2 × 10-10 cm2 s-1) than the corresponding
homopolymer, i.e. PTAm, in an aqueous solution (0.1 M NaCl), indicating an enhanced polymer
chain mobility. The P(TAm-ran-AA) copolymer exhibited an exceptionally high current density
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(up to 1 A cm-2) and high areal capacity (∼ 3 mAh cm-2) when hybridized with SWCNTs and
employed as a cathode in a totally organic-based secondary battery together with cross-linked
poly(anthraquinone-substituted ethyleneimine) (PAQE)/SWCNTs hybrid as anode and 3 M NaCl
as an electrolyte, as shown in Figure 2.17A [298]. Moreover, the P(TAm-ran-AA)/SWCNTs hybrid
could also be fabricated into highly stretchable (over 700%) and ultrathin (100 nm) electronic
devices capable of supplying large current density (0.4 mA cm-2 and 41 A g-1) [299] (Figure
2.17B).

Figure 2.17.: (A) P(TAm-ran-AA)/SWCNTs hybrid electrode with ultrahigh output; (B) ultrathin
flexible electronic devices with P(TAm-ran-AA)/SWCNTs hybrid cathode and PAQE/SWCNTs
hybrid anode (adapted from ref [298,299] with permissions from John Wiley & Sons, Inc.).

2.2.3.3. TEMPO-containing Polymers Aimed at Stable Cycle Life

One of the major drawbacks for TEMPO-containing polymers as electrode materials lies in their
dissolution in conventional organic electrolytes, e.g. carbonate-based electrolytes, which might lead
to rapid self-discharge and capacity loss. For instance, Nakahara et.al [31] found that 38% of the
capacity for PTMA-based cathodes was disappeared after 1 week of storage, which they attributed
to the shuttle effect of dissolved PTMA in the electrolyte. It is reported that compared to PTMA
with a low number-average molecular weight (Mn = 1.6 kDa, Ð = 1.1), PTMA with a high
number-average molecular weight (Mn = 16 kDa, Ð = 1.35) showed a higher specific discharge
capacity (16%) and better cycling stability (65% retention at 30 C) due to their relatively low
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solubility in the electrolyte [25].

In order to address the dissolution issue of the active material into electrolyte, diverse strategies
have been developed. One strategy is to include non-dissolving blocks or moieties (in electrolyte)
into the polymeric structures of TEMPO-containing polymers. For instance, Hauffman et al. [300]
synthesized PTMA-b-poly(styrene) block copolymer with poor solubility in electrolyte (1M LiPF6
in EC/DMC, v/v = 1/1) via ATRP. Zhang et al. [283] functionalized PEM with 4-hydroxy-TEMPO
via transesterification and prepared a TEMPO-containing polymer that was hardly soluble in
carbonate-based electrolyte, as a result of the partially close packing of TEMPO moieties on each
adjacent carbon backbone. The corresponding cathode displayed a superior cycle life with only
6% capacity loss after 1000 cycles.

Constructing covalently cross-linked polymer networks is another path that can be accomplished
by various synthetic methods, such as chemical cross-linking (during polymerization process)
[26, 277, 301], photocross-linking [107] and thermal curing [59, 60, 108]. For example, Nishide and
co-workers [107] photocross-linked PTNB with bis(azide) on an ITO substrate in the presence of
a photo-mask, after subsequent workup, they obtained a patterned cross-linked film (50–500 nm),
which preserved all its redox sites and was slightly swollen in organic solvents. In a similar manner,
they photo-cross-linked PTNB with bis(azide) in a well-mixed solution with carbon nanofiber, and
adopted the composite film (polymer thickness of 200 nm) as cathode in a rechargeable battery.
The electrode exhibited excellent cycle stability with no significant deterioration in capacity after
1000 cycles. Lutkenhaus group [59] polymerized TMPMA with a relatively low amount (1%,
3% and 5%) of glycidyl methacrylate (GMA) which served as a cross-linker, and afterwards
converted secondary amine into nitroxyl via post-oxidation. The obtained copolymers were then
photocross-linked or thermally cured to be used as cathode active material. It is found that
the sample with 3% GMA cross-linker and submitted to thermal curing led to the best capacity
retention (99.6%), which was higher than uncross-linked ones by 5.6–13.6%. It is worth noting
that the cross-linking polymer network prepared during polymerization might compromise the
solution processability of the electrodes, while post-cross-linking, e.g. thermal curing, which can
carry out after the polymer is mixed into the electrode slurry, is more desirable.

Immobilized TEMPO-containing polymers onto current collectors [100], porous substrates [104],
nanoparticles [114] or conductive additives [23,23,89,253,295,296,296] were also attempted. For
instance, Lee et al. [103] immobilized nitroxide polymer brushes on 3DOM polypyrrole through
SI-ATRP. The resulting 3DOM nitroxide polymer brush cathodes delivered 40 times higher capacity
than that of the planar electrode at 5 C rate and remained 96.1% of its capacity after 250 cycle.
It should be noted that this strategy is versatile since it not only improves cycle stability but also
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have other benefits. Firstly, it may avoid the addition of binder as discussed in section "Fabricating
binder-free electrodes", and thus help gain a high energy density. Moreover, it may facilitate
electron transfer by anchoring on carbonaceous material as mentioned in section "Tuning electrical
conductivity", and consequently afford a high rate capability.

2.3. Post-Polymerization Modification via Activated Esters

The rapidly growing demand for functional polymers in diverse interdisciplinary areas of research
has highlighted the need for modern synthetic tools to develop advanced polymers featuring a
wealth of functional groups. Coincided with the development of modern chemistry, such as LRP
and click reactions, post-polymerization modification (PPM), also termed as ‘polymer analogous
reaction’, found its ample scope for abilities to facilely prepare functional polymers including
copolymers, especially after the 1990s.

2.3.1. Brief Introduction of Post-Polymerization Modification

Modern polymer chemistry toolbox offers a variety of polymerization methods for the direct
synthesis of functional polymers. Some even allow the precise control over polymer composition,
molecular weight as well as architecture. However, there are still many functional groups that
hinder polymerization or undergo side reactions during the polymerization process, which pose a
significant challenge for the direct synthesis of polymers bearing specific functional groups. PPM,
is an alternative and versatile approach to overcome these limitations. It is based on the direct
polymerization or copolymerization of monomers bearing reactive groups that are inert towards
the polymerization conditions but can be quantitatively substituted by a broad range of other
functional groups in a subsequent reaction step. Apart from polymerizing monomers that are
intractable for direct polymerization, polymers with diverse properties can also be obtained from
the same starting polymer by reacting with different reagents or by varying the distribution of the
second functional group along the polymer chain. Moreover, in combination with LRP techniques,
such as ATRP, RAFT, NMP and SEC, PPM allows the fabrication of a wide variety of well-defined
functional polymer architectures.

Many reactive groups, as well as several chemoselective coupling reactions, provided the foundation
for PPM (Figure 2.18), such as activated ester, epoxide, anhydride, oxazoline, isocyanate groups,
copper-catalyzed azide/alkyne cycloaddition (CuAAC), thiol-ene addition, Michael addition, Diels-
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Alder cycloaddition, thio-dissulfide exchange, etc., due to their relatively high reactivity and
selectivity, as well as quantitative conversions under mild conditions [302].

Figure 2.18.: Common reactions utilized in post-polymerization modification (adapted from
ref [302] with permission from John Wiley & Sons, Inc.).

2.3.2. Post-Polymerization Modification via Activated Esters

Among the various reactions for PPM, nucleophilic ester cleavage (aminolysis and transesteri-
fication) based on activated esters is a conventional method with manifold advantages. First
of all, there is abundant availability of most amines and alcohols from natural or commercial
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sources when compared with other abiotic synthons (e.g. azides and alkynes). Furthermore,
activated esters are useful derivatives for covalent attachment of functional amines based on a
stable amide bond formation that is the basis of most biological systems. It is presumed that
judicial application of this chemistry can potentially mimic the synthesis of many biostructures
and help to comprehend their functions [32]. Similarly, degradable ester bond side chain linkage
can also be maintained by PPM with alcohols [303]. Additionally, PPM via transesterification
could expand the pool of functional groups attached to the polymer, such as acids, aldehydes
and α, β-unsaturated carbonyl derivatives, due to the good tolerance and coexistence of alcohols
with those functional groups [303]. Last but not least, it does not involve toxic metal catalysts
during the PPM process, and thus is promising for biomedical applications [32]. On the downside,
nucleophilic ester cleavage is a substitution reaction, which requires the removal of the released
alcohol afterwards, as shown in Scheme 2.20. Nevertheless, the removal of small molecular
compounds from polymers is a routine work-up procedure via precipitation and allows recycling of
the activating alcohol.

Scheme 2.20: Schematic representation for the synthesis of functional polymer by post-
polymerization modification via activated ester.

Activated ester chemistry was first introduced by Ringsdorf [304] and Ferruti [305] in the 1970s.
Soon after, various activated ester-based monomers that could be readily polymerized under
moderate conditions were discovered, such as N-hydroxysuccinimide (NHS) ester monomers [306]
and pentafluorophenyl (PFP) ester monomers [307], 4-nitrophenol ester monomers [308] and
acetone oxime ester monomers [309], etc., among which the former two are the most explicitly
investigated ones.

NHS-ester-based reactive polymers, e.g. poly(N-hydroxysuccinimide acrylate) (PNAS) and poly(N-
hydroxysuccinimide methacrylate) (PNMAS) are quite (yet not fully) resistant to hydrolysis [310],
and could be subjected to nucleophilic aminolysis with primary and secondary amines under
mild reaction conditions to generate functionalized polyacrylamide derivatives [304,305]. Under
identical reaction conditions, PNAS was found to be more reactive than PNMAS [304]. By
aminolysis of PNAS with allylamine, linear poly(N-allylacrylamide) which could not be directly
polymerized from the corresponding monomer, is affordable [305]. However, the poor solubility of
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PNAS and PNAMS in most organic solvents, except for DMF and dimethyl sulfoxide (DMSO),
limited their application as homopolymers. Hence, NAS and NMAS are commonly copolymerized
with other monomers to enhance the solubility of the resulting copolymers in a wide range of
solvents, which allows amines with varying polarity to participate in the aminolysis reaction via
PPM. Besides, side reactions, such as ring-opening of the succinimide functionality and formation
of N-substituted glutarimides by attack of amides on neighboring activated esters, were reported
during the aminolysis step [36]. The side reactions associated with NHS-ester-based polymers
could be overcome by carrying out PPM at high temperature and in an excess of amine or proton
scavengers such as triethylamine (TEA) or DMAP [311].

Subsequently, PFP ester-based reactive polymers were developed, e.g. PPFPA and PPFPMA
(poly(pentafluorophenyl methacrylate)). Unlike PNAS/PNMAS, whose solubility is limited to
DMSO and DMF, PPFPA and PPFPMA were found to be soluble in a wide range of organic
solvents, such as DCM, THF, dioxane and DMF [307]. Moreover, PFP-ester-based polymers were
found to be slightly more reactive than the NHS-ester-based polymers. Similar to NHS-ester-based
polymers, PFP ester-based polymer with acrylate backbone, i.e. PPFPA, show a higher reactivity
in comparison with the methacrylate analogue (PPFPMA) [307]. Besides, the reactivity of PPFPA
towards primary amines is found to be relatively higher than secondary amines, while both PPMs
showed much higher conversions than PPM with aromatic amines and alcohols. The low reactivity
towards alcohols was later combated by adopting DMAP, a powerful aprotic Lewis base, and a
polar solvent(DMF) at a relatively high temperature (80℃) [303]. Additionally, the PPM of the
PFP ester-based polymers can be conveniently monitored by 19F NMR spectroscopy due to the
existence of fluorine on the PFP leaving group. In respect of PPM via PFP-ester, the Théato
group did intensive investigation over the years and released an influential review (Chem. Rev.
2016) in the area of PPM via activated ester [32].

It is worth noting that non-activated ester-based polymer can also be modified at elevated
temperatures with the addition of suitable catalysts or bases. For instance, Yang and Birman [312]
suggested that 1,2,4-triazole anion could serve as an effective active acyl transfer catalyst suitable
for both aminolysis and transesterification of esters. On top of this, our group adopted 1,8-
diazabicyclo [5.4.0]undec-7-ene (DBU) and 1,2,4-triazole (Tz) as organo-activating agents at
elevated temperatures (120℃) for the aminolysis of stable polyacrylates [313]. Impressively,
high conversions (> 70%) were achieved for the PPM of poly(phenyl methacrylate), poly(2,2,2-
trifluoroethyl methacrylate) and poly(methyl methacrylate) with 2-ethylhexylamine.
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This chapter is partially adapted from "Wenwen Xue, Hatice Mutlu and Patrick Théato, European Polymer
Journal, 130, 2020: 109660" with permission from Elsevier. The online content can be accessed utilizing the
following URL: https://doi.org/10.1016/j.eurpolymj.2020.109660.
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3.1. Prologue

Due to the superior reversibility and ultrafast kinetics of the redox reaction between TEMPO
and the corresponding oxoammonium cation [22,80,81,85,134], TEMPO-containing polymers
which are endowed with characteristics of TEMPO, found their facile application in organic radical
batteries as cathode materials [314–316]. As TEMPO is the active site, theoretically a higher
TEMPO content within the polymeric active material would lead to a higher specific capacity of
the cell. Therefore, the purpose of this chapter is to synthesize TEMPO-containing polymers with
high TEMPO contents for energy storage application.

The first and representative TEMPO functionalized polymer used in organic radical batteries
is poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) due to its excellent rate
capability and cycle stability [17, 24]. Generally, PTMA derivatives are synthesized either via
post-oxidation (Scheme 3.1A) [17] or by reacting functional polymers with low-molecular-weight
TEMPO derivatives [33,317]. However, the conventionally post-oxidation method only results in a
TEMPO content of 60–80% based on electron paramagnetic resonance (EPR) measurement [24,25]
arising from the incomplete oxidation of amino groups to nitroxide moieties in addition to side
reactions, e.g. over-oxidation and cross-linking [27, 255]. While reacting functional polymers with
low-molecular-weight TEMPO derivatives were only applied to the preparation of copolymers
with relatively low TEMPO contents (6 83%) [280]. Although direct polymerization of TEMPO-
acrylate/methacrylate derivatives via anionic or group transfer polymerization have been recognized
as efficient alternative synthetic approaches with high yield (> 95%) [26–28], the stringent
experimental requirements make the method rather synthetically demanding. Thus, there is a
critical quest for alternative suitable synthetic routes that enables a reliable, reproducible and
scalable production of the targeted PTMA derivatives.

In order to prepare PTMA derivatives with a high TEMPO content in a more simple and reliable
manner, post-polymerization modification (PPM) via polymeric pentafluorophenyl (PFP) ester was
proposed. Different form other reports on the preparation of TEMPO-containing polymers via PFP
ester [37], a detailed study on the significant influence of critical parameters, such as nature of the
solvent, the type of the catalyst, feeding ratio of catalyst and nucleophile, reaction temperature
and reaction time, upon the PPM of PFP unit with different types of TEMPO nucleophiles
has been performed. Therefore, based on the seminal work of the Théato group on noticeable
reactivity difference between poly(pentafluorophenyl acrylate) (PPFPA) and poly(pentafluorophenyl
methacrylate) (PPFPMA) during PPM, herein the present chapter systematically screens the PPM
of the two classes, polymethacrylates and polyacrylates, respectively, with three different TEMPO
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Scheme 3.1: Synthetic routes for TEMPO-containing polymers.

nucleophiles (i.e. 4-hydroxy-TEMPO, 4-amino-TEMPO and 4-methylamino-TEMPO) to prepare
the respective TEMPO-functionalized polymethacrylates, polyacrylates, polymethacrylamides, and
polyacrylamides (Scheme 3.1B). Noteworthy, aiming at polymers with a high radical density will
allow for a study of the structure-property relationships of the various TEMPO polymers in respect
to their electrochemical properties.

3.2. Optimization of the Reaction Conditions

The six types of TEMPO-containing polymers were synthesized by reacting 4-hydroxy-TEMPO,
4-amino-TEMPO and 4-methylamino-TEMPO and with PPFPMA and PPFPA respectively
(Scheme 3.1B). Aimed at a high TEMPO content within the polymeric structure, the optimal
reaction conditions were investigated by using different solvents, catalysts, feeding ratios, reaction
temperatures and reaction times for each reaction. The progress of the PPM was monitored
by FTIR spectroscopy following the decreasing absorption of the PFP ester C=O band at 1782
cm-1, increasing absorption of newly formed ester C=O band at 1725 cm-1 for PMA-O and PA-O,
or newly formed amide C=O band at 1630–1670 cm-1 for PMA-A, PA-A, PMA-MA and PA-MA.
Depending on the reaction conditions, carboxylic acid C=O band at 1722 cm-1 may also be
detected which resulted from the hydrolysis of polymeric activated ester. In the presented work,
the acyl transfer yield was estimated following Eq. 3.1, assuming that PFP ester C=O band, the

65



3. Post-Polymerization Modification via Activated Esters for the Synthesis of TEMPO-Containing
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newly formed ester C=O band, amide C=O band and acid C=O band (from hydrolysis) have the
same absorption coefficient.

Conversion (%) = Ix/((Iae + Ine + Iam + Iac)) (3.1)

Where Iae, Ine, Iam Iac are the absorption intensity of activated PFP ester C=O band, new formed
ester C=O band, amide C=O band and acid C=O band (from hydrolysis), respectively. For PMA-O
and PA-O, Ix represents Ine, while for for PMA-A, PA-A, PMA-MA and PA-MA, Ix represents Iam.

Depending on the type of the polymeric activated ester, this section is divided into two parts:
post-polymerization modification of poly(pentafluorophenyl methacrylate) (PPFPMA) and post-
polymerization modification of poly(pentafluorophenyl acrylate) (PPFPA). In each section, detailed
synthetic optimization of reaction conditions will be discussed.

3.2.1. Post-Polymerization Modification of Poly(pentafluorophenyl
methacrylate)

Considering the different synthetic routes for PTMA in the literature [17,26,27,217], it would
be worth optimizing initially the transesterification of PPFPMA with 4-hydroxy-TEMPO, as
shown in Scheme 3.2. PPFPMA was synthesized by conventional free-radical polymerization
(FRP) of pentafluorophenyl methacrylate (PFPMA) using azobisisobutyronitrile (AIBN) as the
initiator yielding a polymer with Mn = 15.4 kDa and Ð = 2.40. The progress of the subsequent
transesterification was monitored by FTIR spectroscopy following the disappearance of the PFP
ester C=O band at 1782 cm-1 and appearance of the newly formed ester C=O band at 1725 cm-1

(Figure 3.1, PMA-O_7).
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Table 3.1.: PPM for the synthesis of PMA-O.

Entry Solvent Catalyst Molar ratio Temp. Time Acyl transfer TEMPO
ester/alcohol/cat. yielda contentb

℃ h % %
1 DMF DMAP 1.0/1.3/0.2 60 15 15.0 3.9
2 DMF DMAP 1.0/1.3/0.2 80 15 20.7 11.5
3 DMF DMAP 1.0/1.3/0.2 120 15 45.0 c

4 DMF DMAP 1.0/2.0/2.0 80 23 72.2 62.9
5 DME DMAP 1.0/2.0/2.0 80 23 63.6 51.1
6 DME Tz/DBU(1/1) 1.0/2.0/2.0 80 6 94.2 62.2d
7 DME Tz/DBU(1/1) 1.0/2.0/2.0 60 6 85.6 73.4
8 DMF DMAP 1.0/2.0/0.2 80 23 11.7 1.3

a Calculated from IR spectra based on the absorption peaks of C=O from activated ester and
the newly formed ester at 1782 cm-1 and 1725 cm-1, respectively, by assuming them having
the same infrared absorption coefficient;

b Determined by EPR;
c Poor solubility;
d Obtained by neglecting the slightly insoluble part.

Figure 3.1.: IR spectra of PMA-O_7, PMA-A_4, PMA-MA_8 and PTMA-oxidation. PMA-O_7,
PMA-A_4, PMA-MA_8 and PTMA-oxidation represent TEMPO-containing polymers from Table
3.1, Entry 7; Table 3.2, Entry 4; Table 3.3, Entry 8 and PTMA synthesized by conventional
post-oxidation method, respectively.
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The reactivity of PPFPMA toward 4-hydroxy-TEMPO was screened by adopting slightly modified
conditions of previous reports by the Théato group and other groups [303,318]. Accordingly, the
first PPM was conducted by reacting PPFPMA with a 1.3-fold molar excess (relative to PFP ester
group) of 4-hydroxy-TEMPO in the presence of a Lewis base catalyst (e.g. 4-dimethylaminopyridine
(DMAP), 0.2 eq.) at 60℃ in dimethylformamide (DMF) for 15 hrs. (Table 3.1, Entry 1). DMF
was the solvent of choice, since it not only solubilizes both the TEMPO derivative and the
polymer, but also actively participates in the transesterification reaction [303]. Nevertheless, these
conditions were rather inefficient, leading to only 15.0% conversion according to FTIR analysis,
while EPR disclosed only 3.9% of TEMPO moieties within the post-modified polymer, which is
dramatically lower than the value estimated by IR spectroscopy. This may result from anhydride
side reaction (Scheme 3.3), as evidenced by the stretch band at 1830 cm-1 in IR spectra of
PMA-O (Figure 3.2), which partly contributed to the calculated acyl transfer yield. Conducting
the reaction at elevated temperature of 80 ℃ (Table 3.1, Entry 2) resulted in a slightly higher
content of TEMPO radicals (11.5% by EPR). Yet, further increasing the reaction temperature to
120 ℃ gave rise to an insoluble polymer (Table 3.1, Entries 3). With a 2.0-fold molar excess of
4-hydroxy-TEMPO and DMAP at 80 ℃ resulted after 23 hrs. of reaction time in a dramatically
increased content of side-chain radical concentration of 62.9% (Table 3.1, Entry 4). Since side
reaction occurred in all DMF involved reactions (Table 3.1, Entry 1-4) and the ultimate goal of
this work is to optimize reaction conditions for the synthesis of radical containing polymers for use
in ORB applications, it was worthwhile to investigate the PPM in 1,2-dimethoxyethane (DME),
which is utilized in batteries as an aprotic solvent [319]. It is interesting to note that replacing
DMF with DME, under otherwise identical reaction condition, resulted in a lower radical content
of 51.1%, as determined by EPR (Table 3.1, Entry 5). The difference in TEMPO loading on the
post-modified PMA-O is presumably due to the polarity of the solvent and the conception that
DMF does actively participate in the transesterification.

Due to the benign nature of DME and its broad applicability in battery applications [320], we
aimed to boost the efficiency of the post-polymerization reaction in DME by an anionic mode of
catalysis based on 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU) and 1,2,4-triazole (Tz). In fact, this
organo-activating agent system has been recently employed by the Théato group as a powerful
tool for the facile amidation of non-activate polyacrylates and polymethacrylates yielding the
respective poly(meth)acrylamides [313]. Hence, in accordance with previous reports, we evaluated
the PPM at 80 ℃ under similar conditions as Entry 5 in Table 3.1. Intriguingly, within 6 hours of
reaction time, distinct transesterification of PFP ester with 4-hydroxy-TEMPO was observed in
the presence of an equal molar equivalent of Tz and DBU (Table 3.1, Entry 6). The resulting
polymer was slightly insoluble in dimethylacetamide (DMAc), yet EPR revealed a radical content
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Figure 3.2.: Comparative IR spectra of PMA-O_1 to PMA-O_4, PMA-MA_2 and PMA-MA_3.
PMA-O_1 to PMA-O_4 represent resulting polymers from Table 3.1, Entry 1 till Entry 4; PMA-MA_2
and PMA-MA_3 represent resulting polymers from Table 3.3, Entry 2 and Entry 3, respectively.

of 62.2% by neglecting this slightly insoluble part, while IR showed a 94.2% conversion. Owing to
the big difference between the estimated acyl transfer yield from IR measurements and TEMPO
content from EPR spin count, which also accounts for side reaction like TEMPO quenching or
an accompanied hydrolysis, the PPM was conducted a lower temperature of 60 ℃, resulting in
an increased TEMPO content of 73.4% by EPR (Table 3.1, Entry 7). This is very similar to the
active TEMPO content in reference PTMA synthesized by post-oxidation method (66.6%).
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Table 3.2.: PPM for the synthesis of PMA-A.

Entry Solvent Catalyst Molar ratio Temp. Time Acyl transfer TEMPO
ester/alcohol/cat. yielda contentb

℃ h % %
1 THF TEA 1.0/1.5/1.5 55 96 17.0 c

2 DMF DMAP 1.0/1.2/0.2 60 15 34.7 30.9
3 DMF DMAP 1.0/2.0/2.0 60 24 55.4 51.9
4 NMP DMAP 1.0/2.0/2.0 60 24 65.9 64.1
5 NMP DMAP 1.0/2.0/2.0 80 12 63.1 63.3
6 DME Tz/DBU(1/1) 1.0/2.0/2.0 80 6 64.3 63.6
7 NMP DMAP 1.0/2.0/0.2 60 24 56.0 62.7

a Calculated from IR spectra based on the absorption peaks of C=O from ester and amide at
1782 cm-1 and 1670 cm-1, respectively, by assuming them having the same infrared absorption
coefficient;

b Determined by EPR;
c Poor solubility.

Inspired by the PPM of PPFPMA with 4-hydroxy-TEMPO, we transitioned from transesterification
to amylolysis using 4-amino-TEMPO and 4- methylamino-TEMPO, which led to PMA-A and
PMA-MA, respectively (Scheme 3.4 and 3.5). PMA-A was synthesized in attempts by reacting
PPFPMA with 4-amino-TEMPO in THF with triethylamine (TEA) as catalyst at 55℃ for 96 hrs.
(Table 3.2, Entry 1), similar to literature known conditions [37], however, only a very weak C=O
amide band at 1670 cm-1 showed up in the IR spectrum of the isolated polymer (Figure 3.3),
corresponding to 17.0% acyl transfer yield. Other than that, the resulting polymer precipitated
out after reacting for 2 days and it is only partly soluble even in solvents with high polarity like
DMF. In order to achieve high TEMPO content, a more polar solvent DMF together with a
stronger Lewis base DMAP at a slightly higher reaction temperature 60℃ were adopted, leading
to a much higher TEMPO content of 30.9% according to EPR (Table 3.2, Entry 2). Subsequently,
the feeding ratio of nucleophile and catalyst with regard to PFP moieties was increased from
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1/1.2/0.2 to 1/2.0/2.0, the reaction time was extended to 24 hrs., and N-Methyl-2-pyrrolidone
(NMP), another polar solvent, was examined (Table 3.2, Entry 3-4). It was found that NMP,
which is commonly used in preparation of electrode composite slurries, was more effective than
DMF with around 10% higher TEMPO amount by both IR and EPR. However, further increasing
the reaction temperature to 80℃ resulted in a similar TEMPO content of 63.6% according to
EPR (Table 3.2, Entry 5). Further, the use of the catalyst Tz/DBU did also not result in an
increase of the TEMPO content within PMA-A (Table 3.2, Entry 6). As shown in Figure 3.1, the
IR spectrum of PMA-A_4 (Table 3.2, Entry 4) shows a significantly decreased C=O (activated
ester) stretching vibration band at 1782 cm-1 and aromatic ring stretch band at 1516 cm-1 from
PFP, while new bands at 1670 cm-1, 1460 cm-1 and 1360 cm-1 appeared that are ascribed to the
C=O, N-O and C-N (amide) stretching vibrations, respectively [255,263,321].

Figure 3.3.: Comparative IR spectra of PMA-A_1 and PMA-MA_1. PMA-A_1 and PMA-MA_1
represent resulting polymer from Table 3.2, Entry 1 and Table 3.3, Entry 1, respectively.

On account of the structural similarity of PMA-MA and PMA-A, the conditions for the synthesis
of PMA-A were applied to the synthesis of PMA-MA. Unlike PMA-A, a lower acryl transfer yield
(6.3%) was observed for PMA-MA when THF and TEA was used (Table 3.3, Entry 1) due to
the steric hindrance from the secondary amine of the TEMPO derivative and the methyl group
at the PPFPMA backbone (Figure 3.3). Besides, the resulting polymer PMA-MA-1 also had a
low solubility in DMF even after reacting for 96 hrs. Thus, the use of more polar solvents like
NMP and DMF, and a stronger base DMAP were investigated (Table 3.3, Entry 2, 3), however,
side reactions occurred in both cases as a stretch band at 1830 cm-1 corresponding to anhydride
showed up in the IR spectra (Figure 3.2, PMA-MA_2 and PMA-MA_3). Therefore, DME was
chosen as the solvent for the following reactions. With a higher excess of 4-methylamino-TEMPO
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and DMAP (increasing from 1.2-fold to 2.0-fold), the incorporated TEMPO content increased
from 2.2% to 10.8% according to EPR (Table 3.3, Entry 4-7), which could be further increased
to 17.9% by utilizing the organo-activator Tz/DBU at 80℃ when reacted for 6hr. (Table 3.3,
Entry 8).
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Scheme 3.5: Synthetic route towards PMA-MA.

Table 3.3.: PPM for the synthesis of PMA-MA.

Entry Solvent Catalyst Molar ratio Temp. Time Acyl transfer TEMPO
ester/alcohol/cat. yielda contentb

℃ h % %
1 THF TEA 1.0/1.5/1.5 55 96 6.3 d

2 NMP DMAP 1.0/1.5/1.5 60 24 c d

3 DMF DMAP 1.0/1.5/1.5 60 45 c d

4 DME DMAP 1.0/1.2/1.2 60 45 18.6 2.2
5 DME DMAP 1.0/1.5/1.5 60 45 17.4 4.4
6 DME DMAP 1.0/1.7/1.7 60 45 17.8 5.9
7 DME DMAP 1.0/2.0/0.2 60 45 23.5 10.8
8 DME Tz/DBU(1/1) 1.0/2.0/2.0 80 6 ∼ 100 17.9
9 DME DMAP 1.0/2.0/0.2 60 45 15.8 3.2

a Calculated from IR spectra based on the absorption peaks of C=O from ester and amide at
1782 cm-1 and 1670 cm-1, respectively, by assuming them having the same infrared absorption
coefficient;

b Determined by EPR;
c Not sure because of unknown side reaction with 1830 cm-1 showing up in IR spectra;
d Poor solubility.
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3.2.2. Post-Polymerization Modification of Poly(pentafluorophenyl
acrylate)

Based on the achievements for the alternative synthesis of PMA-O by transesterification, a similar
synthetic approach for polyacrylate PA-O was investigated (Scheme 3.6). Again, temperature,
feeding ratio, reaction time as well as catalytic effect were varied and the results are summarized
in Table 3.4. In contrast to the transesterification to yield PMA-O, in the reactions of PA-O,
no anhydride vibration band was observed at 1830 cm-1 in IR spectra when DMF was used as
solvent. Consequently, DMF was chosen as a standard solvent for all PA-O reactions. Remarkably,
PPM of PA-O could even proceed at room temperature, resulting in a polymer with a TEMPO
content of 18.4% (Table 3.4, Entry 1), which is higher than that of PMA-O reacted at 80℃ (Table
3.1, Entry 2) under the same condition. With increasing temperature, the TEMPO content first
increased, reaching the highest conversion at 80℃ (53.1%), and afterwards decreased at 120℃
(Table 3.4, Entry 1–5). Noteworthy, at 120℃, the resulting polymer (Table 3.4, Entry 5) showed
a great deviation between acyl transfer yield (100.0%) and actual TEMPO loading (24.6%), which
suggested a dominating side reaction at 120℃. With the purpose of obtaining a much higher
TEMPO content, 80℃ was adopted for the following reactions. Unlike the reactions of PMA-O, a
2.0-fold molar excess of nucleophile and catalyst and longer reaction time of 23 hrs. did not result
in an obvious increase in TEMPO content (Table 3.4, Entry 6). The resulting polymer exhibited
only a TEMPO content of 57.1% which is similar to PA-O obtained from Table 3.4, Entry 4, even
though the characteristic C=O band at 1782 cm-1 indicates the nearly disappearance of activated
ester (Figure 3.4, PA-O_6). With the optimized reaction conditions (Table 1, Entry 7 for PMA-O),
PA-O showed a poor solubility after 4 hrs. (Table 3.4, Entry 7).
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Scheme 3.6: Synthetic route towards PA-O.

Owing to the high reactivity of the PFP ester of PPFPA towards primary amines, PPM of PPFPA
was conducted with 4-amino-TEMPO to yield PA-A (Scheme 3.7 and Table 3.5). In this case, a
quantitative conversion was observed by IR spectroscopy for the TEA catalysed reaction and EPR
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Table 3.4.: PPM for the synthesis of PA-O.

Entry Solvent Catalyst Molar ratio Temp. Time Acyl transfer TEMPO
ester/alcohol/cat. yielda contentb

℃ h % %
1 DMF DMAP 1.0/1.2/0.2 rt 15 37.5 18.4
2 DMF DMAP 1.0/1.2/0.2 40 15 42.5 34.2
3 DMF DMAP 1.0/1.2/0.2 60 15 58.1 46.0
4 DMF DMAP 1.0/1.2/0.2 80 15 60.6 53.1
5 DMF DMAP 1.0/1.2/0.2 120 15 100 24.6
6 DMF DMAP 1.0/2.0/2.0 80 23 100 57.1
7 DMF Tz/DBU(1/1) 1.0/2.0/2.0 60 4 100 c

8 DMF DMAP 1.0/2.0/0.2 80 15 59.4 30.9
a Calculated from IR spectra based on the absorption peaks of C=O from activated ester and
new ester at 1782 cm-1 and 1725 cm-1, respectively, by assuming them having the same
infrared absorption coefficient;

b Determined by EPR;
c Poor solubility.

Figure 3.4.: IR spectra of PA-O_6, PA-A_1, PA-MA_6 and PTMA-oxidation. PA-O_6, PA-A_1,
PA-MA_6 and PTMA-oxidation represent TEMPO-containing polymers from Table 3.4, Entry
6; Table 3.5, Entry 1; Table 3.6, Entry 6 and PTMA synthesized by conventional post-oxidation
method, respectively.
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also revealed a very high TEMPO content of 96.2%. According to IR spectroscopy, the indicative
bands of PFP ester (1782 cm-1 for C=O and 1516 cm-1 for PFP) were completely gone and
converted to amide bonds represented by the C=O amide band at 1650 cm-1 (Figure 3.4, PA-A_1).
Though TEA is a weaker Lewis base compared to DMAP, a 96.2% TEMPO content could still
be obtained even at a 50℃ within 3 hrs. This is a 30% higher TEMPO content compared to
the reference PTMA synthesized by conventional post-oxidation. Besides, no hydrolysis occurred
during the reaction. This result is quite promising because PA-A has a theoretical specific capacity
of 118 mAh g-1, which is slightly higher than PTMA (111 mAh g-1), and found application in
aqueous electrolyte based batteries and skin contacting electronic devices [113,299].
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Scheme 3.7: Synthetic route towards PA-A.

Table 3.5.: PPM for the synthesis of PA-A.

Entry Solvent Catalyst Molar ratio Temp. Time Acyl transfer TEMPO
ester/alcohol/cat. yielda contentb

℃ h % %
1 DME TEA 1.0/2.0/2.0 50 3 100 96.2

a Calculated from IR spectra based on the absorption peaks of C=O from ester and amide
at 1782 cm-1 and 1650 cm-1, respectively, by assuming them having the same infrared
absorption coefficient;

b Determined by EPR;

Similar to the synthesis of PMA-MA, the influence of solvent was first investigated in efforts to
synthesize PA-MA (Table 3.6, Entry 1-3). While the solvents DME and NMP resulted in polymers
with a TEMPO content of 62.4% and 65.9% according to EPR, respectively, which is quite similar
to acyl transfer yield based on IR, PPM with DMF as the solvent yielded a 13% lower TEMPO
content in the isolated polymer according to EPR. Though all three reactions did not show a
quantitative conversion, the activated ester bonds were quantitatively cleaved, as observed by the
complete disappearance of characteristic C=O activated ester band at 1782 cm-1 in the IR spectra
(Figure 3.5, PA-MA_1, PA-MA_2 and PA-MA_3). The latter was also confirmed by 19F NMR
spectroscopy, which revealed no peaks (Figure 3.6). In the IR spectra (Figure 3.5), apart from
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the C=O amide stretching band at 1630 cm-1, another band at 1722 cm-1 showed up, which can
be ascribed to the C=O band of carboxylic acids. This result indicates that a partial hydrolysis
happened during PPM, which is a known side reaction also reported for other activated ester
based post-polymerization modifications [322,323].
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Scheme 3.8: Synthetic route towards PA-MA.

Table 3.6.: PPM for the synthesis of PA-MA.

Entry Solvent Catalyst Molar ratio Temp. Time Acid Acyl transfer TEMPO
ester/alcohol/cat. contenta yieldb contentc

℃ h % % %
1 DMF DMAP 1.0/2.0/2.0 60 24 34.9 65.1 52.4
2 NMP DMAP 1.0/2.0/2.0 60 24 36.9 63.1 65.9
3 DME DMAP 1.0/2.0/2.0 60 24 32.2 67.8 62.4
4 DME DMAP 1.0/2.0/2.0 60 3 54.3 45.7 42.2
5 DMEd DMAP 1.0/2.0/2.0 60 24 20.7 57.6 52.8
6 NMP DMAP 1.0/2.0/0.2 60 24 8.7 75.4 85.5
7 DME TEA 1.0/2.0/2.0 60 24 ∼0 25.0 -

a Resulted from hydrolysis side reaction;
a,b Calculated from IR spectra based on the absorption peaks of C=O from ester, amide and acid
at 1782 cm-1, 1630 cm-1 and 1722 cm-1, respectively, by assuming them having the same infrared
absorption coefficient;

c Determined by EPR;
d Extra dry solvent.

It is worth noting that all polymers (PMA-A, PMA-MA and PA-MA) obtained from amidation
reactions with DMAP as catalyst showed carboxylic band at around 1722 cm-1 in IR spectra
(Figure 3.1, and Figure 3.4). However, this band was particularly intensive for all PA-MA polymers,
reaching almost half of the amide band (Figure 3.5 and Table 3.6). The latter resulted from the
relatively high reactivity of PPFPA compared to PPFPMA as well as the high basic character of
4-methylamino-TEMPO among all three TEMPO derivatives used in this work.
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Figure 3.5.: IR spectra of PA-MA. PA-MA_1 to PA-MA_7 represents TEMPO-containing polymer
from Table 3.6, Entry 1-7, respectively.

Figure 3.6.: Comparative 19F NMR spectra of PA-O_6, PA-A_1 and PA-MA_3, respectively.
PA-O_6, PA-A_1 and PA-MA_3 represent TEMPO-containing polymers from Table 3.4, Entry 6;
Table 3.5, Entry 1 and Table 3.6, Entry 3, respectively.

In order to track the progress of the reactions for PA-MA by IR measurements as well as the
cleavage of ester bonds, DME was chosen as solvent because of its high volatility and lack of
amide bonds in its molecular structure. It turned out that a reaction time of 3 hrs. was sufficient to
result in a 100% cleavage of PFP ester bonds in the resulting polymer, yet the resulting polymers
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showed strong hydrolysis in the range from 32.2% to 54.3% (Table 3.6, Entry 3 and Entry 4).

It appears that trace amounts of water from normal analytical grade solvent involved in the
reaction and high DMAP loading amount leads to a very noticeable hydrolysis side reaction. To
gain a further insight, extra dry DME (Table 3.6, Entry 5) was utilized in comparison to normal
analytical grade DME solvent (Table 3.6, Entry 3). As a result, the PFP ester C=O band at
1782 cm-1 still remained in the isolated polymer, as observed from the IR spectrum (Figure 3.5,
PA-MA_5) and the percentage of ester moiety, amide moiety and acid were 21.7%, 57.6% and
20.7% from IR, respectively, assuming that these three C=O bonds exhibit the same infrared
absorption coefficient. Aside from the decrease in acid content, also a 9.6% reduction in TEMPO
content was detected by EPR compared to Entry 3 in Table 3.6.

The Lewis base DMAP acted as an activator in the amidation reactions in the present study,
however, DMAP has a pKa of 9.6 in water and the more alkaline the solution becomes, the more
likely a hydrolysis is to happen. Therefore, the choice of catalyst is important to tune the reaction.
When TEA was used as catalyst for the synthesis of PA-MA at a high feeding ratio of 2.0 molar
equivalent to PFP ester units, a hydrolysis side reaction barely occurred (Table 3.6, Entry 7) with
no peak showing up at 1722 cm-1 corresponding to carboxylic acid C=O in IR spectra (Figure 3.5,
PA-MA_7), contrary to 32.2% of carboxylic acid formation when DMAP was employed (Table
3.6, Entry 3). The latter suggested that reactions catalyzed by DMAP are more prone to trigger
hydrolysis side reactions compared to TEA.

Not only the choice of catalyst, but also the catalyst feeding ratio as well as reaction substrates
have an influence on the reaction. Since 4-methylamino-TEMPO has a relatively higher pKa
compared to 4-amino-TEMPO and 4-hydroxy-TEMPO, the feeding ratio of DMAP was lowered
from 2.0 to 0.2 with respect to activated ester moieties, and at the same time NMP was chosen
as the solvent, as it showed the highest TEMPO content among the three solvents (DMF, NMP
and DME; Table 3.6, Entry 1-3). Consequently, the hydrolysis side reaction for PA-MA was
dramatically suppressed as the acid content significantly decreased from 36.9% to 8.7% while
TEMPO content within the isolated polymer increased from 65.9% to 85.5% according to EPR.
Based on this result, the same feeding ratio of DMAP to PFP ester unit was applied to other
PPM of PMA-O, PA-O, PMA-A and PMA-MA (Table 3.1, Entry 8; Table 3.4, Entry 8; Table 3.2,
Entry 7 and Table 3.3, Entry 9), however, the TEMPO content in all 4 polymers did not increase
compared to their counterparts prepared with 2.0 molar equivalent DMAP (Table 3.1, Entry 4;
Table 3.4, Entry 6; Table 3.2, Entry 4 and Table 3.3, Entry 7, respectively). These results indicate
that the use of DMAP in post-polymerization modification of activated ester is quite tricky, as it
not only depends on the DMAP concentration but also on the nature of reaction substrates.
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As reported in literature, PFP esters can react with DMAP even in the absence of an alcohol or
amine to form an N-acylpyridinium salt [303,324,325]. To investigate if N-acylpyridinium salt
units were also incorporated into the resulting PA-A and PA-MA polymer structures, polymeric
N-acyl-4-dimethylaminopyridinium salt was formed quantitatively upon mixing PPFPA and DMAP
(2.0 molar equivalent to PFP ester units) at 60℃. This polymeric salt is readily soluble in
DMSO and DMF, but less soluble in DCM and chloroform. This salt of PA-A and PA-MA
also exhibited stretching bands at around 1722 cm-1 and 1630 cm-1, respectively, in IR spectra
(Figure 3.4, N-acylpyridinium salt), however, polymeric N-acyl-4-dimethylaminopyridinium salt
showed a peak at 1563 cm-1, which was absent in PA-A and PA-MA. This revealed that the
N-acyl-4-dimethylaminopyridinium adduct was an intermediate, which was hydrolyzed during work
up. We further noted that the acyl transfer yield of PMA-O and PMA-A of the transesterification
reactions calculated by IR were in general higher than the calculated TEMPO content from EPR
data, while for polymers PMA-A, PA-A, and PA-MA that were prepared by amidation reactions
exhibited a similar acyl transfer yield based on IR and EPR analysis (within the range of ±10%),
with the exception of PMA-MA. The relatively higher acyl transfer yield calculated by IR for
PMA-O and PMA-A was contributed to the hydrolysis reaction as the newly formed ester C=O
band at about 1725 cm-1 overlapped with the carboxylic acid C=O band at around 1722 cm-1

in IR spectra. Therefore, for PMA-O and PA-O, Ix in Eq. 3.1 refers to the sum of Ine and Iac,
representing the absorption intensity of newly formed ester C=O bands and carboxylic acid C=O
bands, respectively. However, for amidation reactions, the acyl transfer yield was calculated only
based on the absorption intensity of the C=O amide band Iam. Regarding to PMA-MA, the big
deviation between acyl transfer yield by IR and EPR most probably resulted from the big tolerance
range as the absorption intensity of amide bonds was too low. Other than that, a big deviation
could also occur when either of the C=O absorption intensity involved in Eq. 3.1 were too low,
like PA-MA from Table 3.6, Entry 6.

3.3. EPR and Electrochemical Characterization

Figure 3.7 shows the EPR spectra of the six polymers with the highest TEMPO content in this
work. PMA-O_7, PA-O_6, PMA-A_4, PA-A_1 and PA-MA_6 exhibited a classic Lorentzian shape
similar to PTMA that was synthesized by traditional post-oxidation. This indicated a strong
intermolecular spin-exchange (radical-radical) interaction arising from a close spatial proximity
between the paramagnetic units in the polymer [137,326], which is indicative for a high TEMPO
content within the polymer. The small shoulder observed in EPR of PMA-O_7 was due to a
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small fraction of low molecular weight oligomers in the sample for which end effects may be
more prominent [25, 137], rather than residual monomer incorporated in the polymer. Particularly,
it is evident from comparative IR spectra there there was no characteristic peak at 3406 cm-1

corresponding to –OH (free) functionality that should arise from the monomer, which is 4-hydroxyl-
TEMPO (Figure 3.8). In contrast, the EPR spectra of PMA-MA_8 (with a relatively low TEMPO
content of 17.9%) showed a triplet splitting due to coupling of the unpaired electron with the 14N
nucleus. Noteworthy, the EPR spectra are different because of the influence of radical-radical
interaction, since paramagnetic TEMPO units were not densely arranged along the polymer
backbone to induce a broad singlet split by radical-radical exchange coupling [137]. From this
perspective, the shape of the EPR spectra for most TEMPO-containing polymers could act as an
indicator for TEMPO content within the polymer.

Figure 3.7.: EPR spectra of six types of TEMPO-containing polymers with the highest TEMPO
content from PPM via activated ester. PTMA-oxidation represented PTMA synthesized by post-
oxidation method; PMA-O_7, PA-O_6, PMA-A_4, PA-A_1, PMA-MA_8 and PA-MA_6 represent
TEMPO-containing polymers from Table 3.1, Entry 7; Table 3.4, Entry 6; Table 3.2, Entry 4;
Table 3.5, Entry 1; Table 3.3, Entry 8 and Table 3.6, Entry 6, respectively.

As one of the aimed application for TEMPO-containing polymers is as electrode material, it is
necessary to check if the hydrolysis side reaction would influence the electrochemical properties of
TEMPO-containing polymers. In this regard, PA-A was chosen as the model polymer together
with poly(acrylic acid) (PAA) and investigated by cyclic voltammetry, which is a powerful tool to
probe reactions involving electron transfer. There are two reasons for the choice of PA-A as the
model polymer. On one hand, it can achieve nearly 100% TEMPO content under mild conditions
in a fast fashion. On the other hand, it bears a secondary amide group along the polymer chain
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Figure 3.8.: Comparative IR spectra of PMA-O_7 and 4-hydroxyl-TEMPO.

which is quite active, and should be electrochemically the most vulnerable one among all six
TEMPO-containing polymers.

Cyclic voltammetry of pure PAA (5 mg) and the mixture of PA-A and PAA (5 mg/5 mg) were
carried out on a potentiostat system in 0.1 M LiClO4 electrolyte in acetonitrile (MeCN, 10 mL)
with a scan rate of 100 mV s-1 ranging from 0–1.0 V vs. Ag/Ag+ at 25℃. A glass carbon electrode,
a Pt-wire electrode and an Ag/AgCl electrode were used as working electrode, counter electrode
and reference electrode, respectively. Both cyclic voltammograms exhibited both oxidation and
reduction peaks at the same potential, while the peak current got increased in the presence of PAA
(Figure 3.9). Since all cyclic voltammetry was measured under the same condition which means
electrode area (A), TEMPO concentration in solution (C), scan rate (ν) and temperature (T ) are
the same, based on Randles-Sevcik equation (Eq. 1.1), the only reason for the increase of peak
current (ip) could be the increase in electron transfer numbers (n) within the measuring time. This
suggested that the existence of acrylic acid units along PA-A polymer chain does not negatively
impact its performance as it would not silent the TEMPO redox reaction, on the contrary it could
facilitate an ion transfer. Therefore, though most of the TEMPO-containing polymers presented
in this work only achieved a similar TEMPO content as PTMA synthesized by conventional
post-oxidation method, and the reactions are often accompanied by a hydrolysis side reaction, the
formed carboxylic acid units might have a positive contribution for the electrochemical properties
of TEMPO-containing polymers.

Last but not the least, the battery performance based on PA-A_1 at 5 C-rate in the voltage range
of 3.0–4.1 V was investigated in comparison to the PTMA-oxidation synthesized by post-oxidation
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Figure 3.9.: Cyclic voltammetry curves of PA-A and the mixture of PA-A and PAA.

method (Figure 3.10). The cathode was prepared by mixing the TEMPO-containing polymer
(10 wt.%), poly(vinylidene difluoride) (PVdF, 10 wt.%), and carbon black Super P (CB-SP, 80
wt.%) in NMP, afterwards blade coating the slurry onto an aluminium foil, followed by drying
at 80℃ in an oven. The coin cell (CR2032) was assembled by stacking of the polymer based
cathode, lithium metal anode and two pieces of separator films (PP/PE/PP) with 1.0 M LiPF6
in EC/DMC (v/v = 50/50, 150 µL) electrolyte in an argon filled glove box. PA-A_1 showed
an initial specific capacity of 89.4 mAh g-1, which was about 12 mAh g-1 higher than that of
PTMA-oxidation. The capacity of PTMA-oxidation dropped dramatically within the first 30 cycles
to around 62 mAh g-1 probably due to the broader polydispersity of PTMA-oxidation (Ð = 4.3)
in comparison to PA-A_1 (Ð = 2.3), as shown in Table 3.7. The latter enlarges the capacity
gap between PA-A_1 and PTMA-oxidation the maximum which is 22 mAh g-1, the capacity of
PA-A_1 decreased only slightly during the subsequent 250 cycles to a capacity of 75 mAh g-1.
Subsequently, both cathodes degraded similarly with a specific capacity loss of 23.5% and 27.5%
after 500 cycles for PA-A_1 and PTMA-oxidation, respectively. Notably, as evidenced UV/vis
(Figure 3.11) and IR spectra (Figure 3.4), the resulting PTMA-oxidation polymer should not
contain any reduction or oxidation states (e.g. hydroxylamine and oxoammonium, respectively),
as there was no characteristic UV/vis absorption at 476 nm, which arises from and no +N=O, in
addition that there was not any characteristic peak at ∼1540 cm-1 in IR spectra, which in turn
is characteristic for hydroxylamine derivative of nitroxide bond. In this regard, the theoretical
specific capacity for PTMA-oxidation should be around 74 mAh g-1 (66.6% × 111 mAh g-1). This
is in agreement with its initial capacity (77 mAh g-1) in Figure 3.10. It is worthy to note that
poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide (PTAm) and PTMA, which are polymers
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bearing one radical site in each repeating unit, have practically the same specific capacity, which
is 111 mAh g-1 and 118 mAh g-1, respectively. Although the two polymeric active materials for
comparison in battery performance, i.e. PA-A_1 and PTMA-oxidation, differ in structure as well
as in TEMPO content, the cathode based on PTMA-oxidation reached its theoretical capacity,
while the cathode PA-A_1 delivered a 12–22 mAh g-1 higher capacity at 5 C-rate in the course of
500 cycles than PTMA-oxidation. This result indicates that the enrichment in TEMPO moieties
for PA-A_1 accounts for the relatively higher capacity.

Figure 3.10.: Cycling performance of TEMPO-containing polymers.

Figure 3.11.: UV/vis spectrum of PTMA-oxidation in DCM (1.0 mg mL-1).

However, during the cathode processing process, it was found that both cathodes fabricated
from PTMA-oxidation and PA-A_1 suffered from cracking issue. Moreover, for cathodes from
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Table 3.7.: Comparative molecular weight data of PA-A_1 and PTMA-oxidation.

PA-A_1 PTMA-oxidation
Mn (kDa) 61.0 40.1

Ð 2.3 4.3

the same active material, e.g. PTMA-oxidation, different processing parameters, such as slurry
viscosity, drying temperature, etc. resulted in apparently different battery performance, implying
the processing of electrodes is also of significant importance for battery performance. As the
processing of organic-based electrodes differs from the inorganic-based electrodes, which involves
different formulations and configurations due to the chief distinctions in both chemical affinity
and electrical conductivity between organic and inorganic compounds, further investigation on
the processing of polymer-based electrodes is required. With respect to this scientific question,
chapter 4 is going to give an insight.

In addition to processing issue, both PA-A_1 and PTMA-oxidation are found to be soluble in
electrolyte (1 M LiPF6 in EC/DMC (v/v = 50/50)), as shown in Figure 3.12, which may account
for the capacity loss of 23.5% and 27.5% after 500 cycles, respectively. In terms of this challenge,
chapter 5 is going to give a solution by incorporating another functional group into the polymeric
structure via a two-step PPM methodology.

Figure 3.12.: Solubility of (A) PA-A_1 and (B) PTMA-oxidation in 1 M LiPF6 in EC/DMC
(v/v) with a concentration of 4 mg mL-1

3.4. Summary

In this chapter, six types of TEMPO-containing polymers were synthesized by post-polymerization
modification (PPM) of PPFPA and PPFPMA with 4-hydroxy-TEMPO, 4-amino-TEMPO and
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4-methylamino-TEMPO, respectively. It turned out that PPM via PFP ester is a feasible and
versatile way to synthesize TEMPO-containing polymers with various TEMPO derivatives. For
each TEMPO-containing polymer, the optimal reaction conditions were investigated by utilizing
different solvents, catalysts, feeding ratios, reaction temperatures and reaction times. Among
them, post-polymerization functionalization of PPFPA with 4-amino-TEMPO revealed an excellent
functionalization degree with a TEMPO content of 96.2% within 3 hrs. under considerably mild
conditions.

Moreover, it was shown that the type of catalyst and its respective loading played an important
role in reaction orientation. While DMAP facilitated efficient ester bonds cleavage independent of
the polymer precursor, side reactions like hydrolysis could take place because of its high basicity. In
addition, high loading of DAMP (i.e. 2 eq. per activated ester) is more likely to result in hydrolysis
of activated ester even with traces of water from the solvent, especially in the reaction of PPFPA
with 4-methylamino-TEMPO.

Furthermore, the influence of the solvent (i.e. polarity) as well as reaction temperature and
reaction time were investigated, indicating that dipolar aprotic solvents, such as NMP and DMF,
were efficient irrespective the type of the PPM (e.g. amidation or transesterification), whereas
high reaction temperature like 120℃ and longer reaction time like over 45 hrs. could lead to
quenching of TEMPO as well as polymer solubility problems. Moreover, though most of the
TEMPO-containing polymers, except PMA-MA, synthesized via PPM exhibited similar TEMPO
contents as the traditional post-oxidation route.

Other than that, although side reaction like hydrolysis may occur in PPM via PFP ester, which
depends on the reaction conditions, the existence of carboxylic acid group arising from hydrolysis
side reaction actually could promote ion transfer as least in the case of PA-A_1, as confirmed by
CV analysis.

Additionally, due to its high TEMPO content of PA-A (96.2%), the corresponding cathode exhibited
a significantly higher specific capacity (12–22 mAh g-1, 12–36%) compared to PTMA-oxidation
at 5 C-rate in the course of 500 cycles.

Last but not least, apart from material perspective, processing of electrodes is of great importance
for battery performance, which requires further investigation. Solubility of active polymer into
electrolyte was observed which may account for the relatively large capacity loss of 23.5% and
27.5% after 500 cycles in the case of PA-A_1 and PTMA-oxidation, respectively. Owing to
the versatility of PPM to incorporate various functional groups into a polymeric structure, the
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solubility issue may also be addressed via PPM methodology.
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4. Investigation on the Processing of
Radical Polymer-Based Electrodes

Parts of the current chapter are reproduced from a manuscript in resubmission "Wenwen Xue, Hatice Mutlu,
Frieder Scheiba, Marcus Müller, Yunji Xie, Jessica Pfisterer and Patrick Théato, Batteries & Supercaps, 2020".
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4.1. Prologue

Unlike inorganic-based electrodes, organic-based electrodes involve different formulations and
configurations due to the chief distinctions in both chemical affinity and electrical conductivity
between organic and inorganic compounds. In the case of poly(2,2,6,6-tetramethylpiperidinyloxy-
4-yl methacrylate) (PTMA), it exhibits an electronic conductivity of ∼ 10-11 S cm-1 [29], which is
much lower than that of lithium transition metal oxides ranging from 10-4 S cm-1 (LiCoO2) to 10-9

S cm-1 (LiFePO4) [30]. To increase the electrical conductivity of PTMA-based electrodes, large
amounts (i.e. typically, 60–80 wt.%) of conductive additives in form of various carbon species,
such as vapor grown carbon nanofibers (VGCF) [17], carbon black (CB) [86,87], carbon nanotubes
(CNTs) [110], graphene [295], or activated carbon [327], are added during electrode preparation.
Even though there are reports limiting the content of conductive agent to 45 wt.% or even lower
(e.g. 30 wt.%, 32 wt.%, 10 wt.% and 4 wt.%) by gaining a homogeneous polymer composite
with the conducive agent [31, 86, 294], or anchoring/wrapping redox polymers onto CNTs [89, 93],
or even encapsulating radical polymers into CNTs [328], either the battery performance and
cathode thickness (e.g. 580 nm) were compromised, or the fabrication process was considerably
complicated.

With a high content (e.g. over 60 wt.%) of conductive carbon additive, e.g. carbon black, cracks
were more likely to be generated over the course of drying arising from capillary forces [329], thus
affecting the subsequent battery performance [330–332]. Owing to the good crack control effect
of short fibers (10–20 µm) as well as their good electrical conductivity (104 S cm-1) along the
fiber direction, VGCF have been adopted as the most common conductive agent since PTMA was
first reported as a cathode active material in 2002 by Nakahara et al. [17]. As revealed by Suguro
et al. [92], VGCF played a very important role in reinforcing the polymer-carbon composite in the
electrodes and promoting the electron transfer, while carbon black additives (e.g. Ketjenblack
black and acetylene black) would result in cracking of electrodes at the same filling amount (15
wt.%). Indeed, fibers have long been used for crack control and reinforcement of composites, e.g.
cement and clay soils, especially during drying processes, as they can bridge cracks in the matrix
and hence distribute and share evenly the generated crack stress [333,334]. In addition to the
improvement in cracking resistance, the fibrous morphology results in a high flexural modulus and
a low coefficient of thermal expansion, and thus endows the composite material with an increased
flexibility and mechanical stability.

Although VGCF and carbon nanotubes have unique advantages, CB is more desirable in practice
as a conductive additive in the field of battery application due to the following points. As
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the conventional conductive agent in lithium-ion batteries (LIBs), CB facilitates charge transfer
because of its large specific surface area, which could enhance electrolyte adsorption and increase
the contact area with the active material [335]. Besides, the agglomeration of CB particles can
form a percolated conductive structure within the active material, thus maintaining a relatively high
electrical conductivity even at a packed form [39]. Also, CB is not as hazardous as carbon nanofibers
(CNF) and CNTs, which on the contrary, may pose a respiratory hazard [336]. Furthermore,
CB has a higher dispersibillity and better coating processability in pure solvents (e.g. dimethyl
sulfoxide, N,N-dimethylacetamide, and N,N-dimethylformamide) and polymer matrices than CNF
and CNTs, as the latter two are supplied in the form of heavily entangled bundles, hence require
a high inherent debundling energy [337,338]. Aside from the inherent debundling difficulties in
dispersions, CNTs are also characterized by a small diameter on the nanometer scale (typically
0.4–40 nm) with high aspect ratios (> 1000), thus extremely large surface areas (theoretically
1315 m2 g-1 for single-walled CNTs) [339]. Additionally, CB is economically more favorable than
VGCF and CNTs owing to its mature and less complex manufacturing process. Nevertheless, CB
has been less reported as conductive additive in radical polymer-based electrodes probably as a
result of the cracking issue at high filling amounts. Therefore, the development of novel electrode
fabrication processes for radical polymer-based batteries is of critical importance.

The battery performance not only depends on the electrode materials, but also on the preparation
process of electrodes. Nevertheless, most reported studies have focused on material aspect, such as
synthesis [340–342], chemical structure [343,344] and electronic properties [345,346] of electrode
materials. In fact, with respect to the complex fabrication of both inorganic and organic-based
electrodes, several process factors, like slurry-mixing [346–350], slurry consistency [348, 351],
drying condition [352–355], content of binder [356,357], shape of the carbon particles [358,359],
and electrode film thickness [360,361] have to be taken into account.

Regarding the processing of anodes, except for a limited number of reports on slurry properties,
which are closely correlated with mixing methods and slurry composition [362–364], most reports
focused on the drying step of anodes due to the high content of graphite used (over 90 wt.%).
For example, Baunach et al. [352] reported that the adhesion force for anode films of LIBs was
strongly dependent on the drying temperature. For instance, drying the anode at 55℃ gave
rise to a 41% lower adhesion force than drying at 30℃. In a similar manner, Kwade et al. [354]
revealed that increasing the drying temperature from 80℃ to 130℃ caused a 29 % decrease in
the adhesion strength and a simultaneous increase by 75% in resistance, owing to binder demixing
in the course of drying for graphite anodes.

Compared to anodes, quite a number of reports can be tracked on processing of cathodes. For
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example, Oh et al. [347] revealed that a multi-step mixing with a stepwise addition of N-methyl-
2-pyrrolidone (NMP) into the mixture of LiCoO2 powder, carbon and poly(vinylidene fluoride)
(PVdF) led to a more uniform dispersion of solid ingredients in comparison with a one-step process.
Besides the mixing sequence, Kuratani et al. [350] took one step further and investigated the
correlation between dispersion state of particles in the slurry and the electrode performance.
They demonstrated that the rate performance of LiCoO2-based cathodes that are fabricated from
excessively dispersed slurry was inferior as compared to one without using high shear flow. In regard
to the influence of drying temperature and film thickness on cracking for LiNi1/3Mn1/3Co1/3O2

(NCM)-based cathodes prepared from aqueous slurries, Mukherjee et al. [355] revealed that
cracking worsens with increased electrode thickness (11, 15, and 23 mg cm-2) and elevated drying
temperatures ranging from 20℃ to 70℃, thus resulting in a decrease in battery performance in
terms of specific capacity.

Critically, all the aforementioned reports are focusing on inorganic-based electrodes for LIBs.
However, fewer reports are related to organic-based cathodes [13,97]. Intriguingly, by virtue of the
difference in slurry composition, the optimized processing parameters applicable for inorganic-based
electrodes are not necessarily suitable to be directly utilized for organic-based cathodes, including
organic radical polymer materials. Thus, in order to fill this gap, and quite importantly, to
accomplish a better battery performance in a simple preparation approach, in the present study, a
systematically investigation was carried out on various processing parameters for the fabrication
of cathodes with PTMA as the model polymer. These parameters include the drying temperature,
the mass fraction of electrode materials in the slurry, carbon particle shape and calendering. To
overcome electrode cracking in a severe case, the electrode was prepared with a high content up
to 80 wt.% of conductive carbon.

4.2. Influence of Different Processing Parameters on
Battery Performance

To investigate the influence of processing conditions for PTMA-based cathodes on the resulting
battery performance, different parameters, such as drying temperature, mass fraction of cathodes in
the slurry, χc, coating thickness, carbon species, TEMPO content and calendering were examined.

PTMA was synthesized by post-oxidation method [25], as shown in scheme 4.1. By controlling the
oxidation time, two model PTMAs with different contents of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
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(TEMPO) were obtained (Mn = 40.1 kDa, Ð = 4.3). Based on Electron Spin Resonance (EPR)
measurements, the TEMPO contents were determined to be 66.2% and 55.2%, respectively. The
samples were named as PTMA-66 and PTMA-55 accordingly, and their theoretical capacities were
73 mAh g-1 and 61 mAh g-1, respectively. Owing to the systematic error in EPR quantification,
usually close to 8–10% [365], a systematically slightly higher or lower experimental capacity is
reasonable.
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Scheme 4.1: Synthesis of PTMA and the its redox reaction during charging and discharging.

In order to control the slurry composition in a quantitative way, the mass fraction of cathode
materials in the slurry,χc, was defined as Eq. 4.1,

χc = mcathode/mNMP (4.1)

where mcathode refers to the mass of cathode in mg, including PTMA, conductive additive and
PVdF, and mNMP is the mass of NMP in g within the slurry. The viscosity of a slurry can be
reflected by χc.

The cathode slurry was prepared by grinding PTMA (10 mg, 10 wt.%) and conductive carbon (80
mg, 80 wt.%) in a mortar for 5 minutes, subsequently transferring the mixed powder into a vial
and adding NMP. After mixing on a magnetic stirrer for 2 hrs. to completely solubilize PTMA and
coat it on the surface of conductive carbon, a PVdF (10 mg, 10 wt.%) solution in NMP (10 wt.%)
was added, followed by stirring the mixture overnight. The slurry was blade coated on aluminum
foil (thickness 30 µm) and dried in an oven overnight at varying temperatures. Afterwards, the
middle area of the coating film was chosen and punched out as disk shaped cathodes (φ = 14
mm). Some samples were calendered at 50℃ before punching with a calendering roll to reduce
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32% of the original thickness.

Coin cells (CR2032 type) were assembled by stacking lithium anode, two pieces of separator
films (PP/PE/PP) and PTMA-based cathode with 1.0 M LiPF6 in EC/DMC = 50/50 (v/v) as
electrolyte in an argon filled glove box, where both O2 and H2O contents were less than 2 ppm.

The coin cells were cycled galvanostatically in the voltage range of 3.0–4.1 V vs. Li/Li+ at a
charging and discharging rate of 5 C for 1000 cycles. Rate performance against the cycle number
was evaluated for the PTMA-based cathodes at a variable C-rate of 0.5–10 C in the voltage range
of 3.0–4.0 V vs. Li/Li+. Cyclic voltammetry measurements of coin cells were performed between
3.0–4.1 V vs. Li/Li+ at a scan rate of 0.1 mV s-1.

To increase the data reliability and minimize the error caused by different weight/thickness of
cathodes, for each coating sample, cycling performance tests were carried out on three coin cells
per sample except calendering related samples which were carried out on four coin cells, and
the mass tolerance of cathodes was below 0.4 mg within the sample. The difference of average
cathode mass loading among all samples was less than 0.3 mg unless otherwise noted. The loading
of cathode for each coin cell can be referred to Table B.1 under appendix. The detailed processing
conditions for each cathode as well as their influence on the resulting battery performance, to
be precise, cycling performance and rate performance, are going to be discussed in the following
subsections.

4.2.1. Influence of Drying Temperature

As reported in the literature [92], high amount of carbon black (e.g. 80 wt.%) incorporated in
PTMA-based cathodes led to cracking of the coating film due to shrinkage during drying. The
latter occurs as a result of the large specific area of CB and its remarkable solvent adsorption
capacity. When large amount of solvent is present in a slurry, a relatively strong capillary force,
as the main driving force for electrode cracks, would generate during the solvent evaporation.
Therefore, the drying process has a strong impact on the cracking and microstructure of cathodes.
Since drying temperature is one paramount parameter to control drying process, its influence on
physical electrode properties is necessary to be investigated. To examine the influence of drying
temperature on the morphology and battery performance of PTMA-based cathodes, coating
sample #1 (PTMA66-T50) and sample #2 (PTMA66-T80) were prepared at a drying temperature
of 50℃ and 80℃, respectively (see Table 4.1). As organic-based electrodes might be sensitive to
high temperature in air, a drying temperature above 80℃ was not included in this study.
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Table 4.1.: Processing parameters for coating sample #1 and #2 at different drying temperatures.

Sample ID #1 #2
Drying temp. (℃) 50 80

Ave. masscathodes (mg) 2.8 3.1
χc (mg g-1) 62.5 62.5

Conductive additive CB-SP CB-SP
Active material PTMA-66 PTMA-66
Calendering No No

Figure 4.1A and 4.1B present the samples dried at 50℃ that possessed deeper cracks with over
10 µm larger width and 0.03 mm2 piece-1 bigger spacing than samples dried at 80℃ (Table
4.2). This suggests that cathodes dried at 80℃ had a better cohesion than the samples dried
at 50℃. Moreover, SEM images (Figure 4.2A and 4.2B) indicate that, compared to sample #2
(PTMA66-T80) with the identical CB, the CB particle size in sample #1 (PTMA66-T50) is
distinctively larger (mainly in 50–80 nm) with a smoother surface and less porosity, which may
arise from polymer coating and agglomeration of CB. Presumably because a low drying rate at
50℃ may decrease the interparticle distance of carbon black and form a consolidation layer with a
polymer-rich supernatant. Whereas, drying at higher temperatures (80℃) led to a higher diffusion
and thus more effectively equalizing the concentration gradient [352, 365]. Figure 4.3 reveals
that the cathodes dried at 80℃ (sample #2) achieved an average initial capacity of 78 mAh g-1,
reaching essentially its theoretical capacity (73 mAh g-1), while cathodes dried at 50℃ (sample
#1) exhibited only an average initial capacity of 57 mAh g-1, which was about the specific capacity
of 80℃-dried-cathodes after 1000 cycles. Besides, both samples showed a similar degradation
tendency with a capacity loss of about 23% within 1000 cycles at 5 C. In summary, drying at 80℃
leads to a better cycling performance with a more homogeneous and less cracking cathode film
than drying at 50℃. Noteworthy, this result is converse to reports on inorganic-based electrodes
both cathodes and anodes of LIBs [351,354,355].

Table 4.2.: Crack spacing (mm2 piece-1) for the coating samples #1–#5 and #9, respectively.

Sample ID #1 #2 #3 #4 #5 #9
Crack spacing (mm2 piece-1) 0.14 0.11 0.10 0.13 - 0.28
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Figure 4.1.: Optical microscope images of various PTMA-based cathodes. (A) Sample #1
(PTMA66-T50); (B) sample #2 (PTMA66-T80); (C) sample #3 (PTMA66-χ76.5); (D) sam-
ple #4 (PTMA66-χ70.8); (E) sample #5 (PTMA66-χ62.5); (F) sample #6(PTMA66-χ54);
(G) sample #7(PTMA66-χ46.2); (H) sample #6 (PTMA66-χ54), 3D surface; (I) sample #7
(PTMA66-χ46.2), 3D surface; (J) sample #8 (PTMA66-CB&CNF), magnification = 100 x; (K)
sample #8 (PTMA66-CB&CNF), magnification = 2000 x; (L) sample #11 (PTMA55-VGCF),
magnification = 100 x; (M) sample #11 (PTMA55-VGCF), magnification = 2000 x; (N) sample
#9 (PTMA55-NC); (O) sample #10 (PTMA55-C).
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Figure 4.2.: SEM images of various PTMA-66-based cathodes. (A) sample #1 (PTMA66-T50),
magnification = 100000 x; (B) sample #2 (PTMA66-T80), magnification = 100000 x; (C)
sample #8 (PTMA66-CB&CNF), magnification = 5000 x; (D) sample #8 (PTMA66-CB&CNF),
magnification = 200000 x.

Figure 4.3.: Influence of drying temperature of the coating film and conductive additive on
battery performance. (A) Life cycle curves of coin cells based on sample #1 (PTMA66-T50), #2
(PTMA66-T80), and #8 (PTMA66-CB&CNF), each sample contains three specimens, which
are named as sample #2–1, #2–2, #2–3 in sample #2’s case, so are sample #3 and #8; (B)
average specific capacity on specified cycles.
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4.2.2. Influence of Mass Fraction of Cathodes in the Slurry

It is known that thick films from colloidal dispersions are more likely to crack under drying [329].
Theoretically, there exists a critical thickness for a certain coating film above which the film would
crack spontaneously [366]. The critical thickness is dependent on many factors, such as particle
nature and size, solid mass fraction as well as solvent-air interfacial tension. The latter implies
that surface morphology varies with different mass fraction of cathode materials in the slurry (χc)
at a certain thickness. Therefore, with the aim to suppress the cracking, slurries with various χc

were prepared and dried at 80℃ (see Table 4.3). In addition to morphology of cathodes, the
resulting battery performances were also investigated. Due to the high fluidity of the low-viscous
slurry for sample #6 (PTMA66-χ54) and #7 (PTMA66-χ46.2), it is impractical to obtain a
coating film with desired thickness via a doctor blading, and thus the average mass loading of
cathodes from both samples was rather low in comparison with other samples.

Table 4.3.: Processing parameters for coating sample #3–#7 with varying χc.

Sample ID #3 #4 #5 #6 #7
χc (mg g-1) 76.5 70.8 62.5 54.0 46.2

Ave. masscathodes (mg) 2.5 2.2 2.2 1.5 0.6
Drying temp. (℃) 80 80 80 80 80
Conductive additive CB-SP CB-SP CB-SP CB-SP CB-SP
Active material PTMA-66 PTMA-66 PTMA-66 PTMA-66 PTMA-66
Calendering No No No No No

Optical microscopy images (Figure 4.1, C–I) show the change of morphology from sample #3
(PTMA66-χ76.5) to #7 (PTMA66-χ46.2) corresponding to χc varying from the highest to the
lowest. In other words, as χc decreased from 76.5 (sample #3) to 62.5 mg g-1 (sample #5),
the crack width was getting smaller in value (8–15 µm, 8–12 µm and 1–3 µm, respectively)
(Figure 4.1, C–E). Moreover, from sample #3 (PTMA66-χ76.5) to sample #5 (PTMA66-χ62.5),
the cracks were becoming less interlaced and the fracture direction occurred in a more oriented
fashion with an average angle deviation being 12.5° for sample #5 (PTMA66-χ62.5). As χc was
continually lowering (sample #6 to #7), the slurry became more flowable, and the coated films
exhibited rougher surfaces (Figure 4.1, F and G). By means of 3D surface measurement at 2000
x magnification (Figure 4.1, H and I), sample #7 (PTMA66-χ46.2) displayed a much coarser
surface than sample #6 (PTMA66-χ54), which is reflected by the more colorful image of sample
#7. However, at a magnification of 100000 x via SEM, all five samples in Table 4.3 exhibited
similar porous microstructures without appreciable differences (Figure 4.4).

96



4.2. Influence of Different Processing Parameters on Battery Performance

Figure 4.4.: SEM images of various PTMA-66-based cathodes with a magnification of 100000 x.
(A) sample # 3 (PTMA66-χ76.5); (B) sample #4 (PTMA66-χ70.8); (C) sample #5 (PTMA66-
χ62.5); (D) sample #6(PTMA66-χ54.0); (E) sample #7 (PTMA66-χ46.2).

Due to the thin coating layer and severe cracking, the capacity of cathodes fabricated from
sample #3 (PTMA66-χ76.5) and sample #4 (PTMA66-χ70.8) dropped within the first 100 cycles
dramatically by 38% and 32%, respectively, while, the other three samples only showed a capacity
loss of 4% –13% within the first 100 cycles (Figure 4.5). The data of initial capacity (Cinitial) and
capacity at 100/500/1000 cycles (C100 cycles/C500 cycles/C1000 cycles) shown in Figure 4.6 indicates
an enhancement in battery performance as χc is reduced from 76.5 mg g-1 to 62.5 mg g-1. The
further decrease of χc led to a considerable drop of the electrochemical capacity. Consequently,
the cathodes fabricated from sample #5 (PTMA66-χ62.5) showed the best battery performance.
For instance, cathodes from sample #5 depicted not only the highest specific capacity in all
the tested cycles, but also a relatively low capacity loss within 1000 cycles at 5 C (28%, 46%
and 51% for sample PTMA66-χ62.5, PTMA66-χ70.8 and PTMA66-χ76.5, respectively). It is
noteworthy that the very thin slurry used for sample PTMA66-χ54 (#6) and PTMA66-χ46.2 (#7)
resulted in a big capacity deviation (23–26 mAh g-1) among the cathode specimens because of the
inhomogeneity of the composite electrode. Overall, χc = 62.5 mg g-1 was found to be a better
slurry viscosity, nevertheless, either higher or lower values would impair the battery performance.
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Figure 4.5.: Cycle performances of coin cells based on (A) sample #3 (PTMA66-χ76.5), (B)
sample #4 (PTMA66-χ70.8), (C) sample #5 (PTMA66-χ62.5), (D) sample #6 (PTMA66-χ54.0)
and (E) sample #7 (PTMA66-χ46.2). Each sample was texted with three specimen, e.g. #3-1,
#3-2, #3-3 represent the three specimens for sample #3.

Figure 4.6.: Influence of mass fraction of cathode in slurry, χc, on battery performance.

4.2.3. Influence of Cathode Thickness

To investigate the influence of cathode thickness on the coating morphology and battery per-
formance, sample PTMA66-T80 (#2, χc = 62.5, ∼60 µm) and PTMA66-χ62.5 (#5, T =
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80℃, ∼41µm) were compared when prepared using the above-mentioned more-suited conditions,
which were dried at 80℃ and has a χc value of 62.5 mg g-1. Sample PTMA66-T80 (#2) and
PTMA66-χ62.5 (#5) were prepared from the same batch but coated into cathode films with
different thickness, which was 60 µm and 41 µm, respectively (Table 4.4). The thin coating film,
sample #5, indeed mitigated cracking by 4–5 µm in width, as shown in Figure 4.1B and 4.1E,
respectively. Compared to the thick coating film (#2), cracks in the thin coating film (#5) did
not interconnect with each other and were more aligned with the average angle deviation being
12.5°. The film thickness of sample #5, which was 41 µm, was close to the critical thickness
for such slurry formulation. Nevertheless, regarding cycling performance, both cathodes reached
the theoretical capacity of 73 mAh g-1 at the initial cycle as shown in Figure 4.7. Besides, both
samples presented a good cycling stability with a small degradation rate within 1000 cycles (24%
and 28% for sample #2 and #5, respectively) at 5 C (see Figure 4.7 and Table 4.5). Compared
to sample #2 (60 µm), cathodes from sample #5 (41 µm) exhibited a 1–3 times larger capacity
deviation in the course of 1000 cycles and a 9.6% higher capacity loss in the first 50 cycles (see
Figure 4.5C), which may result from the fast dissolution of active material in electrolyte owing to
the thin coating layer. Besides, the thin cathodes displayed a slightly higher specific capacity by
5–11 mAh g-1 within the tested 1000 cycles than the thick cathodes. The latter can be attributed
to the faster ion transportation and diffusion within the thin cathodes.

Table 4.4.: Processing parameters for coating sample #2 and #5 with different cathode mass.

Sample ID #5 #2
Ave. masscathodes (mg) 2.2 3.1

χc (mg g-1) 62.5 62.5
Drying temp. (℃) 80 80
Conductive additive CB-SP CB-SP
Active material PTMA-66 PTMA-66
Calendering No No

Table 4.5.: Capacity loss (%) of cathodes #2, #5 and #8–#11, respectively, prepared under
different conditions.

Sample ID #2 #5 #8 #9 #10 #11
100 cycles (%) 3.8 13.0 3.0 2.1 1.6 1.9
500 cycles (%) 12.7 19.5 8.7 12.7 10.2 13.2
1000 cycles (%) 23.5 27.9 20.0 23.9 23.4 24.0
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Figure 4.7.: Influence of cathode thickness on battery performance. The thickness of sample #5
(PTMA66-χ62.5) and sample #2 (PTMA66-T80) is 41 µm and 60 µm, respectively.

4.2.4. Influence of Carbon Nanofibers

Although CNF (VGCF excluded) can be used to reinforce constituents in a composite, their uneven
electrical conductivity between longitudinal and transverse directions and coating barrier due to
fiber aggregation and entangled bundling limit their extensive use in battery research. Therefore,
sample #8 (PTMA66-CB&CNF) was designed with a combination of CB and CNF (CB:CNF
= 9:1, w/w) as a conductive additive (Table 4.6). With 10 wt.% CB being replaced by CNF,
only negligible decrease of through-plane resistance was observed, as shown in Figure 4.8 (sample
#2 and #8, respectively). At an average mass loading of 3.4 mg, which is 0.3 mg higher than
cathodes from sample 2 (PTMA66-T80), a crack-free coating film was obtained, as can be seen in
Figure 4.1J and 4.1K. The detailed SEM images of the morphology (Figure 4.2C and 4.2D) support
the bridging and reinforcing effect of CNF in the matrix. By virtue of the homogeneous and
crack-free morphology, all three cathodes fabricated from sample PTMA66-CB&CNF displayed an
approximately identical discharge capacity with the maximum standard deviation being 1.7 within
1000 cycles at 5 C (Figure 4.3). Additionally, a slightly slower degradation rate was observed,
which was about 4% less than sample #2 (PTMA66-T80), during the first 500 cycles (see Table
4.5). Nonetheless, the average capacity of sample PTMA66-CB&CNF, which was in the range
of 32–40 mAh g-1 over 1000 cycles, was almost half of the capacity delivered by sample #2
(PTMA66-T80), which may due to the lower specific surface area of CNF (39 m2 g-1) compared
to CB (62 m2 g-1). The low specific area of CNF would limit electrolyte adsorption and decrease
the contact area with the active material, thus reducing the charge transfer during the charge and
discharge process, while the high active surface area of CB coated with PTMA can shorten the
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distance of charge transport and physical diffusion of the redox centers.

Table 4.6.: Processing parameters for coating sample #2 and #8 with different conductive
additives.

Sample ID #2 #8
Conductive additive CB-SP CB:CNF = 9:1

χc (mg g-1) 62.5 56.6
Drying temp. (℃) 80 80

Ave. masscathodes (mg) 3.1 3.4
Active material PTMA-66 PTMA-66
Calendering No No

Figure 4.8.: Through-plane resistance of samples #2, #8, #9, #10 and #11. Sample #2, #8,
#9, #10 and #11 represent PTMA66-T80, PTMA66-CB&CNF, PTMA55-NC, PTMA55-C and
PTMA55-VGCF, respectively.

4.2.5. Influence of TEMPO Content

Two types of PTMA with different TEMPO content were prepared in this study. The names
are designated as PTMA-66 and PTMA-55, indicating a TEMPO content according to EPR
measurements of 66.2% and 55.2%, respectively. Hence, their theoretical capacities are 73 mAh
g-1 and 61 mAh g-1, respectively.

Based on the abovementioned analysis, the best processing conditions for PTMA-66-based cathodes
were obtained at a drying temperature of 80℃ and χc = 62.5 mg g-1. In a similar manner,
TEMPO containing polymer, PTMA-55, was also processed under the conditions mentioned
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above to verify whether the cathode can still reach its theoretical specific capacity of 61 mAh g-1

(Table 4.7). Compared to sample PTMA66-T80, sample PTMA55-NC also displayed cracking,
but with a larger crack spacing corresponding to about 2.5 times the size of cracks in sample
PTMA66-T80 (see Table 4.2), as shown in Figure 4.1B and 4.1N. Cathodes fabricated from
sample PTMA55-NC exhibited an average initial capacity of 63 mAh g-1 at 5 C, which represents
its theoretical capacity (Figure 4.9A). Theoretically, PTMA-55 has a lower capacity than PTMA-66
by 12 mAh g-1 (17%). In practical terms, with reference to cathodes from sample PTMA66-T80, a
lower capacity of 10–13 mAh g-1 (15%–17%) was observed for cathodes from sample PTMA55-NC
in the course of the 1000 cycles, which is in consistency with the theoretical value. Besides, both
samples exhibited a similar degradation rate which was 4%/13%/24% and 2%/13%/24% at 100/
500/1000 cycles for sample#2 and sample #9, respectively (see Table 4.5). Hence, the cathode
processing conditions of choice seem indeed suitable for the preparation of cathodes from PTMA
polymers independent of their active TEMPO content without hindering their final electrochemical
properties.

Table 4.7.: Processing parameters for coating sample #2 and #9.

Sample ID #2 #9
Active material PTMA-66 PTMA-55

χc (mg g-1) 62.5 62.8
Drying temp. (℃) 80 80

Ave. masscathodes (mg) 3.1 3.1
Conductive additive CB-SP CB-SP

Calendering No No

4.2.6. Influence of Calendering

Calendering is a common technique to improve the mechanical properties, increase the conductivity,
and reduce the porosity of electrodes [367,368]. Therefore, in the present study, calendering was
applied to cathodes fabricated from sample PTMA55-C. Sample PTMA55-C and PTMA55-NC
are from the identical slurry coated with the same film thickness, except that the former was
laminated through a calender roll by 32% in thickness, while the latter was not (see Table 4.8).
After calendering, the majority of cracks were fused, leaving only few big cracks, that are still
visible with a smaller crack width (5–9 µm) (Figure 4.1N and 4.1O). The through-plane resistance
of cathodes was reduced after calendering by 24.7% (Figure 4.8). Moreover, the deviation
of through-plane resistance between the tested specimens was smaller for sample PTMA55-C,
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Figure 4.9.: Influence of TEMPO content and carbon forms on battery performance. (A) Life
cycle curves of coin cells based on sample #2 (PTMA66-T80), #9 (PTMA55-NC) and #11
(PTMA55-VGCF), each sample contains three specimens, which are named as sample #2–1,
#2–2, #2–3 in sample #2’s case, so are sample #9 and #11; (B) average specific capacity on
specified cycles.

indicating a more homogeneous morphology after calendering. Nevertheless, the improvement
on cycling performance compared to sample PTMA55-NC was insignificant (Table 4.5) with the
standard deviation getting even bigger (Figure 4.10). The latter implies that calendering with a
thickness decrease of 32% does enhance adhesion, but it does not necessarily improve long time
cycle performance and would impair the homogeneity of the sample. The latter may result from
ion transportation barriers caused by the particle deformation and reduced porosity [368].

Table 4.8.: Processing parameters for coating sample #9 and #10.

Sample ID #9 #10
Calendering No Yes
χc (mg g-1) 62.8 62.8

Drying temp. (℃) 80 80
Ave. masscathodes (mg) 3.1 3.3
Conductive additive CB-SP CB-SP
Active material PTMA-55 PTMA-55
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Figure 4.10.: Influence of calendering on battery performance. (A) Life cycle curves of coin cells
based on sample #9 and #10, each sample contains three specimens, which are named as sample
#9–1, #9–2, #9–3 in sample #9’s case, so is sample #10; (B) average specific capacity on
specified cycles.

4.2.7. Influence of Vapor Grown Carbon Nanofibers

Sample #11 (PTMA55-VGCF) was prepared by employing VGCF and adopting the processing
condition of sample PTMA66-T80 and PTMA55-NC (drying temperature of 80℃ and χc = 62.5
± 0.3 mg g-1) (see Table 4.9). Indeed, VGCF is the most commonly used conductive agent in
radical polymer-based electrodes, instead of CB as conductive agent. A crack-free coating film
was obtained (Figure 4.1L and 4.1M), which is in line with other reports [92]. The three cathode
specimens from sample PTMA55-VGCF (#11) showed a comparable cycling performance with
the standard deviation in the range of 1.5 –2.4 within 1000 cycles (see Figure 4.9). Furthermore,
a similar degradation rate of 2%/10%/23% at 100/500/1000 cycles was observed compared to
cathodes from sample PTMA55-NC (#9) which was 2%/13%/24% (Table 4.5). However, its
average capacity was about 33% (16–21 mAh g-1) lower than that of cathodes from sample
PTMA55-NC (#9) in the course of 1000 cycles. The latter can be explained by the higher
through-plane resistance of the VGCF-based coating (Figure 4.8, sample #9, sample#11), whose
average resistance was 2.9 times of the coating using CB, i.e. sample #9 (PTMA55-NC). The high
through-plane resistance of sample PTMA55-VGCF resulted from the poor electron transportation
in the radial direction of tubular-shaped VGCF [369], thus, demonstrating that CB appears to be
a better conductive agent than VGCF, when the processing parameters for electrode preparation
are appropriately selected.
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Table 4.9.: Processing parameters for coating sample #9 and #11.

Sample ID #9 #11
Conductive additive CB-SP VGCF

χc (mg g-1) 62.8 62.3
Drying temp. (℃) 80 80

Ave. masscathodes (mg) 3.1 3.4
Active material PTMA-55 PTMA-55
Calendering No No

4.2.8. Rate Performance

As the aforementioned cycling performances were carried out at 5 C, the impact of varying
the C-rate was investigated for sample #2 (PTMA66-T80), sample #8 (PTMA66-CB&CNF),
sample #9 (PTMA55-NC) and sample #11 (PTMA55-VGCF), respectively. From 0.5 C to 10
C, sample #2 exhibited the highest discharge capacity, followed by sample #9 and sample #11,
whereas sample #8 showed the lowest discharge capacity (see Figure 4.11A). Besides, sample #2
(PTMA66-T80) also showed the highest retention (71–96%) when running at higher C-rates than
0.5 C (see Figure 4.11B). Unexpectedly at 10 C, the retention of sample #2 could reach 71%,
while the values for the other three samples dropped dramatically with less than 60% capacity
remaining. Intriguingly, sample #8 (PTMA66-CB&CNF) showed about 32–36 mAh g-1 lower
discharge capacity than sample #2 at each test C-rate, although only 10 wt.% of the conductive
agent being CNF while the rest 90 wt.% being CB in sample #8. The latter implies the poor
effect of CNF as a conductive additive on improving PTMA-based battery performance. On
the contrary, sample #11 (PTMA55-VGCF) exhibited a similar capacity retention below 5 C as
sample #2, which was about 4–8% higher than sample #9 (PTMA55-NC). At 10 C, a 12% lower
capacity retention was observed in comparison to sample #2, which was still 15% higher than
sample #9. Additionally, 94% of the capacity was recovered for sample #11 and sample #2 when
cycled back at 0.5 C for the last 5 cycles, demonstrating a good stability of the cathodes. The
latter indicates that VGCF indeed plays a certain role in enhancing rate performance, despite that
the corresponding cathodes did not reach the theoretical capacity (61 mAh g-1). Compared to
sample #2 (PTMA66-T80), sample #9 (PTMA55-NC), which has 11% less TEMPO content (12
mAh g-1) in the PTMA active material, showed a 7–13 mAh g-1 lower capacity at C-rate below
5 C; nevertheless, a significant capacity gap by 27 mAh g-1 was observed at 10 C. This may be
due to the 1.8 times higher through-plane resistance of sample #9 compared to sample #2 (see
Figure 4.8), which would limit the efficient electron transfer, especially at high C-rates.
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Figure 4.11.: Rate performance of sample #2, #8, #9 and #11. (A) Discharge capacity at
different C-rate; (B) capacity retention at different C-rate.

It is worth noting that at 5 C the discharge capacity of sample #2 and #9 reached the theoretical
capacity of PTMA-66 and PTMA-55, respectively. However, at lower C-rates both samples showed
higher capacity than the theoretical value. This was attributed to the two electron redox reaction
of PTMA (see scheme 4.1) with the corresponding redox potential at 2.8–3.1 V (aminoxy anion to
radical, n-type) and 3.5–3.7 V (radical to an oxoammonium cation, p-type) vs. Li/Li+ [370]. The
galvanostatic charge/discharge curve of sample #2 (see Figure 4.12A) reveals that aside from
the distinct voltage plateau at 3.6 V corresponding to the redox reaction between nitroxide and
oxoammonium, another voltage plateau at around 3.1 V was also detected when the sample was
tested at 0.5 C, 1 C and 2 C, which in turn additionally contributed to the overall discharge capacity.
The appearance of the second plateau at 3.1 V can also be confirmed by potentiostatic cyclic
voltammetry curve of sample #2 (see Figure 4.13). At C-rate higher than 5 C, the second voltage
plateau at around 3.1 V disappeared, which indicates the discharge capacity was fully ascribed to
p-type redox behavior. Likewise, sample #9 and #11 also exhibited a similar phenomenon (see
Figure 4.12C and 4.12D, respectively). However, sample #8 exhibited a low columbic efficiency
especially at 0.5 C and 1 C, which were 65% and 83%, respectively (see Figure 4.12B). This
result further proves the advantage of CB over CNF on improving battery performance as a result
of the large specific area and extensive electron percolation network within PTMA matrix. It is
relevant to note that due to the poor reversibility of n-type redox process in conventional organic
electrolytes [249], in the present work, all cycling performance were carried out at 5 C in order to
eliminate the redox effect of n-type redox behavior of the TEMPO units with PTMA.
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Figure 4.12.: Galvanostatic charge/discharge curves of PTMA66- and PTMA55- based cathodes.
(A) sample #2 (PTMA66-T80); (B) sample #8 (PTMA66-CB&CNF); (C) sample #9 (PTMA55-
NC); (D) sample #11 (PTMA55-VGCF). The area marked in grey circle indicates the n-type
redox process of TEMPO.

4.3. Summary

While there is growing interest towards the development of organic-based batteries, there is still a
tremendous lack of knowledge on engineering of organic-based electrodes. Therefore, in an effort
to achieve a better battery performance for PTMA-based electrodes with a simple stirring approach,
in the present study, different processing parameters including the drying temperature, the mass
fraction of electrode materials in the slurry, carbon forms and calendaring, were investigated. To
overcome electrode cracking in a severe case, up to 80 wt.% of conductive carbon was incorporated
into the fabricated cathodes.
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Figure 4.13.: Potentiostatic cyclic voltammetry of coin cells based on sample #2 (PTMA66-T80)
at a scan rate of 0.1 mV s-1 in the voltage range of 3.0–4.1 V vs. Li/Li+.

The well-suited processing conditions could be summarized as follows: drying temperature of
80℃ and mass ratio between cathode and NMP in the slurry (χc) being around 62.5 mg g-1

regardless of TEMPO content. Under these optimal conditions, it is postulated that CB is a
better conductive agent than VGCF and CNF in the fabrication of PTMA-base cathodes, as it
not only results in the highest discharge capacity, but also exhibits the best rate performance,
although VGCF and CNF have bridging and reinforcement effect on the composite electrode.
Moreover, the critical thickness under these conditions is close to the thickness (41 µm) of sample
#5 (PTMA66-χ62.5), which has a cathode loading mass of 2.2 mg. Contrary to reports on
inorganic-based electrodes of LIBs [352,354], cathodes dried at 80℃ exhibited a better cycling
performance with a more homogeneous and less cracking morphology than the ones dried at 50℃.
As χc decreased from 76.5 to 62.5 mg g-1, the cracking phenomena alleviated and the battery
performance showed an increase in terms of specific capacity. While, the continuous decrease of
χc led to inhomogeneous cathodes formulations with coarse surfaces and strongly deteriorated
specific capacity. Carbon nanofibers were effective to reduce cracking for coating films even when
replacing only 10 wt.% of CB, however, the discharge capacity was greatly compromised, and
the capacity contribution from n-type doping was observed even at a low dicharge rate of 0.5 C,
which differs from the other two carbon additives. Additionally, calendering with a compression of
32% does enhance adhesion, but does not also necessarily improve the long term cycling stability
and even leads to bigger performance deviation of cathodes.

Therefore, it can be concluded that the processing of cathodes is an important part to be reckoned
within the expanding research field of organic batteries. Indeed, knowledge about the optimal
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conditions, like slurry viscosity and drying temperature for PTMA-based cathodes, is critical for
reducing the crack density as well as improving the cell charge-discharge property and cycling life.
Nevertheless, this study paves the way for the fabrication of organic-based electrodes without
hindering the electrochemical properties of active materials, especially in the aspect of developing
and testing organic-based electrodes in lab research.

109





5. Structural Design of Pyrene-
Functionalized TEMPO-Containing
Polymers for Enhanced
Electrochemical Storage Performance

Parts of the current chapter are reproduced from a manuscript under revision "Wenwen Xue, Hatice Mutlu,
Hongjiao Li, Wolfgang Wenzel and Patrick Théato, Polymer Chemistry, 2020".
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5.1. Prologue

Although radical-containing polymers (RCP), e.g. poly (2,2,6,6-tetramethylpiperidinyloxy-4-yl
methacrylate) (PTMA) have received substantial attention due to their excellent rate capability
and extraordinary cycle life [20, 21], two major downfalls are hindering their further application as
electrode materials. On one hand, the poor electrical conductivity of RCPs (e.g. 10-11 S cm-1

for PTMA) [29], which impedes the electron transport throughout the electrode layer, results
in low charging/discharging capacity. On the other hand, solubility of RCPs in conventional
organic electrolytes, e.g. carbonate-based electrolytes, lead to a rapid self-discharge and capacity
loss [25, 31].

To tackle the aforementioned problems, various strategies have been attempted including synergistic
approaches, such as covalently binding of RCP onto the surface of highly conductive carbon agents
(HCAs), e.g. carbon nanotubes (CNTs) and graphene [89,295] and molecular-level anchoring of
the multiple pyrene-functionalized RCPs on HCAs via π-π stacking between the pyrene functional
groups and HCAs [23,253,296]. Since the former method is synthetically tedious and may result in
electrodes with impaired conductivity [253,371,372], the “molecular glue” strategy based on non-
covalent π-π interactions is more appealing. In fact, recently two types of hydrophobic polymeric
structures with covalently bound pyrene and TEMPO units have been reported [253,296]. Both
synthesis methods rely on the conventional post-oxidation method of the parent piperidine derived
polymers synthesized via controlled radical polymerization. In both cases, TEMPO conversions
were in the typical range of 60–80% [25], and the pyrene moiety was separated from the polymer
backbone via a methylene-ester group linker of the type –(CH2)–(CO)–O–.

As an inertness and robust structural linkage with propensity for hydrogen bonding, amides not
only play an important role in both living systems (e.g. proteins) and materials science and
engineering (e.g. Nylon), but also act as useful handle for the transmission of electronic effects
via cross conjugation [373]. Nevertheless, the understanding of the effects of amide bonds as
tethering spacers on the characteristics of TEMPO-pyrene copolymers has remained unrevealed.
Thus, in order to gain an insight, in the following sections polyacrylamide-based radical polymer
derivatives, i.e. poly[(1-pyrene acrylamide)-ran-(4-TEMPO acrylamide)] (P(PyAm-ran-TAm), P1
and P2 in Scheme 1) decorated with varying amide-bonded pyrene were synthesized and the
respective electrochemical properties were investigated by comparing with poly[(1-pyrenemethyl
acrylate)-ran-(4-TEMPO acrylamide)] (P(PyMA-ran-TAm), P3 in Scheme 1), in which the pyrene
moiety was inserted through a methylene-ester linker, in order to permit the evaluation of the
spacer effect in the absence of strong electronic coupling with the aromatic unit. The copolymers
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(P1-P3) were further fabricated into electrodes through noncovalent π-π stacking between pyrene
groups and the planar surface of CNTs in order to reveal their potential as energy storage materials.
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Scheme 5.1: Synthetic route towards (A) PTAm (P0), (B) P(PyAm-ran-TAm) (P1, P2) and
(C) P(PyMA-ran-TAm) (P3), respectively.

5.2. Synthesis and Characterization of
Pyrene-Functionalized TEMPO-Containing Polymers

To efficiently incorporate TEMPO and different pyrene moieties (e.g. 1-pyrene acrylamide, PyAm,
and 1-pyrenemethyl acrylate, PyMA) into the polymeric structure, while keeping the degree
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Figure 5.1.: (A) UV/Vis spectra of multiple pyrene functionalized TEMPO-containing polymers
(P1-P3, c = 0.05 mg mL-1). (B) UV/Vis absorption calibration curves of pyrene derivatives. (C)
Fluorescence spectra of P2 and P2’. (D) EPR spectra of P0–P3 and PPFPA-based copolymers
with pyrene moieties (P2’ and P3’, c = 0.99 mg mL-1). All spectra were recorded in DMAc at
ambient temperature.

of polymerization and dispersity in principle the same, post-polymerization modification via
activated ester (namely pentafluorophenyl (PFP) ester) was employed (Scheme 5.1). In the first
step, poly(pentafluorophenyl acrylate) (PPFPA) with number-average molecular weight (Mn) of
23.3 kDa and dispersity (Ð) of 2.2, was synthesized via free-radical polymerization. In order to
emphasize the influence of the amide-bonded pyrene moiety on the final material properties, initially
only polyacrylamide backboned homopolymer, PTAm (Scheme 5.1, P0) [286], with high radical
content (96.2%) has been prepared by reacting PPFPA homopolymer with 4-amino-TEMPO.
Further, multi-pyrene PTAm samples (P1 and P2) have been prepared via sequential one-pot post-
modification of PPFPA with 1-aminopyrene and 4-amino-TEMPO. Random copolymer structures
were targeted to favor the π-π interactions with the CNTs. By varying the reaction temperature
during the aminolysis step (50 ℃ and 70 ℃, respectively) of PPFPA with 1-aminopyrene, the
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pyrene content within the resulting P(PyAm-ran-TAm) could be altered. As shown in Figure 5.1A,
the UV/vis absorbance maxima for P2 solution (0.05 mg mL-1) in dimethylacetamid (DMAc) at
276 nm (S0 → S2), 326 nm (S0ν = 0 → S1ν = 1) and 342 nm (S0ν = 0 → S1ν = 0) corresponding
to the two electronic transition moments of pyrene group was higher than that of P1. Based
on the calibration plot of UV/vis absorption at 289 nm for 1-aminopyrene (Figure 5.1B) and
Beer-Lambert Law, the amide-bonded pyrene content within P1 and P2 is determined to be
4.3% and 10.9%, respectively (Table 5.1). Whereas for P3, the pyrene content was regulated
via the molar feed ratio between 1-methanolpyrene nucleophile and PPFPA, and was assessed
to be 23.5% (Table 5.1) based on the calibration plot of 1-pyrenemethanol at 344 nm (Figure
5.1B). Fluorescence quenching of the pyrene group was observed when TEMPO moieties were
introduced, as shown in Figure 5.1C with P2 as the example. Nevertheless, for all samples (e.g.
P1-P3), the content of radical (i.e. TEMPO), was also calculated according to the spins recorded
on an electron paramagnetic resonance (EPR) spectrometer (see Table 5.1) in DMAc solutions
(0.99 mg mL-1), which was in agreement with the results of UV/vis analysis. Whereas, both
P0 and P1 exhibited a classic Lorentzian shape (Figure 5.1D) due to the strong intermolecular
spin-exchange (radical-radical) interaction arising from the close spatial proximity between the
paramagnetic units. P1 displayed a relatively low intensity compared to P0, indicating a lower
TEMPO content. Apart from the domain broad Lorentzian-like component, P2 and P3 revealed a
triplet splitting, particularly in the case of P3. The latter clearly implies a decrease in average
radical-radical spacing induced by an increase in pyrene unit along the polymer chain.

Figure 5.2.: (A) FTIR spectra of P0-P3 and PPFPA-based copolymers with pyrene moieties
(P2’, P3’). (B) TGA curves showing the mass loss of P0-P3 under N2.
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Table 5.1.: Molecular composition, molecular weight and dispersity as well hydrodynamic size in
DMAc for PPFPA and P0–P3.

Sample Pyrene contenta TEMPO contentb Mn
c Ðc RH

d

% % kDa nm
PPFPA - - 23.3 2.2 6.5
P0 0 96.2 48.5 3.0 4.2
P1 4.3 92.5 37.8 3.1 5.6
P2 10.9 87.3 30.9 2.8 3.6
P3 23.5 71.5 34.1 3.0 3.1

a determined by UV/vis spectroscopy;
b determined by EPR spectroscopy;
c determined by size exclusion chromatography in DMAc and
calculated with PMMA as the calibration standard;

d based on number-size distribution from DLS measurement.

Importantly, it should be noted that all polymers analyzed within in this work were derived from
the same PPFPA parent polymer, thus possessing the same chemical and analytical information
in regard to polymer backbone structure with the same degree of polymerization and dispersity
(Table 5.1). Indeed, as exhibited in FTIR spectra (Figure 5.2A), the characteristic C=O band
at 1782 cm-1 and arene C-C band at 1515 cm-1 for PFP ester disappeared completely in P0-P3.
Meanwhile, new peaks at 1460 cm-1, 1530 cm-1, 1650 cm-1, 1735 cm-1 corresponding to the
vibrations of N-O stretch, N-H bending, C=O (amide) stretch (P0-P2), and C=O (new ester)
stretch (P3), respectively, were observed as indication for the successful polymer modification.
In comparison, P(PyAm-ran-PFPA) (P2’) and P(PyMA-ran-PFPA) (P3’), which is the direct
precursor polymer of P2 and P3, respectively, exhibited decreased infrared absorption at 1782
cm-1 (C=O, activated ester) aside from the appearance of amide C=O (1650 cm-1) and new
formed ester C=O (1735 cm-1) characteristic bands, respectively. The thermal stability of P0-P3
were investigated by thermogravimetric analysis (TGA). Figure [?]B showed that under inert
condition (i.e. N2) all samples were stable with onset temperature up to 237℃. Moreover, amide-
bonded pyrene samples (P1, P2) exhibited slightly higher onset temperature than methylene
ester-bonded pyrene samples (P3). These results demonstrates the good thermal stability of
pyrene-functionalized TEMPO-containing polymers as electrode materials.
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5.3. π-π Interaction

The evolution of the size distribution for the relevant polymer solutions in DMAc was determined
via dynamic light scattering (DLS, Figure 5.3A). PPFPA showed number-weighted distribution
of 6.5 nm (Table 5.1), while P0 exhibited a smaller size by 2.3 nm, which may result from
the hydrogen bonding between the adjacent amide bond in each repeating units. With 4.3%
of amide-bonded pyrene content, assessed via UV/vis analysis, P1 displayed extended chain
conformation as a result of the randomly incorporated amide-bonded pyrene moieties, and hence
showed number-weighted distribution of 5.6 nm. Intriguingly, as the pyrene content increased
from 4.3% to 23.5%, the size of the polymer coil gets smaller, which was 3.6 nm and 3.1 nm for
P2 (with amide bonded pyrene) and P3 (with methylene ester-bonded pyrene), respectively (Table
5.1). The latter indicated that the entanglements of polymer chains were locked by multiple π-π
interactions of the pendant pyrene groups, which induced and maintained a coiled structure.

Figure 5.3.: (A) DLS traces of PPFPA and P0–P3. All traces were recorded in DMAc (c = 0.67
mg mL-1) at ambient temperature. (B) Composite suspensions of P0–P2 (3.0 mg) and CNTs
(3.0 mg) in THF (4.5 mL) prepared with a homogenizing mixer; suspensions at the leftmost is
the blank sample with CNTs (3.0 mg) in THF (4.5mL).

As the next step is to fabricate the TEMPO-pyrene copolymers into electrodes through noncovalent
π-π stacking between pyrene groups and CNT, the existence of such π-π interaction between
pyrene moieties and CNTs was examined. As shown in Figure 5.3B, with the aid of a homogenizer,
CNTs were well dispersed in the two amide-bonded pyrene copolymer (P1, P2) solutions, without
apparent sedimentation even after 2 months. Conversely, a rapid settling of CNTs was observed
within minutes after homogenizing. For P0 solution, the suspension state could only be maintained
for a bit more than one hour. Taken together, these results suggest that the introduction of
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pyrene moieties into PTAm-based polymer structure indeed assists intramolecular π-π interaction
with CNTs, which may facilitate the effective immobilization of polymer chains on the surface of
CNTs.

To compare the interaction between each type of functional group on the polymer and CNTs,
quantum mechanical calculations based on Mφller–Plesset perturbation theory were performed.
The graphene flake was modeled as a large aromatic hydrocarbon with 130 carbon atoms and the
edges terminated with hydrogen atoms. TEMPO, 1-aminopyrene, and 1-pyrenemethanol molecules
were located in the center of the graphene flake to avoid the electronic influence from the edge
carbons. The interaction energy (∆E ) between the molecular and graphene flake was defined as
the energy difference between the graphene/molecular complex and infinitely separated fragments
(graphene/ 1-aminopyrene, 1-pyrenemethanol and 4-amino-TEMPO). Indeed, both 1-aminopyrene
and 1-pyrenemethanol, which prefer to lie almost flat on the graphene flake (Figure 5.4F and
5.4G), showed much higher interaction with CNTs compared to 4-amino-TEMPO (Table 5.2).
Besides, 1-aminopyrene displayed more affinity towards graphene layer than 1-pyrenemethanol with
interaction energy, ∆E, values of -0.022 eV and 0.006 eV, respectively. The latter implies that,
theoretically, 1-aminopyrene/CNTs possess a stronger interaction than 1-pyrenemethanol/CNTs.

Figure 5.4.: Molecular models of (A) graphene layer, (B) 1-aminopyrene, (C) 4-amino-TEMPO
and (D) 1-pyrenemethanol, as well as adsorption geometry of (E) 4-amino-TEMPO/graphene,
(F) 1-aminopyrene/graphene and (G) 1-pyrenemethanol/graphene.
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Table 5.2.: The interaction energy (∆E ) for graphene/pyrene derivatives and graphene/TEMPO.

Molecules 1-aminopyrene 1-pyrenemethanol 4-amino-TEMPO
∆E (eV) -0.022 0.006 0.071

5.4. Electronic Properties and Battery Performance

As the aimed application of TEMPO-containing polymers for the present work is as electrode
material, the electronic properties and battery performance of the TEMPO-pyrene copolymers
are thus examined. In the following sections, cathode preparation, cyclic voltammetry (CV) and
battery performance were introduced.

5.4.1. Cathode Preparation

To eliminate the influence of CNTs on CV measurement (3.2–4.0 V) of coin cells fabricated from
P2’, P3’, P2 and P3 [374], cathodes were prepared without CNTs. Active polymer (10 mg, 10
wt.%), conductive carbon (80 mg, 80 wt.%) and poly(vinylidene fluoride) (PVdF, 10 mg, 10
wt.%) were mixed in N-Methyl-2-pyrrolidone (NMP) overnight to afford a homogeneous slurry,
followed by blade coating the slurry onto aluminum foil (thickness 30 µm) and dried in an oven
at 80℃ for overnight. The active polymer material (P0-P3, 10 mg) and CNTs (10 mg) were
dispersed in a mixture of NMP (0.4 mL) and tetrahydrofuran (THF, 2mL) with the aid of a
homogenizer. A suspension of carbon black (70 mg) in NMP (1.3 mL) was prepared as well.
Afterwards, the aforementioned two colloidal dispersions were vigorously mixed together and put
on a rotary evaporator to degas and remove the THF and part of NMP at 40℃. In the end, PVdF
(10 mg) solution in NMP (10 wt.%) was added and homogenized gently to obtain a bubble-free
and uniform slurry.

The composite cathodes were formed by blade coating the above-mentioned slurries onto aluminum
foils and dried at room temperature and 80℃ under vacuum sequentially. The typical loading of
a PTAm/CNTs hybrid cathode was ∼ 1.5 mg cm-2. The thickness of the hybrid electrodes was
about 50 µm. The coin cell (CR2032) was fabricated by stacking the polymer-based cathode,
lithium metal anode and a separator film with LP30 electrolyte in an argon filled glove box
(MBraun) where both O2 and H2O content were less than 0.1 ppm.
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5.4.2. Cyclic Voltammetry

To gain a better understanding on the structure-electronic property relationship of the two
polymeric pyrene derivatives i.e. P2’ and P3’, CV was conducted. To avoid the influence of CNTs
(e.g. faradaic reaction of carbonyls on the surface of CNTs) on CV [374], no CNTs were added in
cathodes for CV measurement. Regarding P2’, redox peaks at 3.55 V were detected with slightly
enhanced intensity as the scan number increased from 1 to 5 (Figure 5.5A). Similarly, redox
peaks were observed for P3’, while a migrating oxidation peak was detected towards the 5th scan,
accompanied with a decrease in the reduction peak (Figure 5.5B). These results emphasize the
significant influence of the amide-bonded pyrene moiety on the final electronic properties compared
to the methylene-ester pyrene derivative as the redox reaction of amide-bonded pyrene is relatively
more stable. Whereas, the CV curves of P1 and P2 showed one pair of redox peak at around 3.6
V, corresponding to the redox reaction between TEMPO and oxoammonium, no apparent redox
peaks were detected for the amide-bonded pyrene derivatives (Figure 5.5C). The latter could result
from either the overlap of redox peaks for the amide-bonded pyrene and TEMPO derivatives, as
both appeared at around 3.6 V, or the low current intensity arising from the amide-bonded pyrene.
Nevertheless, a narrow anodic and cathodic peak separation was observed for both P1 and P2,
which was 41.5 mV and 26.9 mV, respectively.

5.4.3. Battery Performance

The rate performance for P0-P2 were investigated from 0.1 C to 100 C, as shown in Figure 5.6A.
The capacity delivered during discharge at various C-rates were in the order of P1 > P0 > P2.
At 0.1 C, P1 delivered a high capacity of 96.1 mAh g-1, which is around 20% (∼19 mAh g-1)
higher than P0. With the increase in C-rate, the capacity slowly decreased. At 100 C, as high
as 76.8% (73.2 mAh g-1) of the capacity was maintained (Figure 5.6B), which is close to the
capacity of P0 at 0.1 C (76.5 mAh g-1). Besides, a distinct voltage plateau at around 3.6 V was
observed from the charge-discharge profile of P1 (Figure 5.6C). These results suggest the better
rate performance of P1 than P0. With the increase of pyrene content to 10.9%, P2 delivered a
capacity of 65.2 mAh g-1 at 0.1 C, which is 32% lower than P1, although the TEMPO content of
P2 is only about 5% less than P1. As C-rate increased, the capacity retention for P2 exhibited
a similar trend as P0. When cycled back at 0.1 C, all samples exhibited a high retention (over
92.5%,) in particularly P2 (96.0%), implying the good rate capability arising from the improved
conductivity. Additionally, distinct voltage plateaus at around 3.6 V were observed for P0 and P2
at various C-rates (Figure 5.7). Altogether, the content of amide-bonded pyrene moieties plays
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Figure 5.5.: CV curves of (A) P2’ and (B) P3’ (C) P0–P2 at a scanning rate of 0.1 mV s-1 within
the potential range of 3.2–4.0 V vs. Li/Li+. The cathode is composed of active polymer/CB/PVdF
= 10/80/10 (wt.%)

a critical role in battery performance of TEMPO-containing polymers. In other words, at low
content (e.g. 4.3%), the amide-bonded pyrene moieties promote electron transfer and improve
rate capability. Whereas, at a relatively high content (e.g. 10.9%), a negative effect on battery
performance was observed. When cycled at 1 C for 200 cycles (Figure 5.6D), a relatively fast
capacity loss (13.2%) was noted for P0 after the initial 20 cycles, indicating a partial dissolution
of P0 in the electrolyte. Intriguingly, the capacity loss for P1 and P2 was only 12.0% and 12.7%,
respectively, after the whole 200 cycles, implying the good anchor effect of pyrene moieties on
CNTs.
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Figure 5.6.: (A) Rate performance of P0-P2 at various C-rates. (B) Capacity retention of P0-P2
at various C-rates. (C) Charge-discharge profile of P1. (D) Cycling performance of P0-P2 at 1 C.
Each cathode is composed of active polymer/CNTs/CB/PVdF = 10/10/70/10 (wt.%).

5.4.4. Influence of Pyrene Content

Charge-discharge profile and coulombic efficiency (CE) for P0-P2 at various C-rates were examined
in order to figure out why the cathode based on P2 delivered a much lower capacity than P1 by
∼30 mAh g-1 (Figure 5.8). At 0.1 C, the CE for P0-P2 was 94.6%, 84.5% and 71.6%, respectively,
indicating a decrease in CE with the increase in pyrene content of the active material. As C-rate
raised to 0.5 C, the CE for P0-P2 got increased, which was 99.0%, 97.1% and 93.2%, respectively,
nonetheless CE for P0-P2 still follows the order of P0 > P1 > P2. These results indicate side
reactions accompanied at low C-rate, e.g. 0.1 C and 0.5 C, for copolymer P1 and P2, especially
the one with high pyrene content, i.e. P2. Moreover, a majority of coin cells based on P2 (10.9%
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Figure 5.7.: Charge-discharge profiles of (A) P0 and (B) P2 at various C-rates.

Figure 5.8.: Charge-discharge profile of P0-P2 (A) at 0.1C; (B) 0.5C.

pyrene content) failed when running at 0.1 C due to a plateau at high voltage (3.9–4.0 V) in the
voltage profile (Figure 5.9A), while coin cells based on P0 and P1 did not. Besides, CV curve of
P2/CNTs cathode at a low scan rate of 0.025 mV s-1 in the voltage range of 3.0–4.0 V, which
corresponds to a fully charging time of ∼ 22 h, exhibited an irreversible oxidation peak at around
3.9 V, while this irreversible anodic peak was absent at a relatively high scan rate of 0.1 mV s-1

(Figure 5.9B and 5.9C), demonstrating the existence of side reactions at low C-rate (i.e. 0.1 C).
Therefore, the poor battery performance of P2 was assumed to result from the interference of
side reactions which probably arise from the irreversible oxidation of pyrene with the participation
of TEMPO.
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5. Structural Design of Pyrene- Functionalized TEMPO-Containing Polymers for Enhanced
Electrochemical Storage Performance

Figure 5.9.: (A) Voltage profile of P2 at 0.1 C. CV curves of P2 (B) at a scan rate of 0.025 mV
s-1 and (C) at a scan rate of 0.1 mV s-1 within the voltage range of 3.0–4.0 V vs. Li/Li+. The
cathode is composed of active polymer/CNTs/CB/PVdF = 10/10/70/10 (wt.%).

5.5. Summary

In summary, theory and experiment have been used to study the effect of the structure design
of multiple pyrene-functionalized TEMPO-containing polymers to improve battery performance.
Through post-polymerization modification via activated ester, amide-bonded pyrene and TEMPO
moieties were efficiently incorporated into the same polymer chain. Compared to methylene-ester
linked pyrene, the amide-bonded pyrene based polymer, i.e. P1 and P2, showed relatively stable
redox peaks at around 3.55 V vs. Li/Li+. Incorporating amide-bonded pyrene moieties into
the TEMPO containing polymers improves the battery performance, whereas pyrene content
above 10% may induce side reactions, and consequently, impair the redox reaction of TEMPO.
Nevertheless, the present work highlighted the often-overlooked role of through-space electrostatic
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5.5. Summary

substituent effects via amide bonded TEMPO-pyrene copolymers, which could assist in the design
of nitroxide radical structures for different applications.
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6. Conclusion and Outlook

Organic radical batteries (ORB) are a novel promising class for energy storage, particularly
featuring a fast charging and extraordinary cycle life. On one hand, nitroxide radicals and their
polymer derivatives have found applications in diverse areas in the recent decades. Indeed, the
scientific community has seen the revival of such materials due to the development of their
applications in organic energy storage and electrochemical catalysis. On the other hand, the
representative polymer, i.e. poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA), is
usually synthesized by a post-oxidation method. As an alternate strategy for developing TEMPO-
containing polymers, the present thesis focused on the post-polymerization modification (PPM) via
activated ester (namely pentafluorophenyl (PFP) ester) in a one-step or two-step functionalization
manner, respectively. Intriguingly, this strategy not only allows a densely populated redox centers
along the polymer chain, but also enables the efficient incorporation of other specific functionality,
e.g. amide-boned pyrene moiety, to the same polymer chain, thus offering solutions to the critical
problems that hindering the development of radical-containing polymers as active materials in
organic radical batteries (ORB). Apart from the material aspect, in the present work various
processing parameters for PTMA-based cathode were investigated since the fabrication process
also plays a significant role in the final battery performance.

Chapter 3 introduced PPM for the synthesis of six types of TEMPO-containing polymers by
transesterification or aminolysis reactions of PPFPA and PPFPMA with three types of nucleophilic
TEMPO derivatives, i.e. 4-hydroxy-TEMPO, 4-amino-TEMPO and 4-methylamino-TEMPO.
Optimizing the reaction conditions by varying different parameters, such as type of nucleophile,
catalyst and solvent, feeding ratios of catalysts and nucleophiles, along with reaction time and
temperatures, resulted in a library of structurally distinct TEMPO-containing polymers with varying
backbone composition. Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm) revealed
the highest degree of functionalization with a TEMPO content of 96.2% under considerably
mild conditions (TEA, THF, 50℃ within 3 hrs.), while the reaction between PPFPMA and 4-
methylamino-TEMPO demonstrated the lowest TEMPO conversion owing to the steric hindrance
from methyl group on both the methacrylate chain and the 4-methylamino-TEMPO. All other four
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6. Conclusion and Outlook

TEMPO-containing polymers exhibited a radical content similar to PTMA (66.6%) synthesized
by the conventional post-oxidation methodology. Noteworthy, the choice of catalyst played a
critical role in PPM. Compared to TEA, DMAP (4-dimethylaminopyridine) and organo-activator
Tz/DBU facilitated an efficient ester bond cleavage independent of the polymer precursor, thus,
side reactions such as hydrolysis were increased. Though hydrolysis side reaction occurred, the
resulting carboxylic acid group was proven to accelerate ion transfer in a certain way during the
redox process. Furthermore, owing to the higher TEMPO content, PTAm exhibited a 12–22 mAh
g-1 higher specific capacity compared to the PTMA-oxidation when running at 5 C for 500 cycles.

Fabrication of electrodes plays an important role for the final battery performance. Unlike inorganic-
based electrodes, organic-based electrodes involve different formulations and configurations due
to the chief distinctions in both chemical affinity and electrical conductivity between organic and
inorganic compounds. Nevertheless, the processing of organic-based electrodes is less studied
compared to that of inorganic-based electrodes. Accordingly, Chapter 4 addressed the influence of
various processing parameters on the battery performance with PTMA-oxidation as the model
cathode active material. These parameters include slurry viscosity, drying temperature, carbon
form and calendering. The performed experiments revealed that cathodes dried at 80℃ exhibited
a better battery performance with a more homogeneous and less cracking morphology than
the ones dried at 50℃. Essentially, a modest slurry viscosity is preferable for the fabrication of
PTMA-based cathodes, since too high or too low viscosity would worsen the cathode morphology
and impair the final battery performance, especially in the case of a slurry with low viscosity.
While carbon nanofibers (CNF) and vapor grown carbon fibers (VGCF) improve crack resistance
of coated films during drying, the respective cathodes exhibited compromised discharge capacity
owing to their lower specific surface area and higher through-plane resistance compared to carbon
black (CB). Therefore, a well-suited processing conditions could be summarized as follows: drying
temperature of 80℃ and mass ratio between cathode and NMP in the slurry (χc), being around
62.5 mg g-1 regardless of TEMPO content. Moreover, CB is suggested to be a substantially
more favorable conductive agent, not only economically and because of safety concerns, but also
electrochemically, compared with VGCF and CNF.

Chapter 5 demonstrated the importance of rational structural design of pyrene-functionalized
radical (i.e. TEMPO) copolymers for enhanced electrochemical performance by providing insightful
guidelines for designing high-performance polymer-based electrodes for energy storage applications.
Through a two-step functionalization of PPM via activated ester, amide-bonded pyrene and
TEMPO moieties were efficiently incorporated into the same polymer chain with varying content.
Compared to a methylene-ester linked pyrene, the amide-bonded pyrene based polymer, i.e.
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P1 and P2, showed relatively stable redox peaks at around 3.55 V vs. Li/Li+. Moreover,
quantum mechanical calculations indicated that pyrene moieties preferred to lie almost flat on
the surface of CNTS, and a stronger intermolecular interaction was revealed between 1-amino-
pyrene and a graphene layer than between 1-pyrenemethanol and a graphene layer. Intriguingly,
incorporating amide-bonded pyrene moieties into the TEMPO-containing polymers improved the
battery performance with 76.8% capacity retention (73.2 mAh g-1) at 100 C, whereas a pyrene
content above 10% may induce side reactions, and consequently, impair the redox reaction of
TEMPO.

In summary, the current thesis describes PPM via activated ester as a feasible and simple approach
for the synthesis of TEMPO-containing polymers targeted for battery application. Due to the high
activity of PFP ester, polymers with high TEMPO content as well as bearing other functionalities
are readily achievable, hence issues that hinder the development of ORB, such as poor electric
conductivity and dissolution of electrode material in conventional electrolyte (e.g. carbonate-based
electrolyte) could be well addressed. The results support that the strategies developed in this thesis
effectively alter and enhance the electrochemical performance of TEMPO-containing polymers
with respect to discharge capacity, cycle stability and rate capability. Noteworthy, the knowledge
and methodologies developed in this thesis will not only benefit TEMPO-containing polymers as
active materials, but also be applicable to other redox-active organic and polymer materials in
energy storage applications.

Nevertheless, with various polymeric structures having been synthesized in chapter 3, the systematic
structure-property relationship of TEMPO-containing polymers need further investigation. As
TEMPO-containing polymers synthesized by PPM via activated ester are derived from the same
parent precursor polymer (e.g. PPFPA), they should possess the same chemical and analytical
information in regard to polymer backbone structure with similar degree of polymerization and
dispersity. Given the optimized reaction conditions for PPM of TEMPO-containing polymers as
well as cathode processing conditions revealed in the present work, a study of the structure-property
relationships of the various TEMPO polymers in respect to their electrochemical properties is
within easy reach. Moreover, on top of Chapter 5, it is clear that the design of nitroxide radical
structures are critical for battery application, therefore the often-overlooked role of through-space
electrostatic substituent effects via amide/ester bonded TEMPO-pyrene copolymers need to be
further investigated within an expanded polymer pool. Furthermore, except for amide-bonded
pyrene group, other functionalities could also be incorporated to TEMPO-containing polymers
to serve different purposes with respect to battery application. For instance, the synthesis of
cross-linked TEMPO-containing polymers with a well-controlled cross-link density for ORB and
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6. Conclusion and Outlook

the preparation of aqueous TEMPO-ionic liquid copolymers for aqueous flow batteries. In addition
to random copolymers, block copolymers bearing TEMPO pendant groups are also attainable
by tuning the structure of the parent polymers, i.e. activated ester-containing polymers, through
diverse polymerization techniques (e.g. ATRP, RAFT), followed by PPM with nucleophilic TEMPO
derivatives. Such TEMPO-functionalized block copolymers offer a good opportunity to tune the
morphology of the resulting electrodes (e.g. nanostructured morphology), thus leading to enhanced
battery performance. Last but not least, the fabrication of TEMPO-containing polymers by PPM
via activated ester utilized for other applications except energy storage, such as TEMPO-containing
hydrogels and microstructured nanocatalyst, are also applicable.
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7. Experimental Section

7.1. Materials and Methods

All solvents and regents used in synthetic procedures were purchased from Sigma-Aldrich, Fisher
Scientific, ABCR, TCI, and VWR and used as received unless otherwise stated. Deuterated solvents
were purchased from Eurisotop. Yields refered to isolated and purified products. Commercially
available lithium foil (0.75 mm thick, Alfa Aesar) was used as anode. Solef 6020 poly(vinylidene
fluoride) (PVdF, Solvay, Italy) was used as a binder, while CB-SP (Timcal), vapor grown carbon
fiber (VGCF, Showa Denko), a mixture of carbon nanofiber (CNF, Sigma-Aldrich) and Super P
carbon black (CB-SP: CNF = 9: 1, w/w) were used as conductive additives. All materials and
substrates were used as received unless otherwise noted.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Ascend 400 MHz NMR
spectrometer in deuterated solvents. Chemical shifts were reported in ppm with TMS as an internal
standard. Electron paramagnetic resonance (EPR) spectra were collected on a Bruker EMAXnano.
If not otherwise noted, all monomers were measured in dichloromethane (DCM) and all polymers
were done in dimethylacetamid (DMAc) using a capillary with an inner diameter of 0.9 mm. FTIR
spectroscopy was conducted on a Bruker Vertex70 spectrometer in an attenuated total reflectance
(ATR) setup. Size exclusion chromatography (SEC) data were obtained by utilizing a PL-GPC
50 Plus with a sample concentration about 2 mg mL-1 in DMAc. For calculating the molecular
weight and dispersity, PMMA was used as a calibration. Ultraviolet-visible (UV/vis) absorption
measurements were recorded on a JASCO V-630 UV/Vis-photospectrometer at 25 ◦C except for
pyrene-containing polymers which were conducted on a Varian UV-Visible Spectrophotometer
CARY 300 BIO for polymers. Fluorescence measurements were performed on a Varian Fluorescence
Spectrophotometer CARY Eclipse in the range of 350 to 650 nm in steps of 1 nm with an excitation
wavelength of 342 nm. Dynamic light scattering (DLS) analysis was carried out on a Zetasizer
Nano ZS light scattering apparatus (Malvern Instruments, UK) with a polymer solution of 1
mg mL-1 in DMAc. Thermogravimetric analysis (TGA) was performed on a TGA 55 analyser
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(TA instruments) from room temperature to 700℃ at a scan rate of 10℃ min-1 under nitrogen
atmosphere. Quantification of the pyrene groups within the TEMPO-pyrene copolymers was
based on UV/vis absorption data. The extinction coefficient for 1-aminopyrene at 289 nm and
for 1-pyrenemethanol at 344 nm were determined by a calibration curve in DMAc to ensure
an adequate solvation of the pyrene derivatives, which is a linear line by fitting the absorbance
maximum as a function of the solution concentration. The slope of the line corresponds to
the extinction coefficient, which was determined to be 22,876 cm-1 M-1 and 41,167 cm-1 M-1,
respectively, according to Beer-Lambert Law (see equation 7.1),

ξ = A

Cl
(7.1)

where ξ represents extinction/absorption coefficient, A refers to absorbance of pyrene derivatives
at a specific wavelength, C is the concentration of absorbing material, i.e. pyrene derivatives, and
l is the path length.

Quantum mechanical calculations based on Mφller–Plesset perturbation theory were performed
by taking the graphene flake, a large aromatic hydrocarbon with 130 carbon atoms, as a
model and assuming its edges were terminated with hydrogen atoms. TEMPO, 1-amino-
pyrene, and 1-pyrenemethanol molecules were located in the center of the flake to avoid the
electronic influence from the edge carbons. Geometry optimization and ground state search
were carried out within the TurboMole 7.3 program package [TURBOMOLE V7.3 2018.A
Development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-2007.
http://www.turbomole.com(TURBOMOLE GmbH, 2007)] at MP2 level of theory with cc-pVDZ
basis sets. The interaction energy (∆E) between the molecular and graphene flake was defined as
the energy difference between the graphene/molecular complex and infinitely separated fragments
(graphene/ 1-amino-pyrene, 1-pyrenemethanol and TEMPO). As confirmed by literature [375],
MP2 methods could give reliable description of the adsorption of small organic molecules on
graphene.

Cyclic voltammetry of the polymer solutions (0.5 mg mL-1) were performed on a potentiostat
system (PGSTAT128N Metrohm Autolab) in 0.1 M LiClO4 electrolyte in acetonitrile (MeCN) with
a scan rate of 100 mV s-1 ranging from 0–1.0 V vs Ag/Ag+ at 25℃. A glass carbon electrode, a
Pt-wire electrode and an Ag/AgCl electrode were used as working electrode, counter electrode and
reference electrode, respectively. Cyclic voltammetry measurements of coin cells were performed
on a potentiostat system (PGSTAT128N Metrohm Autolab) between 3.0–4.1 V vs. Li/Li+ at
a scan rate of 0.1 mV s-1 or 0.025 mV s-1. Electrode morphology was characterized on an
optical microscopy (VHX 900F, Keyence) at 25℃, and a scanning electron microscopy (SEM,

132



7.2. Synthetic Procedures

Zeiss Gemini/LEO 1530 system) with an accelerating voltage of 5 kV and a 20 µm aperture.
Through-plane resistance analysis of disk-shaped cathodes (φ = 14 mm) was carried out on a
lab-made equipment by applying a constant current of I = 100 mA to the cathode disk subjected
to a compression force of 70 N. Three cathodes with a mass tolerance less than 0.2 mg were
measured for each coating sample. The thickness of the cathode was determined by a micrometer
screw gauge. The cells were cycled galvanostatically in the voltage range of 3.0–4.1 V vs. Li/Li+

(PTMA-oxidation system and PA-A_1 system) or 3.0–4.0 V vs. Li/Li+ (TEMPO-pyrene co-polymer
system), at a charging and discharging rate of 5 C on a battery tester (BT 2000, Arbin). Rate
performance against the cycle number was evaluated for the polymer-based cathodes at variable
C-rates of 0.5–10 C (PTMA-oxidation system) or 0.1–100 C (TEMPO-pyrene co-polymer system)
in the voltage range of 3.0–4.1 V and 3.0–4.0 V vs. Li/Li+, respectively.

7.2. Synthetic Procedures

7.2.1. Synthesis of TEMPO Derivatives
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Scheme 7.1: Synthesis of TEMPO derivatives.

4-Oxo-2,2,6,6-tetramethylpiperidooxy (4-Oxo-TEMPO)

4-Oxo-TEMPO was synthesized according to literature [186]. To a solution of 2,2,6,6-tetramethyl-
I-piperidone (15.00 g), sodium tungstate (1.50 g) and of ethylenediaminetetraacetic acid (1.50 g)
in H2O (100 mL) was added 30% H2O2 ( 10 mL) dropwise. The reaction mixture was stirred at
room temperature for 48 hr. After filtered, pH of the filtrate was lowered to 5, saturated with
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NaCl and extracted with diethyl ether, red oil was obtained. Chromatographic separation using
neutral A12O3 and DCM/Petroleum ether = 1/1 (v/v) and then 5/1 (v/v) gave a red solid in
67% yield. G factor: 2.0033. FTIR (ATR mode): 1717 cm−1 (C=O stretching), 1460 cm−1 (N-O
stretching). UV-vis (DCM): λmax = 443 nm.

4-Amino-2,2,6,6-tetramethylpiperidmooxy (4-Amino-TEMPO)

To a solution of NH4Cl (5.70 g, 1.06 mol) in absolute methanol (MeOH) (300 mL) at pH =
7–8 were added NaBH3CN (0.75 g, 0.11 mol) and 4-oxo-2,2,6,6-tetramethylpiperidinooxy (3.07
g, 0.18 mol). The reaction was stirred at room temperature for 48 hr. and filtered, afterwards
the residual solvent was removed in vacuum. The remaining oil was dispersed in H2O, saturated
with NaCl, extracted with diethyl ether, dried over anhydrous MgSO4 and distilled, respectively.
The resultant oil was purified by column chromatography (silica gel, DCM/MeOH = 10/1 (v/v)
with 1% triethylamine (TEA)) to provide a red solid in 48% yield. G factor: 2.0024. FTIR (ATR
mode): 3352 cm−1 and 3284 cm−1 (N-H 1° amine stretching), 1603 cm−1 (NH2 scissoring), 1460
cm−1 (N-O stretching). UV-vis (DCM): λmax = 459 nm.

4-(Methylamino)-2,2,6,6-tetramethyl-1-piperidinyloxy (4-Methylamino-TEMPO)

4-Methylamino-Tempo was synthesized in a similar way as 4-amino-Tempo [187]. To a solution
of methylamine hydrochloride (2.50 g, 37.00 mmol) in absolute MeOH (100 mL) were added
4-oxo-TEMPO (1.10 g, 6.20 mmol) and NaBH3CN (0.27 g, 4.30 mmol) in addition to 5N HCl in
MeOH to adjust the pH of the solution to ca. 6. After stirring the reaction at room temperature
for additional 48 hr., the solvent was removed in vacuum. The remaining oil was taken up in
H2O, saturated with NaCl, pH adjusted to 9 with sodium hydroxide, extracted with diethyl ether,
dried over anhydrous MgSO4 and distilled, respectively. The resultant oil was purified by column
chromatography (silica gel, DCM: MeOH = 9.6/0.4 (v/v) with 1% TEA) to provide a red solid
with a yield of 92%. G factor: 1.9964. FTIR (ATR mode): 3311 cm−1 (N-H 2° amine stretching),
1460 cm−1 (N-O stretching). UV-vis (DCM): λmax = 460 nm.

4-Hydroxy-2,2,6,6-tetramethylpiperidinooxy (4-Hydroxy-TEMPO)

To a solution of 2,2,6,6-tetramethylpiperidinol (5.00 g) in 20 mL H2O stirred at 70℃ was added
magnesium oxide (17.50 mg) followed by H2O2 (9 mL), which was added in dropwise manner.
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After 4 hr., additional H2O2 (9 mL) was added dropwise. Finally, MnO2 was added to the reddish
mixture to quench the residual H2O2 before filtration. The filtrate was saturated with NaCl
and extracted from diethyl ether. After rotary evaporation, the product was recrystallized form
n-hexane with a yield of 89%. G factor: 2.0054. FTIR (ATR mode): 3406 cm−1 (O-H stretching),
1460 cm−1 (N-O stretching). UV-vis (DCM): λmax = 460 nm.

7.2.2. Synthesis of Poly(pentafluorophenyl (meth)acrylate)
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Scheme 7.2: Synthesis of PPFP(M)A.

Poly(pentafluorophenyl acrylate) (PPFPA)

Pentafluorophenyl acrylate (PFPA) was synthesized as literature suggested [376]. To a solution of
pentafluorophenol (PFP, 9.20 g, 50.00 mmol) in anhydrous DCM (42 mL) at 0℃ was added TEA
(5.57 g, 55.00 mmol) dropwise. Acryloyl chloride (4.98 g, 55.00 mmol) was added dropwise to
the cooled reaction mixture under vigorous stirring, after 30 min, the mixed solution was allowed
to reach room temperature and stirred for an additional 12 hr. Monitoring of the reaction was
performed by thin-layer chromatography (TLC), petroleum ether/ethyl acetate = 15/1, v/v)
until complete consumption of PFP was observed. The reaction mixture was filtered prior to
two-fold extraction with brine and dried over Na2SO4, concentrated by rotary evaporation and
suddenly vacuum distilled. The crude product was purified by column chromatography (silica gel,
petroleum ether/ethyl acetate = 15/1, v/v). Finally, a colourless liquid was obtained (9.43 g,
79%). The analytical data of pentafluorophenyl acrylate matches published data. 1H NMR (400
MHz, CDCl3): δ 6.72 (dd, J = 17.3, 0.8 Hz, 1H), 6.37 (dd, J = 17.3, 10.6 Hz, 1H), 6.18 (dd, J
= 10.6, 0.8 Hz, 1H).

PPFPA was synthesized in accordance with previous reports of the research group [303]. A
solution of PFPA (5.00 g, 21.00 mmol) and azobisisobutyronitrile (AIBN), 34.50 mg, 0.21 mmol)
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in dry 1,4-dioxane (5 mL) were placed in a Schlenk tube. Three freeze-pump-thaw cycles were
performed to degas the solution. The flask was transferred to a preheated oil bath at 70℃ and
stirred overnight. The reaction was exposed to air to quench the polymerization. The solution was
diluted with chloroform and precipitated from methanol to afford a white solid. It was redissolved
in chloroform and reprecipitated from MeOH. The process was repeated thrice. After drying under
vacuum at 40℃ for 72 hr., the polymer was given in 90% yield. 1H NMR (400 MHz, CDCl3):
δ 3.27–2.70 (m, 1H), 2.55–1.69 (m, 2H). 19F NMR (377 MHz, CDCl3): δ -153.19 (s), -157.14
(d, J = 279.3 Hz), -162.20 (s). FTIR (ATR mode): 1782 cm−1 (C=O stretching of PFP-ester),
1516 cm−1 (aromatic ring stretching). GPC (PMMA standard, DMAc): Mn = 46.9 kDa, Mw =
102 kDa, Ð = 2.2.

Poly(pentafluorophenyl methacrylate) (PPFPMA)

Pentafluorophenyl methacrylate (PFPMA) was synthesized as it was reported in the literature [377].
To a solution of PFP (18.41 g, 0.10 mol) in diethyl ether (230 mL) at 0℃, TEA (11.13 g, 0.11
mol) was added. Subsequently, methylacryloyl chloride (11.50 g, 0.11 mol) was added dropwise
to the cooled reaction mixture while stirring, and after 3 hr., the mixture was warmed to room
temperature and let to stir overnight. Monitoring of the reaction was performed by TLC (petroleum
ether) until the complete consumption of PFP was observed. The reaction mixture was filtered
prior to two-fold extraction with brine and dried over Na2SO4, and finally concentrated by rotary
evaporation. The crude product was purified by column chromatography (silica gel, petroleum
ether). Finally, a colourless liquid was obtained with a yield of 91%. The analytical data of
PFPMA is in accordance with the published data. 1H NMR (400 MHz, CDCl3): δ 6.60–6.15 (m,
1H), 5.84 (dd, J = 2.8, 1.4 Hz, 1H), 2.01 (t, J = 1.3 Hz, 3H).

A solution of PFPMA (5.00 g, 19.83 mmol) and AIBN (42.30 mg, 0.26 mmol) in dry 1,4-dioxane
(5 mL) were placed in a Schlenk tube. Three freeze-pump-thaw cycles were performed to degas
the solution. The flask was transferred to a preheated oil bath at 80℃ and stirred overnight.
The reaction was exposed to air to quench the polymerization. The solution was diluted with
chloroform and precipitated from MeOH to afford a white solid. It was redissolved in chloroform
and reprecipitated from MeOH. The process was repeated thrice. After drying under vacuum at
40℃ for 72 hr., a polymer was obtained with a yield of 53%. 1H NMR (400 MHz, CDCl3): δ
3.02 – 1.92 (m, 1H), 1.87–1.06 (m, 2H). 19F NMR (400 MHz, CDCl3): δ -150.54 (t, J = 123.7
Hz), -151.51 (s) -156.97 (s), -16P.10 (s). FTIR (ATR mode): 1782 cm−1 (C=O stretching of
PFP-ester), 1516 cm−1 (aromatic ring stretching). GPC (PMMA standard, DMAc): Mn = 15.4
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kDa, Mw = 36.8 kDa, Ð = 2.4.

7.2.3. Synthesis of TEMPO-Containing Polymers by One-Step and
Two-Step Post-Polymerization Modification via Activated Esters

TEMPO-Containing Polymers in One-Step Post-Polymerization Modification

Three types of TEMPO derivatives, i.e. 4-amino-TEMPO, 4-methylamino-TEMPO and 4-hydroxy-
TEMPO, were used as nucleophiles to react with PPFPA and PPFPMA respectively, in order to
yield 6 types of PTEMPOs (Scheme 3.4). In order to optimize the reaction conditions for each
PTEMPO derivative, various solvents, catalysts, feeding ratios, temperatures and reaction times
were screened, respectively. The general procedures are as follows: to a solution of active ester
polymer, catalyst dissolved in solvent under inert condition at a certain temperature, the TEMPO
nucleophile dissolved in the same solvent was added dropwise. In specific intervals, samples were
withdrawn for FTIR measurements to follow the progress of the reaction. The resulting polymers
were purified by precipitation in diethyl ether/n-hexane (v/v = 1/1) or dialysis in water, and
afterwards freeze dried. For detailed reaction conditions please refer to chapter 3.
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Scheme 7.3: Synthesis of various TEMPO containing polymers by PPM via activated esters.

Polymeric N-acylpyridinium Salt

PPFPA (95.40 mg, 0.40 mmol) and dimethylaminopyridine (DMAP, 98.50 mg, 0.80 mmol) were dis-
solved in 1,2-dimethoxyethane (DME) in a schlenk tube and reacted under nitrogen at 60℃ for 3 hr.
The yellowish solution was concentrated and precipitated from cold n-hexane/diethylether/MeOH
= 2/2/1 (v/v/v, 3 × 20 mL). The yellow solid intermediate was only soluble in DMAc and DMF
at room temperature.
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Multiple Pyrene-Functionalized TEMPO-Containing Polymers

1) Synthesis of Poly[(1-pyrene acrylamide)-ran-(TEMPO acrylamide)] (P(PyAm-ran-
TAm))

P1 and P2 were synthesized in a two-step, one-pot manner via PPM. To a solution of PPFPA
(238.1 mg, 1.0 mmol repeating unit) and 1-aminopyrene (434.5 mg, 2.0 mmol) in anhydrous
DME (20.0 mL), TEA (202.4 mg, 2.0 mmol) was added under nitrogen atmosphere while stirring,
the mixture was heated at different temperatures (50℃ and 70℃ for P1 and P2, respectively)
for 20 hr., which resulted in poly[(1-pyrene acrylamide)-ran-PFPA] (P1’ and P2’) with different
pyrene contents. Afterwards, 4-amino-TEMPO (342.5 mg, 2.0 mmol) in DME (5 mL) was added
dropwise and the mixture was stirred at 50℃ for another 3 hr. The solution was concentrated
under vacuum, precipitated in a mixture of n-hexane and diethyl ether (v/v = 1/1) for three
times, and dialysed in methanol and deionized water prior to be freeze-dried.
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Scheme 7.4: Synthetic routes towards pyrene functionalized TEMPO-containing polymers.

2) Synthesis of Poly[(1-pyrenemethyl acrylate)-ran-(TEMPO acrylamide)] (P(PyMA-
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7.2. Synthetic Procedures

ran-TAm))

P3 was synthesized in a similar procedure as P1 and P2. The first step was conducted with a
condition reported previously by our research group [303]. To a solution of PPFPA (238.1 mg, 1.0
mmol repeating unit) and 1-pyrenemethanol (50.0 mg, 0.2 mmol) in anhydrous DME (20.0 mL),
DMAP (24.4 mg, 0.2 mmol) was added under nitrogen atmosphere while stirring, the mixture
was heated at 80℃ for 15 hr., which resulted in poly[(1-pyrenemethyl acrylate)-ran-PFPA] (P3’).
Afterwards, 4-amino-TEMPO (342.5 mg, 2.0 mmol) in DME (5 mL) was added dropwise and
the mixture was stirred at 50℃ for another 3 hr. The solution was concentrated under vacuum,
precipitated in a mixture of n-hexane and diethyl ether (v/v = 1/1) for three times, and dialysed
in methanol and deionized water prior to be freeze-dried.

7.2.4. Synthesis of PTMA via Post-Oxidation Method
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Scheme 7.5: Synthesis of PTMA-Oxydation.

As a reference, PTMA was prepared by traditional post-polymerization oxidation method [25],
which was conducted in two steps, first polymerization of PTMA precursor i.e. PTMPMA, and
afterwards oxidation of amino groups into ntiroxide radicals. To a solution of monomer 2,2,6,6-
Tetramethylpiperidine methacrylate (TMPMA), 4.51 g, 20.00 mmol) in dry tetrahydrofuran (THF,
15 mL) under argon atmosphere, AIBN (0.04 g, 0.26 mmol) was added. After refluxing at 80℃
for 6 hr., the reaction mixture was allowed to cool to room temperature. Polymer was precipitated
in n-hexane and dried at 40℃ for 24 hr. under vacuum. Yield: 91%. 1H NMR (400 MHz, CDCl3):
δ 5.61–4.56 (m, 1H), 2.79–1.61 (m, 4H), 1.58–0.21 (m, 16H).

To a solution of PTMPMA (0.60 g, 2.67 mmol) and sodium tungstate dihydrate (0.15 g, 0.45
mmol) in MeOH (24 mL), solution of H2O2 was added (30 wt.%, 1.5 mL) in a dropwise manner
under continuous vigorous stirring. The reaction mixture was stirred at room temperature for
additional 48 hr. with protection against light by using aluminium foil. After 48 hr., a red polymer
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7. Experimental Section

precipitated from the solution. The residual MeOH was decanted out, and the polymer was
washed with MeOH/H2O (1/1, v/v, 2 × 5 mL). Finally, the polymer was dried under vacuum
overnight. Yield: 85%. GPC (PMMA standard, DMAc): Mn = 40.1 kDa, Mw = 173 kDa, Ð =
4.3. G factor: 2.0033.

7.3. Cathodes Preparation and Coin Cell Assembly

7.3.1. General Preparative Procedure for Cathodes without Carbon
Nanotubes

The cathode slurry was prepared by grinding the TEMPO-containing polymer (10 mg, 10 wt.%)
and conductive carbon (80 mg, 80 wt.%) in a mortar for 5 minutes, subsequently transferring the
mixed powder into a vial and adding N-methyl-2-pyrrolidone (NMP). After mixing on a magnetic
stirrer for 2 hrs. to completely dissolve the polymer and coat it on the surface of the conductive
carbon, a PVdF (10 mg) solution in NMP (10 wt.%) was added, followed by stirring the mixture
overnight. The slurry was blade coated on an aluminium foil (thickness 30 µm) using a film
coating applicator (byko-drive V, BYK Gardner) and dried in an oven overnight. Afterwards, the
middle area of the coating film was chosen and punched out as disk shaped cathodes (φ = 14
mm). Some samples were calendered at 50℃ before punching with a calendering roll (Saueressig,
GKL 200) to reduce the porosity of the coating film. The specific mass loading of each specimen
was listed in Appendix Table B.1.

7.3.2. Preparation of Cathodes with Carbon Nanotubes

The TEMPO-pyrene co-polymer (10 mg) and carbon nanotubes (CNTs, 10 mg) were dispersed in
a mixture of NMP (0.4 mL) and THF (2 mL) with the aid of a homogenizer (IKA, T 10 basic
ULTRA-TURRAX). A suspension of CB-SP (70 mg) in NMP (1.3 mL) was homogenized as well.
Afterwards, the aforementioned two colloidal dispersion were vigorously mixed together and put on
a rotary evaporator to degas and remove the THF and part of NMP at 40℃. In the end, a PVdF
(10 mg) solution in NMP (10 wt.%) was added and homogenized gently to obtain a bubble-free
and uniform slurry. Composite cathodes were formed by blade coating the above-mentioned
slurries onto an aluminium foil (thickness 30 µm) and dried at room temperature and 80℃ under
vacuum sequentially. The typical mass loading of the TEMPO-pyrene copolymer/CNTs hybrid
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7.3. Cathodes Preparation and Coin Cell Assembly

cathode was ∼ 1.5 mg cm-2. The thickness of the hybrid electrodes was about 50 µm.

7.3.3. Coin Cell Assembly

Coin cells (CR2032 type) were assembled by stacking the polymer-based cathode, lithium metal
anode and two pieces of separator film (Celgard H2013) with 1.0 M LiPF6 in EC/DMC (50/50,
v/v) electrolyte (150 µL) in an argon filled glove box (MBraun), where both O2 and H2O contents
were less than 2 ppm.
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Appendix

The following sections provide additional characterization data of the chemical structures, cathodes
and thermal stabilities of resulting polymers developed in the present thesis, if not displayed in
chapter 3–5.
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A. Additional Figures of Chapter 3

Figure A.1.: NMR spectrum (400 MHz, CDCl3, 298K) of PPFPMA.

Figure A.2.: NMR spectrum (400 MHz, CDCl3, 298K) of PPFPA.

178



Appendix

Figure A.3.: NMR spectrum (400 MHz, CDCl3, 298K) of PTMPM

Figure A.4.: Comparative IR spectra of 4-Oxo-TEMPO, 4-Amino-TEMPO and 4-Methylamino-
TEMPO, respectively.

179



Appendix

Figure A.5.: Comparative IR spectra of 4-Hydroxy-TEMPO and 2,2,6,6-tetramethylpiperidinol.

Figure A.6.: Comparative UV/vis spectra of 4-Amino-TEMPO, 4-Methylamino-TEMPO, 4-
Hydroxy-TEMPO and 4-Oxo-TEMPO in DCM (33.5 mM), respectively.
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Figure A.7.: Comparative EPR spectra of 4-Amino-TEMPO, 4-Methylamino-TEMPO, 4-Hydroxy-
TEMPO and 4-Oxo-TEMPO, respectively
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B. Additional Table of Chapter 4

Table B.1.: Loading mass (mg cm-2) of cathodes.

Sample ID Masscathodes(mg) Average mass loading
specimen (mg cm-2)

1 2 3 4
#1 PTMA66-T50 2.7 2.7 3.1 - 1.82
#2 PTMA66-T80 3.2 2.9 3.2 - 2.01
#3 PTMA66-χ76.5 2.6 2.4 2.6 - 1.62
#4 PTMA66-χ70.8 2.4 2.0 2.3 - 1.43
#5 PTMA66-χ62.5 2.1 2.3 2.3 - 1.43
#6 PTMA66-χ54 1.5 1.5 1.5 - 0.97
#7 PTMA66-χ46.2 0.7 0.5 0.6 - 0.39
#8 PTMA66-CB&CNF 3.3 3.5 3.6 - 2.21
#9 PTMA55-NC 3.1 3.1 3.1 3.1 2.01
#10 PTMA55-C 3.2 3.3 3.2 3.5 2.14
#11 PTMA55-VGCF 3.4 3.2 3.6 - 2.21
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C. Additional Figures and Tables of Chapter 5

Figure C.1.: Cycle performance of cathodes based on P0 dried at various temperatures.

Figure C.2.: Cycle performance of cathodes based on (A) PTMA-Oxidation and (B) PTAm
prepared with different mixing methods.
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Figure C.3.: EPR spectra of P0 solution (1.035 mg mL-1) in NMP heating at 80℃ under ambient
conditions for various times.

Table C.1.: Coulombic efficiency for P0-P2 at different C-rates.

Sample Coulombic Efficiency (CE,%)
0.1 C 0.5 C 1 C 2 C 5 C 10 C 20 C 50 C 100 C 0.1 C

P0 94.6 99 99.4 99.7 99.9 99.9 99.8 99.8 100 91.3
P1 84.5 97.1 98.4 99.2 95.4 97.6 98.9 99.6 99.8 82.7
P2 71.6 93.2 94.7 96.6 96.6 98.2 98.8 99.5 99.6 80.7
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3DOM three-dimensional ordered macroporous
4-allyl-TEMPO ether 4-allyl-2,2,6,6-tetramethylpiperidine-N-oxyl ether
4-amino-TEMPO 4-amino-2,2,6,6-tetramethylpiperidinyloxyl
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4-hydroxy-TEMPO 4-hydroxy-2,2,6,6-tetramethylpiperidinooxy
4-methylamino-TEMPO 4-(methylamino)-2,2,6,6-tetramethyl-1-piperidinyloxy
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DFT density-functional theory
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DMSO dimethyl sulfoxide
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DPV differential pulse voltammogram
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emf electromotive force
EPR electron paramagnetic resonance
EQCM-D electrochemical quartz crystal microbalance with dissipation
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