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Abstract

Since the discovery of organic semiconductors (OSCs) over four decades ago, the field of
organic electronics has broken our misconceptions regarding the possibilities of modern
electronics. The synthetic toolkit of organic chemistry enables the creation of a limitless number
of unique OSCs that can be specifically tailored and engineered with the specific and desired
properties for unique applications. The rapid adoption of modern information systems, “Internet
of Things,” in which smart devices and sensors ubiquitously collect and exchange data has resulted
in a need for low-cost sensors to be deployed everywhere from the monitoring of food supply
chains, environmental conditions, to human health. Organic thin-film transistors (OTFTs) are a
necessary component to support these technologies. However, their mass adoption will require
reduction in cost and improved compatibility with low voltage generating printed batteries or

flexible and ultrathin photovoltaics.

This thesis is focused on the development of high performing solid state polymer
electrolytes to be employed as the gating medium in OTFTs. The choice of conventional gating
materials often leads to a tradeoff between high capacitance, operating speed and material softness.
For example liquid electrolyte gating materials have high capacitance but low operating speed and
are liquid at room temperature which is unacceptable for many electronics application. Polymer
gating materials often have lower capacitance but fast operating conditions and solid at room
temperature. In this thesis we establish structure property relationships which aid in the design of
novel block copolymer-based gating materials which simultaneously enable the increase in
capacitance and switching speed while remaining solid at room temperature. In the first study I
established a styrene-based ionic liquid monomer can be using as a controlling monomer in the
nitroxide mediated copolymerization of methacrylates. The second study then focuses on the
integration of these materials into OTFT devices; the morphology (block vs random copolymers)
effect on device performance is assessed. The last study builds on the findings of the previous

study and further explores the structural elements of block copolymers on device performance.

The work presented here outlines the development of advanced poly(ionic liquid) based
solid electrolyte materials that enables both reduced operating voltages and fast switching. Finally,

we establish structure-property relationships that relate the molecular architecture to OTFT device
iii
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performance paving the way for the adoption of a new generation of high performing, printable

and flexible electronics.
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Abstrait

Depuis la découverte des semi-conducteurs organiques (OSC) il y a plus de quatre
décennies, le domaine de 1'électronique organique continue a évoluer nos idées concernant les
possibilités de 1'¢électronique moderne. La boite a outils synthétique de la chimie organique permet
la création d'un nombre illimité d'OSC uniques qui peuvent étre spécifiquement adaptés et congus
avec les propriétés spécifiques et souhaitées pour des applications uniques. L'adoption rapide des
systemes d'information modernes, « I'Internet des objets », dans lesquels les appareils intelligents
et les capteurs collectent et échangent des données de mani¢re omniprésente a entrainé un besoin
de capteurs a peu colteux a déployer partout, pour exemple la surveillance des chaines
d'approvisionnement alimentaire, les conditions environnementales, et la santé humaine. Les
transistors organiques a couche mince (OTFT) sont un composant nécessaire de ces technologies.
Cependant, leur adoption nécessitera une réduction des cofits et une meilleure compatibilité avec

les batteries imprimées génératrices de basse tension ou les photovoltaiques flexibles et ultrafins.

Cette thése se concentre sur le développement de polymeres électrolytes a état solide de
haute performance a utiliser comme milieu de déclenchement dans les OTFT. Le choix des
matériaux de déclenchement conventionnels conduit souvent & un compromis entre une capacité
¢élevée, une vitesse de fonctionnement et la douceur du matériau. Par exemple, les matériaux de
déclenchement a électrolyte liquide ont une capacité ¢€levée mais une faible vitesse de
fonctionnement et sont liquides a température ambiante, ce qui est inacceptable pour de
nombreuses applications électroniques. Les matériaux déclenchement de polymeére ont souvent
une capacité inférieure mais des conditions de fonctionnement rapides et solides a température
ambiante. Dans cette thése, nous établissons des relations de propriétés de structure qui aident a la
conception de nouveaux matériaux de déclenchement a base de copolymere séquencé qui
permettent simultanément 1'augmentation de la capacité et de la vitesse de commutation tout en
restant solides a température ambiante. Dans la premiére étude, j'ai établi qu'un monomere liquide
ionique a base de styréne peut étre utilis€ comme monomere de contrdle dans la copolymérisation
de méthacrylates a médiation par le nitroxyde. La seconde étude porte ensuite sur l'intégration de
ces matériaux dans des dispositifs OTFT ; l'effet de la morphologie (copolymeres séquencés vs

aléatoires) sur les performances du dispositif est évalué. La derniére étude s'appuie sur les
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conclusions de 1'étude précédente et explore davantage les ¢léments structurels des copolymeres

séquencés sur les performances du dispositif

Le travail présenté ici décrit le développement de matériaux d'électrolyte solide a base de
poly(liquide ionique) avancés qui permettent a la fois des tensions de fonctionnement réduites et
une commutation rapide. Enfin, nous établissons des relations structure-propriété qui relient
l'architecture moléculaire aux performances des dispositifs OTFT, ouvrant la voie a 1'adoption

d'une nouvelle génération d'électronique haute performance, imprimable et flexible.
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Chapter 1: Background

1.1 Overview

1.1.1 Organic Electronics

In 1947 scientists at Bell Laboratories created the first transistor, and with this constructed
the first solid-state amplifier. This development intensified research on semiconductors, which
ultimately led to the metal-oxide-semiconductor field-effect transistor (MOSFET) in 1959.!
Transistors have since become the fundamental component of all modern electronics. The
technologies produced by modern electronics have profoundly impacted humanity, especially
concerning how we record, store, analyze, and communicate information globally. Transistors,

without debate, hold the title as the most important development of the 20™ century.

The development of polymers, or plastics, has similarly made an enormous impact in our
world. Stemming from their robust mechanical properties, relatively low manufacturing cost and
ease of processing, polymeric materials have superseded conventional time-honoured materials
like glass, metals, wood, and ceramics in their prior applications. Traditionally, in the realm of
electronics, polymers have been utilized as insulating materials. However, the deep-rooted belief
that plastics are solely insulating was put to rest in 1976 by Hideki Shirakawa, Alan MacDiarmid,
and Alan J. Heeger with their synthesis of polyacetylene, which exhibited the conductivity near
that of metals when doped.? The advent of conducting polymers gave rise to the potential of a new
class of materials that possess the electrical properties of traditional semiconductors and metals
while maintaining the mechanical robustness and ease of processing provided by plastics. This
sparked the field of Organic Electronics, which encompasses the development and use of organic

semiconducting materials as the active material in electronic applications.

Many organic semiconductors can be processed from solutions as inks and dyes, which
enables the potential for high-volume and low-cost manufacturing of electrical devices using well-
established printing methods, such as flexography, inkjet, gravure, and screen printing.>* This is
in contrast to the fabrication of inorganic semiconductors that require high temperatures (T > 2000

°C) to grow the silicon single crystals needed for conventional electronics. Additionally, the
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physical and chemical properties of organic semiconductors can be finely tuned and tailored for a

specific application by modifying their chemical structure using organic chemistry.’

The progress in organic electronics to date has been remarkable; for example, small
molecule based organic light-emitting diodes (OLEDs) have been fully commercialized and are
ubiquitous in modern television and smartphone displays. They are preferred for their reduced
power consumption, increased brightness, flexibility, and ultra-thin screen thickness.® Organic
photovoltaics (OPVs) have demonstrated efficiencies up to 18.6%’ approaching those offered by
commercial silicon photovoltaics but offer the potential for greatly reduced manufacturing costs.
Organic thin-film transistors (OTFTs) have been underrealized; however, they undoubtedly
provide the broadest range of potential applications. For example, RFID tags,® active display

10,11

backplanes,’ and flexible or printed memory devices are on the brink of commercialization.

However, it must be emphasized that OTFTs do not offer the same electrical performance
as silicon devices. Although OTFT performance has been significantly improved, it is apparent
that they will not approach those of their inorganic counterparts used in modern high-end and high-
processing power microprocessors. As a consequence, the future of OTFTs lies in niche
applications where either low-cost is required or for the exploitation of their unique properties such
as flexibility, stretchability, and biocompatibility. These applications include smart packaging,'?

1314 and chemical & biological sensors.!>"!7 The commercial realization of many of these

e-skins,
applications requires improvements in solution processing compatibility and power consumption.

As these problems are resolved, we will move closer to a smart future.

1.1.2 Scope & Aim of Thesis

This thesis focuses on the development of novel polymer materials for the insulating
medium in OTFTs that, in effect, lower device operating voltages without negatively impacting
responsiveness while maintaining compatibility with large scale printing methods. The first part
of the thesis (Chapter 1) provides the necessary background for understanding the research
findings of Chapters 2 — 4 and presents concepts from electrical, materials, and polymer reaction
engineering. An overview of OTFTs, characteristic equations, the case for electrolyte-gated
transistors, and the need for improvement of electrolyte materials is introduced. Following,

electrolyte materials are introduced with a thorough explanation of electrical double layers and

2



PhD Thesis — Alexander J. Peltekoff University of Ottawa

conductivity, along with their retrospective characterization techniques. Finally, a background on
the nitroxide mediated polymerization mechanism used to synthesize the polymeric materials in
this thesis works is provided. Additionally, selected literature is reviewed alongside the

corresponding background as they are introduced.

In the following three chapters, scientific studies and findings are examined. In Chapter 2,
the synthetic chemistry to develop imidazolium-based ionic liquid containing polymers by
nitroxide mediated polymerization is explored. Multiple synthetic pathways to reach the same final
material are studied with an emphasis on polymerization kinetics and the determination of
reactivity ratios. The research work following (Chapter 3) outlines the polymer reaction
engineering of the optimal polymer synthetic route along with the integration of the final materials
into capacitors and OTFTs. In devices, the materials effectively achieve the reduced operating

voltages desired but are slow responding.

The final research study (Chapter 4) works to improve the responsiveness of the materials
developed in the preceding chapter. A methodical and thorough study is performed with the goals
of determining structure-property relationships between the polymer structural elements and
ultimate OTFT device performance metrics. A series of design principles are established outlining
which specific polymeric structural elements influence a corresponding transistor performance

metric along with an in-depth scientific understanding of the structure-relationships proposed.

Chapter 5 provides a brief summary of the research included in Chapters 2 —4 and proposes
future research direction and investigations building off work explored, and findings established
in the thesis. Chapter 6 presents abstracts to papers from other studies I have directed and/or

contributed to during my time in the Lessard Research Group as part of my doctoral studies.
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1.2 Organic Thin-Film Transistors
This section contains the technical background information that is relevant to the

understanding the significance of the research presented in Chapters 2 — 3.

1.2.1 Organic Semiconductors

Organic semiconductors (OSC) are materials composed of n-bonded carbon atoms, which
often feature heteroatoms such as nitrogen, oxygen, and sulphur. They are divided into two classes:
small molecules and polymers. Analogous to inorganic semiconductors, they are referenced as
behaving like n-type or p-type materials based on their ability to transport negative charge carriers
(electrons) or positive charge carriers (holes), respectively. Electron mobility in OSCs tends to be
low resulting from inefficient charge injection and more efficient trapping from electrochemical
reactions (in the presence of water and oxygen), consequently OSCs tend to perform as p-type in
electrical devices. However, the organic electronics field has made remarkable progress in this
regard; air stable n-type materials of both small molecule and polymeric types have been
developed. Notably, the Lessard Research Group developed silicon bispentafluorophenoxy
phthalocyanine (F10-SiPc) a small molecule exhibiting electron mobility up to 0.54 cm?/Vs.
Significant progress on polymeric n-type materials has also been achieved, for example
poly {[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-
bithiophene)}, P(NDI2OD-T2) (Figure 1.1) has exhibited electron mobility up to 0.85 cm? V! s
118 The works included in this thesis utilize P(NDI2OD-T2) n-type polymer semiconductor,
selected due to its air stability and due to its high prevalence in the literature to make a better

comparison of the device performance achieve herein.
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C R F D CHz(CH )6CHs3
CHZ(CH2)80H3

CHz(CHz)SCH3

CHz(CH )6CHs
F F

Figure 1.1. Chemical structures of some common organic semiconductors. (a) Pentacene. (b) Regioregular
poly(3-hexylthiophene), P3HT. (c) silicon bispentafluorophenoxy phthalocyanine, Fio-SiPc. (d)
poly {[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-
bithiophene)}, P(NDI20OD-T2).

Historically organic materials were thought to be exclusively insulating materials until the
seminal work by Shirakawa and coworkers? in 1977, which showed that polyacetylene exhibited
semiconducting electrical properties. Organic semiconducting materials all possess a similar
structural feature where electrons are delocalized through a series of carbon atoms joined by
alternating single (o) and double bonds (o + © bond), which is referred to as m-conjugation. When
a carbon atom is involved in the formation of a double bond, it is sp> hybridized. The sp? orbitals
form strongly localized o-bonds, which governs the molecular structure, and delocalized =-
electrons that occupy a single plane perpendicular to the chain of carbon atoms. The n-electron
clouds overlap forming m-orbitals that extend along the conjugated chain, and thus the n-electrons
are not bound (i.e. delocalized) to a specific atom or bond (Figure 1.2a). The n-orbital with the
highest energy electrons is referred to as the highest occupied molecular orbital (HOMO). The

closest (higher energy) orbital that is unoccupied is likewise referred to as the lowest unoccupied

5
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molecular orbital (LUMO). The bandgap (energy difference between frontier orbitals) decreases

with increasing conjugation, -2

and therefore it is generally found that the more conjugation, the
better the semiconducting properties of the material (Figure 1.2b). However, when it comes to
integrating these materials into devices, charge transport in the semiconducting films is dictated
by more than solely semiconducting energetics, for example, differences in solid-state
arrangements can make a drastic difference. Charge transport in devices is also negatively affected

by inefficient charge injection from electrodes or charge trapping from impurities in the film.

Pz orbital Pz orbital

7 -bond

Planes of sp2 orbitals Numbers of double bonds

Figure 1.2. a) sp? hybridization of two carbon atoms, reproduced from Kumar et al.?! and b) interchain

interactions in organic pi-conjugated materials, reproduced from Cornil et al."’

Charge carrier transport in an organic semiconducting polymer is a combination of two
mechanisms; along the polymer backbone, facilitated by electron delocalization, or by charge-
hopping between adjacent polymer chains facilitated by m-orbital overlap.?? A polymeric OSC film
comprises of both ordered aggregates and amorphous domains. The ordered regions consist of
conductive sheets of m-stacked chains. Charge transport in conjugated polymers is much faster
along the backbone compared to charge-hopping between adjacent chains and as a result the charge
transport within aggregates greatly varies depending on the direction of transport.>>** To enable
efficient charge transport on the macroscale in the thin-film, neighboring crystallites must be
connected by individual tie chains.?® The presence of these tie chains is governed both by single-
chain attributes (rigidity and length), as well as fabrication methods which influences the size,
fraction, and distance between ordered regions.?®?’ This leads to a multi-scale charge transport

process, where the rate limiting mechanism is differentiated depending on the length scale of

6
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concern. Charge transport along the polymer backbone is limited by intrachain electronic coupling
between connected monomeric units whereas charge transport in ordered regions is limited by
interchain electronic coupling which requires multiple interchain hopping events. Macroscopic
charge transport within the material bulk is limited by the amorphous regions where n-stacking is

not present, unless they are connected by tie chains.

Rr-P3HT

Ordered Region Disordered Region Ordered Region

Figure 1.3. Charge transport processes and disorder at different length scales in a two-dimensional sheet

of edge-on regioregular P3HT. Figure reproduced from Segatta et al.?®

Charge transport in small molecule OSCs is more simplistic compared to polymers as
charge is exclusively transported via hopping mechanisms. Charge transport by hopping is two to
three orders of magnitude slower than intrachain charge transport in conjugated polymers.?’
Consequently, conjugated polymers have the greater potential in high performing organic
electronic devices. Additionally, conjugated small molecules typically have poor solubility
compared to conjugated polymers, which means devices cannot be fabricated using low-cost
solution processing and must be deposited by physical vapour deposition. For these reasons, I
believe the future of organic electronic circuitry (OTFTs) will be dependent on polymeric

technologies and have directed my research on these materials.

1.2.2 Basic Operation of Organic Thin-Film Transistors
An organic thin-film transistor (OTFT) is a three-electrode solid state device that is
comprised of a semiconducting layer that is separated from the gate electrode with a gating

insulator. The source and drain electrodes are in direct contact with the semiconductor. The region
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area between these electrodes is the channel, which has a length (L) and width () given from the
distance between the electrodes and their dimensions. A schematic of a thin-film transistor is

provided in Figure 1.4.

Figure 1.4. Schematic of a thin-film transistor with channel length and width of W and L.

The difference in potential between the gate and source is denoted as Vs and is commonly referred
to as the gate voltage. In a similar fashion, the difference in potential between the source and drain
is termed the drain-source voltage and denoted at Vps. Furthermore, the three electrode currents,
denoted as Ip, Is, & I, are defined as positive if the electron flow directed into the device; by

Kirchhoff’s law, the sum of all three currents is zero.

The gate-insulator-semiconductor stack is representative of a capacitor. The capacitance

per unit area, C;, of a traditional dielectric gate insulator is described by:
¢ = Eok (1.1)
d

where g, and k are the vacuum permittivity and relative permittivity, commonly referred to as the
dielectric constant, respectively, and d is the insulator thickness. Charges can be induced at the
semiconductor-insulator interface by application of a potential to the gate electrode. Application
of a positive gate voltage will induce negative charges (electrons) in the semiconductor, whereas
applying a negative voltage will induce positive charges (holes) in the semiconductor. These
induced charges are confined to the monolayer next to the semiconductor-insulator interface,>°
increasing the electrical conductivity (of the semiconductor), and as a result, a conductive channel
between the source and drain electrodes are formed. When a positively charged channel is formed

(by induction of holes), it is deemed as p-type, and a negatively charged channel (from induction
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of electrons) is deemed n-type. The conductance of this channel is modulated by the gate voltage.
Some organic semiconductors will only form p- or n-channels and are termed p-type or n-type in
an analogous fashion to their inorganic counterparts, and some are ambipolar meaning they can

exhibit both types of behaviour.*!

Nevertheless, before the conductive channel is formed, the gate voltage must exceed a
specific voltage termed the threshold voltage Vr. The mobile charge per unit area, O, induced by

application of a gate voltage is therefore derived as:

Q= Ci(Vgs — Vr) (1.2)

This equation describes the charge density induced in the channel when the semiconductor is
grounded (i.e. Vps = 0). However, if the charge is to flow from the source to drain, a Vps potential
will need to be applied. The created potential " at a specific point in the semiconductor (x) will
linearly increase from a value of 0 at the source (x = 0) to Vps at the drain (x = L). The charge

density is therefore a function of the position in the channel and is described by:

Qx) = ¢ (VGS —Vr = V(x)) (1.3)

The basic operation of an OTFT is summarized by applying a gate voltage exceeding V7, which
induces a uniform layer of charge carriers (holes or electrons) in the semiconductor, forming a
conductive pathway (Figure 1.5a). The application of a V'ps will produce a flow of charge carriers
through the channel from the source to the drain and in accordance with Eq. (1.3) the density of
charge carriers will gradually decrease as the drain electrode approaches. If the applied drain
voltage is small (Vpg < Vg — Vr) resistance in the channel will be negligible. The transistor
output, or drain current /p, will be proportional to the drain voltage (Figure 1.5a), and therefore,

the transistor is described to be operating in the linear regime.

However, increasing the drain voltage will lead to fewer induced charges, yet the channel
resistance will increase. This results in the Ip-Vps slope being reduced and curving downwards.
This effect will continue until Vpg = V; — Vi where the charge carrier density at the drain
electrode becomes zero (Figure 1.5b). This position, where the charge carrier concentration is
zero, is referred to as the pinch-off point (P) and is located at the drain electrode.?! Beyond this

condition, further increasing the drain voltage (Vps > Vs — V) will push the P towards the
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source, leading to a depletion region between P and the drain electrode. The current flow in the
depletion region is spatially limited, and therefore the number of charge carriers flowing though
point P will remain constant even as Vj¢ is further increased. As a result, the drain current remains

constant and the transistor is said to be operating in the saturation regime.

Ves > Vr
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(&) r| source drain__ = Vos << Vos-Vr

o ! ]
1 1
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< IG >
A

Figure 1.5. Current-voltage characteristics and associated schematic representation of the charge-

distribution within the semiconductor channel in TGBC devices: (a) linear regime and (b) saturation regime

Performance Metrics

There are several performance metrics that influence the applicability of an OTFT. Some
of these important metrics include the field-effect mobility (u«), Vr, and ON/OFF current ratio
(Ion/1orF)- These parameters are influenced by a variety of factors, including device architecture,
channel dimensions, material selection for the different layers (electrode, dielectric, contact), grain
size of the OSC thin film, and the film morphology of the semiconductor layer. Ideally, a high u,
low V1, and large 1oy /IoFr are desired: The uis the average carrier drift velocity per unit of electric
field. In essence, it indicates how easily charge carriers can move throughout the conductive
channels. It is an importance metric used to determine the processing speed of a device. The Vris
the smallest Vs needed to populate the OSC/insulator interface with charge carriers forming a
conductive path between the source and drain turning the device on. V'r determines the switching
behaviour of a device; hence it needs to remain constant to ensure proper operation of the device
and thereby proper functioning circuits. V7 strongly depends on the insulator dielectric constant
and thickness, semiconductor doping concentration and thickness, as well as the device channel

length. A lower V7 is effective for reducing power consumption and therefore, useful in portable
10
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devices. The greater the I,y/lprr in accumulation to depletion modes the better the device
operates as a switch or logic gate operator. A high & dielectric, thin semiconducting layer, and low

doping concentration will all contribute to larger Iy /Ippr.>2

1.2.3 Transistor Equations

The current-voltage characteristics can be analytically calculated for an ideal transistor
based on the MOSFET model.?! However, for the induced charges Q (x) to flow from the source
to drain a driving force is needed. An electric field E (x) is therefore applied in the direction of the
channel. The measured metric is the drain current I, and is then described by equation 1.4 as a

function of W and u:
Ips = pWQ(x)E (x) (1.4)

The electric field at position x, is E(x) = dV,/0x. Substituting in E(x) and Q(x) from Eq (1.2)

equation the drain current at x is described by:

av,
Ips = pWC;(Vos — Vi — V(x))a—; (1.5)

The drain current is constant along the semiconducting channel of length L.?! Integrating from

source to drain (0 — L) yields:

L Vps
f Ips - 0x = f W C; (Vs — Ve = V(x)) - 8V, (1.6)
0 0
uWcC; V2
Ips = Tl [(Vas - VT)VDS - % (L.7)

In the linear regime (/in), Vps < Vg5 — Vp,2! and we can simplify the equation to:

uw ;
Ip_iin. = TL (VGS - VT)VDS (1.8)

The mobility can be calculated by taking the derivative of (1.8) and isolating for mobility:
_ L aID—lin.
WCiVps Vs

Uiin. (1-9)

In the saturation (sat) regime, Vps = V5 — Vi, when substituting into Eq. (1.8) yields:

11
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uwc;
Ip_sat. = TL (VGS - VT)Z (1.10)

The field effect mobility is then derived from Eq (1.10) to give:

2
2L (0 ID—sat
_ - (1.11)

1.2.4 Current-Voltage Characteristics

Typical current-voltage characteristics of an ideal OTFT are displayed in Figure 1.6. The
output curve (Fig. 1.6a) is obtained by measuring I, and sweeping Vps at a fixed V. The linear
regime (low Vps) and the saturation regime (high V) are identifiable. Similarly, the transfer curve
(Fig. 1.6b) is obtained by measuring I, and sweeping Vs while Vs is held constant. The drain
current is typically plotted on a logarithmic scale as the current commonly ranges over several

orders of magnitude.

(a)

G5

Vos = Vos— Vo \"l

drain current
on/off current ratio
(drain current)'?

saturation

log (drain current)

% linear/saturation

S0 T

drain-source voltage gate-source voltage
Figure 1.6. Typical current-voltage characteristics of an organic thin-film transistor. (a) Output curve with
linear and saturation regime indications. (b) Transfer curve with indications of the different performance

metrics; on/off drain current ratio and threshold voltage V. Figure reproduced from Herlogsson 2011.3*

The Vs at which the drain current first starts to increase is called the switch-on voltage
(Vso). However, the transistor is not functionally on until it surpasses the V. At voltages below V.
the drain current is very small and limited by leakage and charging currents, and the transistor is
said to be in the off-state. As shown in Figure 1.6b, the V; is determined by performing a linear

fit to the square root of the drain current at saturation and extrapolated to the intersection of the

12
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gate voltage axis. The V; can be more accurately determined utilizing other methods,** however

Vr was determined using this method in all works of this thesis.

When the device is in the on-state, above the V-, the drain current is dependent on the V¢
and Vp as described in Eq. (1.8) and (1.10). The field-effect u in the linear and saturation regimes
is extracted from the transfer curve using Eq. (1.9) and (1.11). It is important to perform and
analyze the output characteristics first so that the correct equation is utilized when determining u

from the transfer characteristics. The I,,,/I,¢¢ is determined from the transfer curve simply by

dividing the greatest Ipg by the lowest I at a set V.

1.2.5 Transistor Architecture

Depending on the physical location of each active material within the OTFT there are
different possible OTFT architectures, and the four most common are depicted in Fig. 1.7. The
semiconductor, insulator (gating material), and electrode layers are positioned with respect to the
gate electrode which is located on top (top-gate), or at the bottom (bottom-gate). Likewise, the
source and drain contacts can be placed on top of the semiconductor (top-contact), or below
(bottom-contact). Each individual architecture has some benefits and drawbacks regarding both
ease of fabrication and device performance. Worth noting, transistors fabricated with the same

materials but differing architectures can exhibit different performance characteristics.

| gate | | gate |
gate insulator Iml gate insulator lWl
"""s'é'ri{i'c'ah'&'déia'r""lx_l‘ """ Semiconductor
(@) | source | drain ®)
substrate substrate
| source | | drain |
i ~
i semiconductor j IWI- semiconductor -’IWI
ate insulator ate insulator
(0) g ) g
| gate | | gate |
substrate substrate

Figure 1.7. Different thin-film transistor architectures: (a) top-gate / top-contact, (b) bottom-gate / top-
contact, (c¢) top-gate / bottom-contact, and (d) bottom-gate / bottom-contact. The dashed line indicates the

charge flow in the channel.
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Top-contact OTFTs (Figure 1.7; b & ¢) generally exhibit the lowest contact resistance,
likely because this architecture provides an increased metal-semiconductor contact area compared
to bottom contact configurations. However, in top-contact devices a major contribution to contact
resistance is access resistance.>®> Access resistance results from the increased distance that charge
carriers must travel; after injection from the source electrode at the top of the film, the charge
carrier must travel down to the channel, which is at the semiconductor-insulator interface, then
back up to the drain electrode. To minimize the effects of access resistance in top-contact

configurations, the thickness of the organic semiconductor layer should not be excessively large.

bad contact results in
high contact resistance

Good contact results in
low contact resistance

Figure 1.8. Possible source of Contact Resistance in bottom gate top contact (left) and bottom contact (right). Taken
from: course notes for Organic electronics (CHG4359 — instructor: Prof. Lessard) Lecture on OTFT operation
03/2019.

With bottom-contact architectures, access resistance is not an issue because the contacts
are in the same plane as the channel. However, the film morphology in the contact vicinity is often
non-ideal. Bottom-contact devices fabricated by solution methods suffer from poor contact at the
semiconductor/contact interface (Figure 1.8). In devices utilizing small molecule organic
semiconductors (and thus PVD methods) the OSC gain sizes are very small near the contacts, due
to heterogeneous nucleation phenomena.*® For example, pentacene molecules deposited on SiO
typically “stand up” with the long axis of the molecule perpendicular to the substrate plane, *’
however, when deposited on gold contacts, strong interaction between the pentacene n-clouds and
gold contacts lead to tiny grains at the contacts and, in some instances, voids are present.’’
Semiconductor film growth at the triple interface (contact-semiconductor-insulator) is complex
and highly dependent on choice of materials, but it is well accepted that bottom-contact
configurations more often than not, exhibit greater contact resistance than top-contact

architectures.

14
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When comparing top-gate versus bottom-gate architectures the dielectric /semiconductor
interface is of most concern. With solution-processed techniques the gating medium is deposited
from solution onto the semiconducting layer or vice versa. If the already deposited layer is soluble
in the solvent used for the subsequent layer deposition, dissolution or swelling effects can lead to
interfacial mixing and increased interface roughness. This can be prevented by cross-linking the
bottom layer; however, this limits the selection of materials and requires extra consideration to
circumvent introducing unwanted impurities and trapping groups.*® A superior approach, is to
select orthogonal solvents for the deposition of the multilayer structure.*” This approach has been
demonstrated to produce devices exhibiting u as high as those fabricated with the same OSC and
Si0,, where interfacial mixing is not a concern. Identifying orthogonal processing conditions for
your desired OSC and dielectric is non-trivial. However, organic semiconductors tend to require
more harsh solvents compared to polymer dielectrics leading to the preference top-gate

architectures when designing all organic-organic solution-processable devices.

1.2.6 Gate Insulator Materials

Charge transport in semiconductor takes place at, or very close to, the
semiconductor/insulator interface. Therefore, OTFT performance depends critically on the use of
high-performance dielectrics that form active interfaces with low defect densities.*® Metrics that
are thought to be intrinsic to the semiconductor like u are influenced by interfacial phenomena.
For example, it has been shown that high-k gate insulators can induce additional energetic disorder
in the channel that promotes charge carrier localization, which results in a reduction of x.*! The us
observed in several conjugated polymers is greater when in contact with low-£ dielectrics (with
k < 3) compared to dielectrics with greater k.** Likewise, it has been extensively demonstrated
that hydroxyl groups at the semiconductor-insulator interface, which are present in both common
inorganic and polymeric dielectrics such as SiO2 and PVP, create electron charge traps that inhibit
electron conduction.* Therefore, implementing a low-k gating medium that does not contain
hydroxyl groups can improve the performance of an OTFT. This has led to extensive research in
alternative strategies such as the use of self-assembled monolayers (SAM) or by the insertion of

discrete interlayers to lower the relative permittivity of the semiconductor/insulator interface.***6
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1.2.7 Low-Voltage Operation

The envisioned light weight and wearable applications for organic electronic-based
technologies will require powering by thin-film printed batteries. These voltages provided by these
are relatively low (3 to 4 V)*’, and thus OTFTs that can operate at low voltages are a requirement
for the commercialization of these technologies.*® There are two options to increase the OTFT Isp:
we can increase i, by means of semiconductor and interface engineering, and/or increase the
gating material capacitance. It can be argued that the field is reaching the limit of 4 improvements
with values approaching those obtained by single-crystal devices, which is still not satisfactory for
commercialization of OTFTs in some applications. Therefore, increasing the capacitance densities

of the gating medium is required.

Increasing the capacitance is traditionally done by reducing the thickness (d) of the
dielectric insulator,*” and/or implementing high-k gate insulating mediums,>®>! as exhibited in Eq.
1.1. The ultrathin dielectric layers required are impractical for large scale fabrication due to the
formation of pin holes and uneven film formation. Typically, organic materials have low k,* and
as a result, inorganic high- k materials are commonly utilized.>* For example, the use of SiO2 and
AlOx oxides are common in the field. However, these materials are not solution-processable, and
thus, the fabrication costs associated with these devices are higher, limiting the commercialization
of organic electronic technologies, which will be required to be low-cost for their envisioned
applications. Many polar, high-k polymer dielectrics, such as polyvinylphenol (k = 4.5), are

hygroscopic and contain undesirable hydroxyl groups.>?

In response to these limitations, there is a great need for new high-k materials that can be
processed by solution methodologies. An alternative to conventional dielectric materials has been
the implementation of ionically conducting electrolyte materials as the gating medium.
Conceptually, this is not a new proposal, the first demonstration of an organic transistor in 1984
utilized a liquid electrolyte.>* Furthermore, the same research group demonstrated a solid-state

electrolyte in an OTFT a few years later.>>>¢ Since then there has been extensive exploration of

57-61 62-69

electrolyte based gating mediums in OTFTs such as ionic liquids, ion gels, polymer

70,71,80,72-79 81,82

electrolytes, polyelectrolytes®#2, and traditional electrolyte solutions.®>3> When

implementing electrolyte gating mediums, there are other effects that are not of concern with
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traditional dielectrics, which affect the mode of operation. Therefore, these transistors are
classified as being either electrochemical transistors or field-effect transistors, which is further

described in section 1.2.9.

1.2.8 Electrolyte Gate Insulators

Electrolyte gating mediums and conventional dielectrics behave differently in transistors
and are schematically compared in Figure 1.9, which illustrates the electric field distribution inside
each of the two gate insulator materials when a positive Vs s applied. With the dielectric insulator
(left), the electrostatic potential linearly decreases across the insulator layer and produces a
uniformly constant small electric field throughout the layer. This is in stark contrast to the
extremely large electric fields demonstrated at the two interfaces with the electrolyte gating

medium.

Conventional Dielectric Electrolyte Gating Medium
Gate electrode Gate electrode
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Figure 1.9. Organic thin-film transistor cross section with electric field (£) profiles for conventional
dielectric & polyelectrolyte gating mediums when a positive potential is applied. Adapted from Herlogsson

2011.%

The large electric fields that are located at the interfaces of the electrolyte are a result of

electrical double layers (EDLs), which are more thoroughly discussed in section 1.3.2. To
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summarize, upon application of the potential, the ions redistribute to form EDLs at the
semiconductor-electrolyte and gate-electrolyte interfaces, with a neutrally charged area in
between. This results in a negligible electric field in the bulk medium and very large electric fields
at each interface, creating a very large capacitance to induce charge carriers in the transistor at a
low voltage. Capacitances up to 1 pF cm™ have been demonstrated resulting in the operation of
transistors at low voltages (< 1 V).*” An additional benefit of EDL based transistors is that the
capacitance associated with the EDL formation is independent of the layer thickness,®® in contrast
to traditional dielectrics. This thickness-independence is a significant advantage for the low cost
fabrication of transistors by high throughput manufacturing printing processes such as roll-to-roll
processing. However, it should be noted that as the electrolyte thickness is increased, the response
time for the transistor operation is reduced.®® Due to the greatly reduced operating voltages and
ease of manufacturability enabled by electrolyte gating mediums, make them extremely attractive
for printed electronics applications. This thesis focuses on the development of electrolyte-based

materials for OTFTs.

1.2.9 Operating Modes in Electrolyte-Gated Transistors

There are two operational mechanisms exhibited in electrolyte-gated transistors: the first,
field-effect, where the semiconductor is impermeable to ions in the electrolyte, and the electrostatic
forces induce charges in the semiconductor (Figure 1.10a);and the second, electrochemical doping
where the ions permeate the semiconductor (Figure 1.10b). The field-effect mechanism is the
classic mechanism observed for conventional OTFTs while electrochemical doping is unique to

electrolyte gated systems.
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Figure 1.10. Visual representation of an electrolyte-gated organic thin-film transistor operating in (a) field-

effect and (b) in the electrochemical mode. Adapted from Lodge, Frisbie, & coworkers.*
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In electrolyte-gated transistors, upon application of a gate bias, an EDL is still formed at
the gate/electrolyte interface, but at the semiconductor/electrolyte interface, ions diffuse into the
semiconducting layer, and charge carriers are induced. This phenomenon is well documented in
devices employing polymer semiconductors.®> The electrochemical operation involves the
reversible electrochemically doping and de-doping of the semiconductor channel by the
application and removal of a gate potential, respectively. With an n-type semiconductor (electron-
conducting), cations from the electrolyte penetrate the film and pair with electrons in the

semiconductor.

Generally, electrochemical doping is usually undesirable due to the motion of both
electronic and ionic charges in the channel leading to challenges in extracting true u values.”
However, recent studies have managed to elucidate the decoupling of ionic mobility and 4 and
have demonstrated an overall reduction in ¢ compared to corresponding devices operating under
field-effect (no electrochemical doping).”®®' Furthermore, electrochemical doping is undesired as
it induces structural changes in the organic semiconductor film (e.g. swelling), and will likely
induce disorder. Additionally, when using an electrolyte gate, the turning on and off of the
transistor requires the migration of ions into and out of the semiconductor (in electrochemical
doping mode) resulting in sluggish device opperation.®! Electrochemical doping can be favoured
in high current applications due to the doping of the semiconductor channel that can be three-
dimensional leading to an enormous increase of the drain current (the channel is thicker).’>%?
However, this thesis focuses on the development of electrolyte gating materials, which will

exclusively operate in field-effect mode to provide the benefits electrolyte gates (low-voltage

operation, manufacturability) while eliminating the drawbacks of sluggish response times.
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1.3 Electrolyte Materials

Electrolytes are defined as substances that contain free ions, making them conductive.
These ions are formed by the dissociation of a salt giving rise to its component positive ions
(cations) and negative ion (anions). They are described as weak or strong, depending on the extent
to which they dissociate. Generally, electrolytes are thought of to be liquids, yet gelled, and even
solid forms are common. There are five types of electrolytes: electrolyte solutions, ionic liquids,

ion gels, polyelectrolytes, and polymer electrolytes.
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Figure 1.11 Illustrations of several types of electrolytes, ordered from left to right by increasing viscosity.
Adapted from Herlogsson 2011.%

Electrolyte solutions are the most common type of electrolytes based on a salt that is
dissolved in a liquid solvent. When dissolved, the ions are surrounded by solvent molecules,
forming a solvation shell around each ion. Electrolyte solutions are commonly used in
electrochemical applications, batteries, for instance. Water is usually used as the solvent, however

other solvents that are non-aqueous and polar such as alcohols, ammonia, etc., are also utilized.

lonic liquids are defined as molten salts that are liquid at temperatures under 100 °C.
Generally, the ions are relatively large, and at least one of them is organic and possesses a
delocalized charge. The chemical and physical properties of ionic liquids can be diverse as there
is an extensive selection of anions and cations. Due to their innate liquid state, ionic liquids possess
1yo4,

high ionic conductivities (up to 0.1 S cm making them attractive electrolytes for

electrochemical devices.

lon gels are simply ionic liquids mixed with a polymer to form a gel. lonic liquids are not
feasible to be used in solid-state devices due to their liquid nature. But, an ionic liquid can be

macroscopically immobilized by combining it with a suitable polymer. The resulting material is
20
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an ion gel, which is a polymer network swollen by an ionic liquid. Ion gels utilize only a small
amount of polymer (~4 wt%), and thus the ionic conductivity of the resulting gel is often

comparable to that of the ionic liquid in its pure state.

Polyelectrolytes and poly(ionic liquids)(PILs) are polymers that possess an electrolyte
group in the repeat unit along the polymer backbone. By definition, polyelectrolytes and PILs are
the same, differing by the approach they are synthesized: a PIL is obtained via the polymerization
of an ionic liquid monomer whereas a polyelectrolyte is achieved via post-polymerization coupling
of an ionic group to a polymer chain. The electrolyte groups dissociate when the polymer is in
contact with a polar solvent, which results in a charged polymer chain and oppositely charged
counterions. A dissociated polyelectrolyte in the solid-state (i.e. a thin film) will consist of charged
polymer chains that are essentially immobile due to their large size and mobile counterions. Thus,
polyelectrolytes in the solid-state are unique compared to other electrolytes as they only transport
ions of one polarity. Polyelectrolytes that have a positively charged backbone (and negatively
charged mobile ion) are termed polycations, whereas polyelectrolytes with a negatively charged

backbone (and positively charged mobile ion) are termed polyanions.

Polymer electrolytes are like that of electrolyte solutions in the sense that salt is dissolved
in a solvent but differ as polymer electrolytes comprise of a salt that is dissolved in a solvating
polymer matrix rather than a liquid solvent. The most common polymer electrolytes are typically

sodium or lithium salts blended with poly(ethylene oxide) (PEO).
1.3.1 Electric Double Layers

The interface between the electrolyte and a metal contact (or semiconductor in OTFTs) is
of utmost importance in electrolyte applications. When there is a difference in potential between
the metal electrode (or semiconductor) and bulk electrolyte, the interface will become charged,
forming an EDL. The interfacial phenomena and charge distribution of EDLs in solution are well
studied and commonly described by the Goiiy-Chapman-Stern model, where the EDL is modeled
by two different layers: the stern layer and the diffuse Guoy-Chapman layer (Figure 1.12).”> The
Stern layer consists of ions that are directly absorbed to the surface and are immobilized; in
contrast, the Guoy-Chapman layer consists of mobile ions which obey Poisson-Boltzmann

statistics. Figure 1.12 shows the physical form of an EDL with a plot of potential with respect to
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the distance from the interface. The electrical potential within the EDL declines linearly within the
Stern layer then declines exponentially in the diffuse layer.

Wo

X -

Figure 1.12. Simple version of the Stern layer for a positively charged surface. Reproduced from Surface
and Interfacial Forces.”®

An important quantity with respect to experimental verification is the differential
capacitance of the total electric double layer. In the Stern model”’, it is composed of two capacitors
in series: the capacity of the Stern layer, Cs;, and the capacitance of the diffuse Guoy-Chapman

layer. The total double-layer capacitance per unit area is given by:®’

1.2 (1.12)
CEDL CSt CGC '

The capacitance of the stern layer is closely approximated by the equation:®°

_ Estéo
st &
Ap

(1.13)

where &g, is the permittivity of the stern layer, &, is the vacuum permittivity constant, and Ap is
the Debeye length. From an examination of the Helmholtz equation, we can see that the electric
double layer behaves similar to a plate capacitor, in which the distance between the plates is given
by Ap. If we estimate Cs; using eqn. 1.13 denoting the radius of ions by R;,, the distance is in the
order of R;,, /2. The capacitance per unit area of the Stern layer is Cg; = 2€5:€9/Ripn. For an ionic
liquid such as [C2CiIm][NTf>] with d = 0.38 nm and &g, = 12.%® We estimate a capacitance for
the Stern layer of Cg; = 56 uFcm™2. For reference a 100 A thin layer of SiO2 (k = 3.9) will have

a capacitance of 0.35 uFcm™2.
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With polyelectrolyte materials, electric double layers are generated at the two
polyelectrolyte/metal electrode interfaces as the voltage is applies to the electrodes. In the case of
polyelectrolytes only one charge is mobile and migrates towards an electrode, while the polyion
will remain fixed. The two established electric double layers are not expected to be identical in
terms of electric field strength since the spatial distributions of the mobile ion and oppositely
charged polyion are expected to differ at the two interfaces. Consequently, the capacitance
associated with each of the two double layers will not be equal. However, since the two double
layers are configured in series, they are indistinguishable from each other when characterizing by
electrochemical impedance spectroscopy (EIS, Section 1.3.3) and are observed as a single

capacitance value:

1 1
Co = + (1.14)
Total CDL,ion CDL,polyion

If the capacitances of the two EDLs are not similar (Cpy,jon # Cprpotyion)» the total capacitance
will be dominated by the EDL associated with the lowest capacitance. It is therefore predicted that
in a polyelectrolyte system, the EDL formed by the polyion will be much lower than that of the
ideal EDL formed by the mobile ions. This thesis aims to gain insights on the capacitance produced
at the polyanion (charged backbone) interface as this is what is actually responsible for driving the
transistor as it will be located at the semiconductor/polyelectrolyte interface during device

operation.

1.3.2 Electrolyte Characterization by Electrochemical Impedance Spectroscopy (EIS)

Metal-insulator-metal (MIM) capacitors are often used to examine the conductive and
capacitive properties of an electrolyte material in isolation (i.e. not incorporated into a transistor).
The three ionic processes in the EDL formation process in a MIM capacitor with an electrolyte
insulator are illustrated in Figure 1.13 along with the associated voltage profile and electric field
distribution inside the electrolyte layer. When a potential is first applied, there is an alignment of
the permanent and induced dipoles in the electrolyte bulk, behaving analogous to conventional
dielectric material. A process called dipolar relaxation where the induced charge density on the
electrodes is proportional to the k of the material.®® Next, ionic relaxation begins where the ions in

the electrolyte bulk are redistributed. The negatively charged anions migrate towards the positive
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electrode and the positively charged cations move towards the negative electrode. The electric
double layers begin to form at the electrolyte/electrode interfaces and as the electrodes become
more charged the potential drops at the interfacial regions and the electric field within the
electrolyte bulk is reduced. The final stage is reached when the electric double layers are fully

established; the electric field is highly concentrated at the interfaces and neutral within the

electrolyte bulk.
(a) (b) (c)
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Figure 1.13 Electrolyte charge redistribution process. (a) dipolar relaxation, (b) ionic relaxation, and (c)

electric double layer formation.

The electrical characteristics of electrolyte materials in capacitors is analyzed by
electrochemical impedance spectroscopy (EIS). An alternating voltage of set frequency is applied,
and the amplitude and phase shift of the resulting current is recorded. This is then repeated for a
series of frequencies within a desired range. The total impedance (Z) is measured as a function of
the frequency (f) of an applied alternating voltage. These measurements are expressed as the total

impedance in the complex form:

Z(f) = Zpe *j Zim (1.15)

where Zp, is the frequency-dependent real part, Z;,, is the frequency-dependent imaginary part,
and j represent the imaginary number. The real and imaginary impedances are the embodiment of
the resistive and capacitive contributions. The phase angle () of the complex impedance is given

by:

0(f) = tan™? (Z’:) (1.16)
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The phase angle can therefore be used to describe if the insulating material is behaving
capacitive (8 < —45°) or resistive (8 > —45°) at a specific frequency. For example, Figure 1.14
shows the capacitance and phase angle (6) as a function of the frequency of a representative
capacitor made with a polyelectrolyte. Examining the phase angle (), three distinct regions are
apparent: the first at high frequencies (f > 103) where capacitive behaviour with a low
capacitance is seen, followed by resistive behaviour at intermediate frequencies (10! < f < 103),
and another capacitive region, but with a high capacitance at low frequencies (f < 10!). These
three regions are associated with the ionic processes described earlier of dipolar relaxation, ionic

relaxation, and EDL formation, respectively.
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Figure 1.14 Capacitance (solid line) and phase angle (dashed line) versus voltage frequency of the

impedance response for a MIM capacitor with polyelectrolyte. Adapted from Herlogsson 2011.%

Another format to display and interpret EIS data is in a Nyquist Plot, where the imaginary
impedance component (y-axis) is plotted against the real impedance component for each
frequency. The same data displayed in Figure 1.14 is depicted as a Nyquist Plot in Figure 1.15a.
An advantage of this plot format is that it emphasizes circuit components that are in series. For
example, when charging the capacitor both charge transfer (resistive) and formation of EDL
(capacitive) processes happen in parallel and hence the very apparent semicircle shape is exhibited.
Once the EDLs are fully formed, and only capacitive behavior is present, the data forms a vertical
line. Nyquist Plots enable further interpretation of the data by representing it as equivalent circuit

models , which in this case the equivalent circuit is a resistor in series with a capacitor (Figure
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1.14b). The experimental data can be fit to the equivalent circuit models to extract values of interest

such as the double layer capacitance, bulk resistance, and ohmic resistance.

”/Q

Kinetically controlled region

Ry

z/Q

Increasing ®

Figure 1.15 Nyquist plot of the impedance response of a MIM capacitor with simplified Randles equivalent

circuit. Reproduced from Macdonald et al.!®

In practice, experimental data does not always fit an ideal model. For example, capacitance
dispersion behaviour can take place as a result from adsorption of ions on the electrode and/or
roughness of the electrode surface leading to the phase angle to deviate from 90°. This causes the
vertical line representing the capacitor to tilt and in order for the model to account for this deviation
a constant phase element must replace the ideal capacitor in the circuit. Identifying a circuit model
that accurately represents the system being analyzed can be difficult, as is often the case with
polyelectrolytes. Commonly, complex circuit modeling is circumvented!®!, and the effective

capacitance'®? is calculated at each frequency using a simpler R(R||C) model from the equation:
102

-1

C=——— 1.1

where f is the frequency, A is the cross-sectional area of the capacitor, and Z;,, is the imaginary
part of the impedance. Furthermore, with respect to conductivity, as an alternative to an analysis
by equivalent circuit models, the Nyquist plots are still useful in identifying key parameters. Since
the semicircle stems from the ionic relaxation step, the bulk resistance can be determined from the

diameter of the two intersections with the x-axis.
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The conductivity can be obtained from the bulk resistance (R}) using the following equation:

l

=— 1.18
7= UR, (1.18)

where [ is the insulator thickness and A is the cross-sectional area of the electrodes
1.3.3 Conductivity & Ionic Charge Transport of Single-lon Conducting Polyelectrolytes

When utilizing electrolytes as a gating medium the consideration of the time it takes for
the ions in the electrolyte bulk to move to the electrolyte/electrode interface and establish a stable
EDL is often the limiting factor for the switching speed of the device.% Therefore, to achieve short
response times, a highly conductive material is desirable. Often the ionic conductivity of PILs are
too low for practical application in OTFTs and thus efforts have been directed towards increasing
conductivities by blending PILs, for mechanical integrity, and additional ionic liquid (for increased
conductivity). This blending approach has resulted in room temperature ionic conductivities up to
10 S/cm. However, once IL are incorporated as a mixture, without being covalently bound to the
polymer, the desirable unique unipolar nature of the material is lost. A brief review follows
outlining conductivity considerations and developments with respect to exclusively wunipolar

polymerized ionic liquids.

The solid-state ionic conductivity of PILs has been shown to depends on several factors
such as the chemical nature of the polymer backbone, the counterion, the polymer glass transition
temperature (7%), and environmental conditions (temperature & humidity). The polymerization of
an ionic liquid covalently links one of the ions into the polymer backbone, and as a result the
conductivity decreases several orders of magnitude relative to their non-polymerized precursors,
for example the ionic conductivity decreased from ~102 to 10% Scm™ for 1-ethyl-3-
vinylimidazolium TFSI" after polymerization.!® Generally, because of the ions incorporated in the
polymer backbone, the conductivity is greater when the 7, is lower. For example, Elabd and
coworkers showed an order of magnitude ionic conductivity increase in methacrylate-based
imidazolium IL copolymers by introducing a low T hexyl methacrylate comonomer.'® Along this
theme, poly(1-glycidyl-3-butylimidazolium TFSI) sporting a ethylene glycol backbone exhibited

ionic conductivity of 10° S cm™ at 30 °C with a low-Tg of -14 °C.'% This relation is intuitive in
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the sense that a higher polymer chain flexibility better facilitates the ion transport of the materials
in an analogous fashion to viscosity and ionic conductivity of ionic liquids. Evidently, the ion
dynamics and structural relaxation are strongly correlated above the 7, leading to a significant
trade-off between ionic conductivity and mechanical integrity.!°!” These observations led to
some early efforts to optimize mechanical and electrical properties of PILs by use of block

copolymers.'%®

Continued efforts in developing materials with high conductivity and high elastic modulus
have led to materials that undergo microphase segregation into soft and hard domains.'®~!1> The
hard domains provide high-elastic modulus, which enables the processing of free-standing films
while the soft domains provide a pathway for ion transport. The importance of microphase

separation was highlighted by Weber at al.!!!

, who synthesized a series of microstructured block
copolymers of varying compositions and showed a conductivity had non-linear dependence on
composition. The role of microphase separation was further exemplified by Choi & Ye who
compared similar PIL diblock copolymers differing only in the non-ionic block (poly(styrene) vs
poly(methyl methacrylate)) and found the conductivities of poly(styrene)—block-PIL block
copolymers with strong microphase separation are 1.5-2 orders of magnitude higher than those of
poly(methyl methacrylate)-block-PIL block copolymers with weak microphase separation at
comparable PIL compositions.!!>!16 These findings suggest that a strong microphase separation

resulting from a higher degree of incompatibility between blocks improves ion transport

properties.
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1.4 Polymer Synthesis

The requirement for high-performance designer materials with complex functionalities is
ever-present and evident in the field of organic electronics. Many of the envisioned applications
of organic electronics require them to be low-cost, and therefore, the materials need to be
compatible with large scale economical fabrication methods like roll to roll printing and they must
be relatively inexpensive to synthesize. The success of organic electronics is dependent on the

development of advanced functional materials at a cost comparable to commodity materials.

Ideally, blending two or more polymers or the simple addition of other additives (such as
plasticizers) to achieve the desired final material properties would be the easiest approach.
However, this is unsatisfactory in the advanced electrolyte gating materials for transistors, which
require both the incorporation of ionically conductive moieties into the polymer backbone and
morphologies tailored to the nanoscale. As mentioned, the addition of an ionic liquid to polymer
results in poor performing transistor due to the resulting electrochemical doping of the
semiconductor. Furthermore, the necessity of microphase separation to improve solid polymer
electrolyte conductivity needed for fast responding transistor devices. In contrast to blending, the
combination of various distinct segments comprising different types of polymers in a single chain
can be achieved by random copolymerization or synthesizing block copolymers. To be able to
obtain these tailored microstructures and advanced functionalities, the ability to control the

composition, segment length, and the molecular weight distribution is crucial.

Historically, the best method to synthesize such advanced materials with the precision and
microstructure control required was living techniques such as ionic polymerization.'!” However,
ionic methods are cost-prohibitive due to the necessary air-free transfers and safety requirements
on the industrial scale. Economically produced commodity plastics are synthesized by free-radical
polymerization, but this cannot produce tailored architectures and of the narrow dispersity’s
required for tailored self assembly and micro structuring. Controlled radical polymerization
(CRP)'"® is a technique that approaches the control and molecular weight distribution by ionic
polymerization, but without the meticulous air-free transfers and excessive purification

procedures.!!” The three major variants of CRP are nitroxide-mediated polymerization (NMP), 2
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atom transfer radical polymerization (ATRP),'?! and reversible addition-fragmentation transfer

polymerization (RAFT).'*?

1.4.1 Nitroxide Mediated Polymerization

NMP was selected in this thesis because it does not rely on sulphur-based chain transfer
agents used in RAFT, nor does it require the metallic ligands as the case with ATRP, all of which
can contaminate the polymers in determinantal ways in sensitive electronic devices.!?*!2* NMP,

when compared to alternative CRP techniques, is conceptually the simplest.

R1 kact R.1 .
N-O ~—— NO + 'R
R, Rs Ke Ro

+nM

Kp

Figure 1.16. Simplified kinetic scheme for nitroxide mediated polymerization (NMP)

The polymerization of the propagating free radical is reversibly terminated with a stable
nitroxide free radical. An equilibrium is then established between the propagating chains and stable
free radical between its dormant state (reversibly terminates) and its active state where initiation
of a monomer and chain propagation can take place(Figure 1.16). Irreversible termination is
suppressed and the polymerization is considered controlled when the equilibrium favours the
dormant state. A controlled polymerization has a low instantaneous concentration of radical-
containing active chains which suppresses the irreversible chain-breaking events.'?® While
termination reactions and transfer reactions are still present, they are minimized from the

deactivation caused by the stability of the propagating chains capped by the stable free radical.

Traditionally NMP could only effectively control the polymerization of styrenics due to

the high required polymerization temperatures. With the development of second and third

125,126 127,128

generation stable free radicals NMP has been expanded to acrylates , acrylamides and
even methacrylates'?*!*°. The incorporation of methacrylates, for example is of great interest due
to the absence of “backbiting” reactions leading to linear chains unlike in the polymerization of

acrylates.

30



PhD Thesis — Alexander J. Peltekoff University of Ottawa

1.4.2 Features of Controlled / “Living” Radical Polymerizations

The term Living polymerization was first defined by Szwarc as a chain growth process
without chain breaking reactions (transfer and termination).'*! Such a polymerization enables end-
group control and thus facilitates the synthesis of block copolymers by the subsequent reaction
with a different batch of monomer. However, this definition does not include a requirement for
molecular weight control and narrow molecular weight distributions (dispersity). To achieve these
goals; the initiator needs to be reacted immediately at the initial stages of polymerization to allow
for the simultaneous growth of all the polymer chains. Secondly, the exchange between species of
different reactivities must be fast in comparison to the rate of propagation to ensure that all active
propagating chain termini are equally susceptible to reacting with monomer promoting uniform
chain growth.!32713% A polymerization can still be defined as controlled if side reactions are present,
so long as they do not significantly impact control over the molecular structure of the dispersity of

polymer chains.

In a controlled polymerization the degree of polymerization and resulting number average
molecular weight can therefore be predicted based on the ratio of monomer to initiator and will
provide a final polymer with dispersities close to Poisson distribution. Therefore, a well-controlled

polymerization will display:
(1) First-order Kinetic Behaviour

Due to the negligible contribution of non-reversible termination the concentration of
actively propagating species ([P ¢]) remains constant throughout the reaction. The constant [P e]
is established by balance activation and deactivation rates, not by balancing initiation and
termination rates as is the case with conventional free-radical polymerization. As a result, the rate
of polymerization (Rp) with respect to the natural log of monomer concentration ([M]) is a liner

function of time described as:

re="2M 1P o (119)

ln% = ky[P o]t = k,"Pt (if [P ] is contant) (1.20)

31



PhD Thesis — Alexander J. Peltekoff University of Ottawa

where k,, is the propagating rate constant and k;pp is the apparent rate constant. Therefore,
semilogarithmic kinetic plots exhibit linear behaviour that is very sensitive to any changes in the
concentration of actively propagating species. An acceleration in Rp caused by an increase in [P o]
is exhibited as an upward curvature on the plot which indicates slow initiation whereas a
deacceleration in Rp is shown as a downward curvature from a decrease in [P ] as a result of
termination reactions increasing the persistent radical. However, these semi-logarithmic plots are
not sensitive to chain transfer processes as they do not affect the number of actively propagating

species.
(2) Predictable Degree of Polymerization

The degree of polymerization (DP,), a proxy for the number average molecular weight

(M,,), will linearly evolve with monomer conversion:
AlM M
DP, = [M] _ [M],

[lo [l

X (conversion) (1.21)

This relationship is a result from maintaining a constant number of chains throughout the
polymerization caused by immediate initiation and absence of chain transfer events which increase
the total number of chains. When M,, is smaller than expected, this indicates the amount of chain
transfer events is significant; when M, is greater than expected there is inefficient initiation or
significant termination by chain combination. Other termination mechanisms are less apparent as

they do not change the total number of chains present.
(3) Narrow Molecular Weight Distribution

Polymer dispersity (D) is narrow due to the immediate initiation, equilibrium favouring
reversibly terminated chains, and negligible chain transfer or termination. D will closely follow a

Poisson distribution: '3

D—MW—XW—1+ Xn 1+1 1.22
=m, o x, Tz th, (122)

Dispersity’s should decrease with conversion when slow initiation is present, whereas dispersity’s

will increase with conversion when the contribution of chain break reactions becomes significant.
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(4) Pseudo-Livingness of Polymer Chain with Preserved End Functionalities

Due to negligible irreversible chain transfer and termination, all polymer chains will retain
their active centers after the monomer is fully consumed or the reaction is quenched. The resulting
polymers are reversibly terminated by the stable free radical and therefore can be isolated, purified
and used as a macroinitiator for the polymerization of a new batch of monomer. When the pseudo-
livingness of the majority of the chains is preserved the macroinitiator can effectively produce

block copolymers via sequential monomer addition.
1.4.3 NHS-Functionalized Initiator

Throughout the development of NMP, various nitroxide based initiators have been
developed. Vinas et al. functionalized N-(2-methylpropyl)-N-(1-(diethylphosphono-2,2-
dimethylpropyl)-O-(2-carboxylprop-2-yl)hydroxylamine) (commercially known as BlocBuilder-
MA™, MAMA-SG1) unimolecular initiators by reacting the carboxylic acid group with a
succinimidyl ester group(NHS-BB, Figure 1.17).!3¢

o O 1.0~ 0 O 1.0~
HOJKO Nxﬁ EiNOkKO Nxﬁ
A 5T
MAMA-SG1 NHS-BB

BlocBuilderTM
Figure 1.17. Initiators used in NMP: MAMA-SG1 (left), NHS-BB (right)

NHS-BB offers several advantages over MAMA-SG1, such as reducing the need for
additional SG1 (N-tert-butyl-N-(1-diethyl phosphono-2,2-dimethyl-propyl) nitroxide) nitroxide
while synthesizing methacrylate rich copolymers.!*” The dissociation constant of NHS-BB is 15
times greater than that of MAMA-SG1.'3® This means that NHS-BB will provide a greater amount
of free SG1 nitroxide, which helps prevent the irreversible termination of methacrylates. Typically,
when using MAMA-SG1 in the copolymerization of methacrylates, a 10% excess of SG1 is needed

to achieve a controlled polymerization. '’
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BB-NHS can also be used as a post-functionalization approach or pre-functionalization
approach to combining polymers, synthesized by NMP, with primary amine-functionalized
inorganic molecules or other polymers resulting in more complex microstructures.'*® It has been
demonstrated that NH»-functionalized poly(propylene oxide) and NHS-BB to synthesize a
poly(propylene oxide)-SG1 macroalkoxyamine, which was used as a macroinitiator for the NMP
of styrene to obtain a poly(styrene)-b-poly(propylene oxide) block copolymer.'*® The performance
of “grafting-to” and “grafting-from” reactions onto primary amine-functionalized silica particles

using NHS-BB has also been demonstrated. 4
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Figure 1.18. Grafting -to (bottom) and —fr:n (top)

Although none of the specific works included in this thesis utilized grafting-to or grafting-
from approaches, I synthesized several materials for other members of the Lessard Research
Group with NHS-functionalities to implement these techniques in their device fabrication. The
study Cyanophenoxy-Substituted Silicon Phthalocyanines for Low Threshold Voltage n-Type
Organic Thin-Film Transistors by Benjamin King is one example of this, and the Abstract can be

read in section 6.5 in the Additional Contributions chapter.

In the works presented in this thesis, NHS-BB was utilized only in the first study to enhance
control over the polymerizations. In Chapter 3 and 4 we continued with MAMA-SG1 as we found
that performing polymerizations with excess SG1 was more effective at producing pseudo-living

materials with narrow dispersities.
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1.5 Preface

Organic thin-film transistor-based technologies are starting to achieve acceptable
performance for some commercial applications. However, there are still many gaps between
academic laboratory scale device fabrication and industrial processes that must be addressed to
bring these technologies to market. Notably, the reduction of operating voltage requires dielectric
layer thickness to be reduced so greatly they teeter on the edge of being too thin resulting in short-
circuits with high leakage current (failed devices). For the use low cost/ high throughput printing
techniques obtaining ultra-thin and uniform thicknesses is a challenge. The aim of this thesis is to
alleviate manufacturing concerns by molecular design, all while maintaining a level of scalability

on the chemical synthesis.

Electrolyte gated transistors offer the potential to solve many of these concerns; they offer
reduced operating voltages due to their high double-layer capacitances and the EDL is thickness
independent, which means larger printing tolerances in the layer thickness. However, they have
the downfall of electrochemical doping which eliminates the desired field-effect mechanism.
Unipolar polymer electrolytes have been shown to prevent electrochemical doping, however,
increased switching speeds are desired. Polyelectrolytes with greater conductivity need to be
developed to increase operational frequency. Additionally, to further reduce operating voltage a
greater understanding of the role polymer architecture on the polyelectrolyte/semiconductor EDL
interface and ultimately OTFT performance is required. Ultimately, relationships between polymer
structure and material properties (conductivity & capacitance) needs to be improved and further
tying these material properties to device performance metrics (operating frequency and voltage)

will help aid in optimizing OTFTs for mass production.

In my opinion, commercialization of OTFTs will require both robust fabrication and
(relatively) inexpensive compounds. Advanced polymeric materials, such as the ones described,
can be synthetically challenging to synthesize on large scale. Controlled free-radical
polymerization techniques such as NMP have the potential to be used as a tool in the synthesis of
advanced materials while maintaining scalability. The viability and development of synthetic

processes using NMP to produce functional materials will be explored.
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The works in this thesis aims to:(i) establish a scalable synthetic pathway of advanced
polyelectrolyte materials using NMP (Chapter 2), (ii) determine a relationship between polymer
structure and corresponding material capacitance & conductivity (Chapter 3 and 4), (iii) develop
new fabrication methodologies (new to the Lessard Group) and integrate materials into capacitors
and transistors (Chapter 3 and 4). Overall this thesis represent novel elements in polymer

chemistry, thin film engineering and applied electrical engineering.
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Chapter 2: Nitroxide Mediated Polymerization of 1-(4-vinylbenzyl)-
3-butylimidazolium ionic liquid containing homopolymers and

methyl methacrylate copolymers

Context

The initial goal was to synthesize copolymers containing small amounts of ionic liquid
monomers by nitroxide mediated polymerization (NMP) to observe how polymerization kinetics

& control are affected.
Contribution of Authors

I designed the experiments independently or in consultation with Dr. Lessard exploring the
synthesis of ionic liquid polymers by NMP. I performed all the experiments and characterization
with the assistance of Ian, an undergraduate thesis student, who I mentored and directed. GPC
characterization I performed at McGill with postdoc Dr. Adrien Metafiot. 1 wrote the initial

manuscript and Professor Lessard edited the final draft.
Significance of Research

This study compares a series of possible and successful routes to reach 1-(4-vinylbenzyl)-
3-butylimidazolium ionic liquid containing copolymers. We explored the polymerization of the
ionic liquid monomer directly, the synthesis of 1-(4-vinylbenzyl)-3-imidazole containing
copolymers followed by quaternization and ion exchange as well as copolymerizing chloromethyl
styrene followed by the conversion to the PIL. We studied the polymerization kinetics and
copolymerization composition as a function of feed composition for the systems. We studied the
relatively unique kinetic behaviour of the ionic liquid monomer, compared to non-charged

monomers which is relatively unexplored in the literature.

The expertise and methodology developed in this paper to produce PILs was the basis for
the rest of my research. Ample time was spent on finding easy and scalable isolation methods for

these materials as well as figuring out how to characterize these unique materials by GPC, which
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due to the charged nature of the materials are often incompatible. For my own research goals and
our group, this work was significant as it established a repeatable methodology to synthesize and
isolate PILs by scalable methods which are also compatible with required characterization (GPC)

techniques.

Chapter 2 has been published in The Canadian Journal of Chemical Engineering: Peltekoff, A. J.,
Therrien, 1., & Lessard, B. H., 2019, 97, 5-16. doi:10.1002.cjce.23348 © 2018 Canadian Society
for Chemical Engineering
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2.1 Abstract

The synthesis of well-defined imidazolium-based poly(ionic liquid)s (PILs) copolymers by
nitroxide mediated polymerization (NMP) is reported. The viability of three different synthetic
pathways to achieve poly[1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethylsulphonyl)-
imide-co-methyl methacrylate] (poly(VBBI'TFSI'-co-MMA)) was explored including direct
polymerization of the ionic liquid monomer (VBBI'TFST") and post functionalization of precursor
polymer poly(4-vinylbenzyl imidazole-co-methyl methacrylate). PILs with well-controlled
molecular weight and low dispersity (M,, /M,, < 1.3) were obtained via all routes. A full synthetic,
kinetic, and compositional comparison between methods is reported. These results illustrate an
effective route for the synthesis of well-defined, pseudo-living functional PIL-methacrylate

copolymers with tunable properties through potential methacrylate monomer substitution.
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2.2 Introduction

Ionic liquids are non-volatile molten salts that have found application as electrolytes and
reaction solvents.! Poly(ionic liquid)s (PILs) are a class of poly(electrolyte) that combine the
benefits of the ionic liquid moieties and the mechanical properties of polymers.” * These ionic
liquid moieties typically possess bulky cations and weakly coordinating anions.*” PILs are unique
compared to common neutral polymers as they exhibit properties such as high ion conductivity,
chemical and thermal stability, and tunable solubility.® The unique properties of PILs are exploited

6, 9, 10

in a variety of applications such as CO> separation membranes, organic field-effect

11,12

transistors and solid state electrolytes in electrochemical capacitors. '

The majority of the PILs that have been reported are prepared by conventional free radical
polymerization, which results in large polymer dispersity.> '* 1> Recently, some examples have
emerged using reversible-deactivation radical polymerization (RDRP), also known as controlled
radical polymerization (CRP), resulting in homopolymers and copolymers with well-defined
architectures. Techniques such as atom transfer radical polymerization (ATRP),!6-!
organometallic-mediated radical polymerization (OMRP),>** and reversible addition-
fragmentation chain-transfer (RAFT) polymerization’® 2’ have been demonstrated using
imidazolium based ionic liquid monomers that contain TFSI", PF¢", and BF4™ counterions. Nitroxide
mediated polymerization (NMP) was first discovered by Solomon et al.,”® however, it did not
receive significant attention until the seminal work by Georges et al., Veregin et al.,*®-3° Hawker,
and Hawker et al.?!: 3 NMP, when compared to alternative CRP techniques, is conceptually the
simplest, often only requiring a unimolecular initiator and the monomer. NMP is an industrially
scalable technique that can be used to produce well defined block copolymers without the use of
air-free transfers, transition metal catalysts, or thiol transfer agents, which make it ideal for the
synthesis of materials for application in sensitive electronic or biological applications.®* 3* A
disadvantage of utilizing ATRP in the synthesis of PILs is the unavoidable complex of PIL with
the catalytic copper ions, a challenge that is not present when using NMP.8 Traditionally NMP
was limited to the controlled homopolymerization of styrenics when using first-generation stable
free radicals such as 2.2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).? 3335 However, the
development of second-generation stable free radicals such as N-tert-butyl-N-[1-

diethylphosphono-(2,2- dimethylpropyl)] nitroxide (SG1°°) and 2,2,5-trimethyl-4-phenyl-3-
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azahexane-3-nitroxide (TIPNO37) has facilitated the extension of NMP methodology to the

38-40 acrylamides,® and methacrylates

homopolymerization of other monomers including acrylates,
(when using a small amount of a controlling comonomer*">#?). For a controlling comonomer to be
effective, in the controlled polymerization of methacrylates, it must have a low propagating rate

constant, k, .3 relative to the methacrylate and favorable reactivity ratios with the methacrylate

4 4345 acrylonitrile,*  9-(4-vinylbenzyl)-9H-carbazole (VBK*), 2-

comonomer.**  Styrene,
methylene-4-phenyl-1,3-dioxolane,*’” and others have all proven to be effective controlling

comonomers for a variety of methacrylates.

The incorporation of methacrylates is of great interest due to their favourable
polymerization properties such as the absence of backbiting reactions, which are apparent in
acrylate polymerization and result in broader molecular weight distributions, however, their
copolymerization with PILs by NMP has not yet been reported. Prior to synthesizing a variety of
PIL/methacrylate copolymers, it is crucial to establish that MMA (a typical case model for other
methacryaltes) can be copolymerized in a controlled pseudo-living fashion using PIL based
styrenics. In this study, we explore various synthetic pathways to achieve well-defined PILs
copolymers based on methyl methacrylate (MMA) and 1-(4-vinylbenzyl)-3-butylimidazolium
bis(trifluoromethylsulphonyl)-imide (VBBI'TFSI") by NMP. Ease of synthesis, kinetics, reactivity

ratios, and degree of functionalization were all investigated.

2.3 Results & Discussion

2.3.1 Synthetic Overview for PIL Containing Copolymer

PILs can be obtained via two synthetic approaches: direct polymerization of an ionic liquid
monomer; or post-polymerization functionalization of a functional precursor polymer. In the
current study, we analyze the viability of three different synthetic pathways used for the
preparation of PIL copolymers via nitroxide mediated polymerization (NMP). In all cases, the use
of a NHS-BlocBuilder was employed as the unimolecular initiator, due to its ability to
copolymerize methacrylates and styrenics with pseudo-living behaviour (ability to reinitiate a
second batch of monomer) without the need for an additional stable free radical.’! Scheme 2.1

illustrates the different routes that were performed and compared.
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Scheme 2.1. Synthetic pathways for methyl methacrylate (MMA) and 1-(4-vinylbenzyl)-3-
butylimidazolium (VBBI) copolymers by NMP.
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Route 1 is the copolymerization of VBBI (obtained by two different methods) and MMA, and route 2 is the
copolymerization of 1-(4-vinylbenzyl)-3-imidazole (VBIm) and MMA. The conditions used for these
reactions were as follows: i) VBBI and MMA (molar ratio, 1:10 to 10:1), 90 8C, DMF, 2—-10 h; ii) VBIm
and MMA (molar ratio, 1:10 to 10:1), 90 8C, DMF, 2—10 h; iii) 50 8C, DMF, 12-24 h; and iv) room
temperature, DMA, 48 h.

Overall, post polymerization techniques of functional precursor polymers are often
advantageous in terms of the final characterization of the resulting polymer. Running gel
permeation chromatography on the final copolymer can be challenging due to interactions between
the ionic liquid moiety and the columns, however, the pre-polymer can often be characterized prior
to the coupling with ease.’? The downside to the post polymerization strategy is that it can be very
challenging to obtain 100 % coupling of the polymer reactive sites, resulting in potentially

detrimental unreacted functional sites on the polymer.

One post-polymerization methodology was investigated (route 2, Scheme 2.1) involving
the copolymerization of methyl methacrylate (MMA) and 1-(4-vinylbenzyl)-3-imidazole (VBIm)
followed by a quaternization of the imidazole pendent with 1-bromobutane and then followed by
ion exchange. The successful homopolymerization of VBIm has been previously reported using

NMP through copolymerization with n-butyl-acrylate (BA)>*3* and combined with poly(styrene)
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blocks via chain extensions.>®> However, its copolymerization with a methacrylate such as MMA
has not yet been reported. Therefore, a series of poly(VBIm-co-MMA) copolymerizations were
performed with feed ratios ranging from 5-90 mol% of VBIm. Copolymerization kinetics and
copolymer compositions are discussed in the following sections. The resulting poly(VBIm-co-
MMA) copolymers were found to be incompatible with the GPC columns preventing the accurate
determination of molecular weight values even when the final MMA copolymer composition,
Faia, =90-95 mol%. Once synthesized, the poly(VBIm-co-MMA) copolymers were reacted with
I-bromobutane followed by anion exchange with the desired salt (LiTFSI or BFy4), resulting in the
desired PIL containing copolymer. Quaternization of the poly(VBIm-co-MMA) was adapted from

a procedure utilized by Green et al.>*

in the quaternization of poly(VBIm-co-BA) pre-polymers.
While the protocol in the literature did not provide NMR confirmation, the authors reported
complete post functionalization of the VBIm pendent groups after 24 h. In this study, we followed
the same protocol while using poly(VBIm-co-MMA) and confirmed it to be valid via 'H NMR
(see Figure 2.10 in the supporting information). Quaternization was determined to be complete by
NMR analysis on the precursor polymer and post-functionalized polymer. In Figure 2.10, the peak
at 6 ~4.3 corresponding to the CH» group bridging between the styrene aromatic group and the
imidazole group has a value of 191.84 ('H=95.92). To track the quantitatively determined
conversion, we track the peak shift corresponding to the H located between the two Nitrogen atoms
on the imidazole moieties. The peak shifts from 6 ~9.0 to ~10.25. When examining the peak at
0=10.25ppm and comparing this to the CH: bridge, this indicates a 98.7 % conversion
(94.64/95.92 = 0.987). Similar to Green et al.,”* we observed complete conversion after 24 h, when

performing the functionalization in DMF. Further details on the quaternization of the VBIm moiety

1s discussed below.

In addition to the post-polymerization strategy, we explored the synthesis of the 1-(4-
vinylbenzyl)-3-butylimidazolium (VBBI) monomer followed by the NMP copolymerization with
MMA (route 1, Scheme 2.1). The monomer itself was synthesized via the following two routes:
reacting 1-butylimidazole with chloromethylstyrene (CMS) followed by the anion exchange
(routela, Scheme 2.2); as well as synthesizing VBIm followed by quaternization with an

alkylbromide and anion exchange (Route 1b, Scheme 2.2).
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Scheme 2.2 Synthetic routes to obtain 1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethyl-
sulphonyl)-imide (VBBI) monomer:
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X
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) N
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1) 45 °C, 24 h; ii) LiTFSI, water, r.t, 24 h; iii) acetone/water, K,COs, 50 °C, 18 h; iv) 50 °C, 24 h; and v)
LiTFSI, H,O.

Quaternization of 1-butylimidazole with CMS monomer followed by an anion exchange
with LiTFSI or NaBF4 was executed according to a procedure outlined in other literature.'* The
reaction was not monitored, however, due to the difference in solubility of the final TFSI™ or BF4
containing product and ClI” intermediate product, the isolation of the desired product in high purity
is achieved with ease with yields greater than 80 %. As was reported by Bara et al.,'* route la
(Scheme 2.2) produces the ionic liquid monomer in a straightforward manor utilizing

commercially available precursors.

We decided to explore the synthesis of VBBI by adapting the post polymerization
functionalization route reported by Green et al.(route 1b, Scheme 2.2).5* Therefore, VBIm reacted
with 1-bromobutane followed by ion exchange with LiTFSI or NaBF4. Due to the persisting
challenges associated with this route when performing the functionalization on the polymer (route
1b), we decided to further characterize the quaternization reaction during the monomer synthesis
(route 1b). The quaternization reaction on the imidazole moiety was performed on the VBIm
monomer by reacting with two equivalents of 1-bromobutane at 50 °C over 24 h in a 50 vol%
acetonitrile solution and under bulk conditions. The conversion, X, was monitored by tracking the

appearance of a new peak at 9.75 ppm relative to the vinyl peak at 5.7 ppm, additionally the peak
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at 6.80 ppm can be seen to disappear as the reaction progresses. It was found that an elevated X
(>95 %) could be achieved within 24 h (Figure 2.1). The synthetic pathway (route 1b) is
reproducible; however, this methodology is not optimal for several reasons; the purification of the
VBIm monomer is rather time consuming due to additional acidification and neutralization steps,
extra liquid extractions resulting in a much greater amount of solvent utilization, and smaller yields

when compared to route 1a.
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Figure 2.1 Conversion (X) versus time of VBIm quaternization reaction with bromobutane.

2.3.2 Homopolymerizations

Homopolymerizations of styrene, VBBI'TFSI, VBBI'BFs+, and VBIm were each
performed at 110 °C to compare the relative kinetics. First order kinetic plots of In[(1 — X)™1]
versus the time were obtained and are shown in Figure 2.2. We found that the BF4 containing IL
monomer terminated at much lower conversions (X <20 %) compared to the other monomers. The
addition of SG1 and performing the polymerization at a lower temperature also did not prevent the
early termination of the BF4~ monomer (supporting information, Figure 2.9 and Table 2.5).

To compare the kinetics of each system we determined the apparent rate constant,
(k)P ], of each polymerization. Where k,, is the propagation rate constant and [P e] is the
concentration of propagating radicals. Such a parameter is frequently cited in free radical
polymerization literature since it can provide insight into the pseudo-living nature of the
polymerization. It is found by determining the slope of the first order kinetic plots of
In[(1 — X)~1] versus the time plots. When analyzing the relative kinetics, it was found that VBIm
had an effective (k,)[P ¢] =1.3 times greater than that of styrene, VBBI'TFSI" had an effective
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o] =11.7 times greater than that of styrene, an 4 had an effective o] =1.
(kp)[P o] =11.7ti han that of d VBBI'BF4 had an effective (k,)[P ¢] = 1.5

times greater than that of styrene (Table 2.1).
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Figure 2.2 Representative kinetic plots of In[(1 — X)™1] (X = conversion) versus polymerization time for
homopolymerizations of monomers VBBI'TFSI (filled circles, @), VBBI'BF4" (open squares, 0), VBIm
(filled triangles, ), and styrene (cross signs, X). All homopolymerizations were performed at 110 °C in

50 wt% DMF solutions with NHS-BlocBuilder unimolecular initiator.

Table 2.1 Homopolymerizations initiated by N- hydroxysuccinimidyl BlocBuilder at 110 °C in 50 wt%

dimethylformamide solution

Monomer kp[Pe] (s Time (min’ Final Conversion (X)
VBBITFSI  (2.9+0.1) x 10° 150 0.70
VBBI BF4 (3.8+£0.8) x 107 240 0.19
VBIm (3.540.2) x 10° 220 0.38
PS (2.5+0.25) x 107 100 0.10

a) kp[Pe]=apparent rate constant, which was determined from the slope of the kinetic plots found in Figure 2.2.
[Initiator]o/M = 0.016 copolymerizations initiated by N- hydroxysuccinimidyl BlocBuilder at 90 °C in 50 wt%
dimethylformamide solution.

The substituent effects on the polymerization kinetics of styrenics has previously been
studied. Mayo et al.>® demonstrated that during free radical copolymerization, the polymerization
rate increases when the vinyl alkenes possess electron-withdrawing substituents. Following this,

1.>7 reported that the following Hammett relationship could be used in the polymerization

Imoto eta
of styrenes with para-substituents: log(k,/kyz)= po, in which ¢ is the Hammett constant of the
substituent, p is the reaction constant, and A, kyx, and k,n are the absolute propagation rate
constant of substituted styrene and unsubstituted styrene, respectively. The electronic effect of the
substituent is shown by altering the electron density of the double bond via inductive and resonance
effects and its ability to stabilize the active species, whether it is a radical, anion, or cation.
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Substituent effects are not as present in radical reactions (p < 1) compared to ionic reactions (p
>>5).38-60 However, radical polymerization is affected by substituents due to the participation of

polar effects.

With the recent developments of controlled radical polymerization, the influence of
substituent effects in these controlled systems has attracted attention. It has been demonstrated that
electron-withdrawing substituent groups on styrene increase the rate of polymerization for
controlled polymerization utilizing TEMPO/BPO systems, which agrees with observations in
conventional free radical polymerization.®' Further kinetic studies substituent effects in controlled
polymerizations have also shown a linear correlation between the apparent rate coefficient,
k;pp [M] = —d([M])/dt, with a slope, p=1.50, for atom transfer radical polymerization
(ARTP),% p=1.45 for TEMPO-mediated polymerization,%® and p=0.60 for conventional free-
radical polymerizations®’ where this correlation was first observed. From these observation
(Pcontrolled > Pconventional), 1t was deduced that as the higher &,*” observed for styrenics with electron
substituents would cause not only a larger k,, but also a larger equilibrium constant, K., = kq/k.,
where k,; is the rate constant of the alkoxyamine dissociation and k. is he rate constant for the
reversible combination of the propagating radical with the nitroxide. K., represents the ratio of
active propagating chains to dormant, reversibly terminated polymer chains in NMP.%* 6> The

increase in K., in NMP has been attributed to various causes; for example, Daimon et al.%

estimated that the increase in K,, is mainly caused by a decrease in k., while k; would not be

1.>7 who

affected by the styrenic substituents. This is in contrast to explanations from Imoto et a
attribute the increase in K, to a increase in k4, where k. is much less effected by the substituents.
Despite these differences, both give reasoning to explain the trend seen experimentally, where
k;pp(ED) < k;pp(H) < k;pp(EW) (in which ED is an electron donating substituents, H is

styrene, and EW is an electron withdrawing substituent).

This would suggest that the quaternized imidazole substituent in VBBI'TFSI is
significantly more electron withdrawing compared to the un-functionalized imidazole substituent
in VBIm. Unfortunately, to the best of our knowledge, Hammett substituent constants for
imidazole attached through the nitrogen are absent from the literature.® Pratt et al.*” have shown

that imidazole will flexibly act to stabilize both electron-rich phenoxides by inductively
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withdrawing electron density and electron-poor phenoxides by donating electron density. Using
B3LYP®: % the authors calculated the pK,s and used them to derive values for o, using the slope
of the Hammet correlation used to define the substituent constant (6— = ApKa/2.237),”° which
yielded a value of +0.21. To put this into context, values of o, for NO, F, CH3, and OCH3 are
+1.25, +0.02, —0.14, and —0.21, respectively. This characterizes imidazole as a moderate o-EW
group corroborating the increase in kp[P¢] observed. Hammett constants of other ion containing
substituent groups are significantly greater; for example, the diazonium ion (N=N") possessing a
Hammet constant of g, = 1.91, which could explain why the TFSI containing IL monomer was
seen to polymerize appreciably faster compared to the others.”! The difference observed between
the two IL monomers might be due to fact that the TFSI anion is much more weakly coordinating
than the BF4 anion.”? Substituent groups having a more coordinating mobile anion are shown to
possess a lower Hammet parameter, in comparison the diazonium ion with a tetrafluoroborate
anion (N=N'BFy¢) g, =1.79.” Additionally, Harrisson et al. and Carmichael’* " have reported
the high effect of ionic liquids as solvents to increase the polymerization rate of MMA due to the
high polarity of the polymerization medium. This effect could also explain the high polymerization
rates observed since the IL monomer would affect the polymerization medium. The early
termination of BF4 containing monomer still cannot be explained, however, others have noted
issues with the BF4 containing monomer by ATRP.!” Due to the ease of the polymerization of the

TFSI containing monomers, it was selected for further study in copolymers.

2.3.3 Kinetics and Molecular Weight Characterization of VBBI*TFSI/MMA and
VBIm/MMA: Effect of Feed Composition

Conventional radical polymerization of 1-(4-vinylbenzyl)-3-butylimidazolium
bis(trifluoromethylsulphonyl)-imide (VBBI'TFSI") as well as those using ATRP polymerization
in bulk were already reported.?* 7® Apart from the synthesis of a specific nitroxide exclusively
devoted to methacrylate monomer,’”’ the NMP of methacrylic monomers is difficult to achieve due
to a too high equilibrium constant for the propagation step and/or undesired side reactions.> 78
As was mentioned, to favour the formation of a stable chain-end alkoxyamine and obtain a

controlled/living system, methacrylate monomers are usually copolymerized with a comonomer,

which i1s well controlled by NMP. To demonstrate that the copolymerizations of
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MMA/VBBI'TESI and VBIm/MMA were well-controlled, a series of copolymerizations with the
target number average molecular weight (M,,) of 25 kg mol ! were performed. As is summarized
in Table 2.2, the copolymerization of VBBI'TFSI" and MMA were performed in a 50 wt% solution
of DMF with feed compositions ranging from 5-90 mol% VBBI'TFSI (denoted as fy gg;+rrsi—0)-
The copolymerization of VBIm and MMA in similar conditions is summarized in Table 2.2 as
well (feed composition denoted as fyg;y o). First order kinetic plots of In[(1 — X)™*] versus the
time at various feed compositions for the VBBI'TFSI/MMA copolymerizations are shown in
Figure 2.3a, and VBIm/MMA copolymerizations are shown in Figure 2.3b. At low X, when
termination is negligible, the slopes of these plots represent the average apparent rate constants
(k,)[P *]. It is obvious that as the VBBI'TFSI or VBIm content in the feed increased, the apparent
rate constants decreased (Figure 2.3c). The experimental values of (kj,)[P o] as well as the
standard deviations from the slopes of the kinetic plots are summarized in Table 2.3. The decrease
in (k,)[P o] values indicates slower polymerization kinetics, and this is likely to contribute
towards the controlled behaviour of the copolymerizations. Generally, a slow increase was
observed as fypim,0 and fypp+rrsi- o increased followed by a sudden increase in (k,)[P ¢] when
fveim/mmao > 0.8. This is in agreement with other studies where a rapid increase in (k,)[P e]
was observed for MMA-rich feeds at high MMA initial feed concentrations <80 % mol% by
NMP.* The rapid increase is likely caused by the large difference in k, between MMA and the
styrenic monomers, VBBI'TFSI" or VBIm. The addition of 15 mol% of excess SG1 had no

significant effect on the copolymerization kinetics (Figure 2.11).

To determine if the copolymerizations of VBBI'TFSI/MMA exhibit controlled behaviour,
samples of each copolymerization were taken periodically throughout the polymerization and were
analyzed by gel permeation chromatography (GPC) to determine their molecular weight
characteristics. A represented series of GPC traces taken from one experiment is shown in Figure
2.4b, and the corresponding number average molecular weight, M, versus X plot is found in
Figure 2.4a. The linear increase in M, with conversion and the narrow GPC chromatograms
suggests a controlled copolymerization. The linear behaviour of M, versus X, suggested

methacrylates can be copolymerized with VBBI'TFST, resulting in a controlled copolymerization.

64



PhD Thesis — Alexander J. Peltekoff University of Ottawa

c
s s W T ———T——T— —
L i E T B} —
12 o 0.8 T
n L ]
10 — P
- 06 = =
— 1 ‘0 a
.08 — b -
= i o
t =
- — 04 -
= 2 1o .
0.4 _ =) 5
i =looE . -
0.2 — =
o | o w|
7 0.0 = S O i ) b e
0 80 120 180 240 300 0 60 120 180 240 300 380 420 00502700408 108 0
Time (min) Time (min) Feed Composition (mol frac. styrenic)

Figure 2.3 Representative kinetic plots of In[(1 — X)™!] (X = conversion) versus polymerization time for:
(a) 4-vinylbenzyl butylimidazole/methyl methacrylate (VBBI'TFSI/MMA) random copolymerization at
various initial VBBI*TFSI feed concentrations (fvssitrsi o ): fvesro = 0.08 (open squares, 0); fvesi trsi’ o =
0.10, (filled triangles, A); fvssio = 0.25, (open circles, ©); fvssi trsi 0 = 0.38 (cross signs, X); fvssi TFsI,0
= 0.50 (filled diamonds, #); fvesi tesi’ 0 = 1.00 (filled circles, @) and (b) 4-vinylbenzyl/methyl methacrylate
(VBIm/MMA) random copolymerization at various initial VBIm feed concentrations (fvsim,0 ): fveimo = 0.05
(filled circles, ®); fysmo = 0.10 (open squares, 0O); fvsm,o = 0.20, (filled triangles, A); fysmo = 0.35, (cross
signs, X); fyem,o = 0.60 (filled squares, m); fvsimo = 0.81 (open circles, 0); fvsmo = 0.90 (filled diamonds,
¢). All copolymerizations were done at 90°C in 50 wt% DMF solutions with NHS-BlocBuilder
unimolecular initiator. (c) Plot of apparent rate constant kp[Pe] (kr = average propagation rate constant, [P-]
= concentration of propagating macroradicals) as a function of various initial VBIm and VBBI*TFSI" molar
feed concentrations fyeimo for VBIm/MMA (open squares, 0) and fvesi tesi 0 for VBBI'TFSI/MMA (filled
circles, ®). The kp[Pe] were obtained from the slopes of the kinetic plots shown in a) and b) in the linear

regions.

65



PhD Thesis — Alexander J. Peltekoff University of Ottawa

Table 2.2 4-vinylbenzyl imidazole/methyl methacrylate random copolymerizations and 1-(4-vinylbenzyl)-
3-butylimidazolium bis(trifluoromethylsulphonyl)-imide/methyl methacrylate random copolymerizations

initiated by N- hydroxysuccinimidyl BlocBuilder at 90 °C in 50 wt% dimethylformamide solution

Experimental. Monomer  fumonomer,0®  Fmono® kp[Pe] (s1)© Polymerization Final
ID* Time Conversion (X)!
VBBI/MMA-08 VBBI 0.075 0.10  (8.15+9.75) x 107 180 0.63
VBBI/MMA-10 VBBI 0.10 0.19  (7.64+0.11) x 107 172 0.64
VBBI/MMA-25 VBBI 0.25 049  (5.86+6.48) x 107 240 0.59
VBBI/MMA-40 VBBI 0.38 0.71 (5.20+7.28) x 10°° 240 0.70
VBBI/MMA-50 VBBI 0.50 086  (2.48+1.13)x10° 1080 0.79
VBBI/MMA-H VBBI 1.00 1.00  (2.92+0.13) x 10 240 0.17
VBIm/MMA-5 VBIm 0.05 0.10  (2.65+0.47)x 10+ 210 0.74
VBIm/MMA-10 VBIm 0.10 0.25 (7.10 £ 0.26) x 107 120 0.53
VBIm/MMA-20 VBIm 0.20 038  (4.60+0.59) x 107 210 0.40
VBIm/MMA-35 VBIm 0.35 0.56  (2.79+0.28) x 107 180 0.18
VBIm/MMA-60 VBIm 0.60 0.90  (3.26+0.23) x 107 375 0.03
VBIm/MMA-80 VBIm 0.81 0.96  (2.78+0.79) x 107 380 0.07
VBIM/MMA-90 VBIm 0.90 098  (1.42+0.74) x 10 410 0.07

3 Experimental 1D, X’/MMA-Y: where X= VBIm =4-vinylbenzyl imidazole, VBIm = 4-vinylbenzyl imidazole,
MMA = methyl methacrylate, and Y corresponds to the molar feed of VBBI*TFSI" or VBIm, in all cases,
[Initiator]o/M = 0.016 copolymerizations initiated by N-hydroxysuccinimidyl BlocBuilder at 90 °C in 50 wt%
dimethylformamide solution.

® fUBim,0 = initial molar feed of VBIm, and Fvgim, = final copolymer composition determined by 'H NMR.

) kp[P+] = apparent rate constant, determined from the slope of the linear region of the kinetic plots found in Figure
2.3b.

9 Final conversion determined by gravimetry.
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Figure 2.4 (a) Evolution of experimental number average molecular weight, M,, with X; (b) Gel permeation
chromatograms (THF solution with 10 mmol L' of LiTFSI and 10mmol L™ 1-butylimidazole) of
experiment VBBI'TFSI/MMA-10 (initial molar feed fraction fvssr+trsi-o = 0.10) with samples taken at the
following intervals: (red line, X = 0.26, M, = 7.41 kg mol~1,M,,/M,, = 1.30); 30 min (green line, X =
0.35, M, = 9.86 kg mol~!,M,,/M, = 1.38); 45 min (blue line, X = 0.40, M, =
11.83 kg mol~%,M,,/M,, = 1.36); 60 min (cyan line, X = 0.45, M,, = 12.95 kg mol~1,M,,/M,, = 1.40);
120 min (pink line, X = 0.55, M,, = 15.37 kg mol~,M,, /M, = 1.39); 180 min (yellow line, X = 0.59,
M, = 17.63kgmol™},M,,/M, = 1.43); 240 min (dark yellow line,X=0.64, M, =
17.68 kg mol~1, M, /M,, = 1.49); 300 min (navy line, X = 0.62, M,, = 18.74 kg mol~1,M,,,/M,, = 1.45);
360 min (purple line, X = 0.65, M, = 18.50 kg mol~%,M,,/M,, = 1.44).

It should also be noted that polymerizations of low ionic liquid in the feed exhibited
linearity when plotted versus t2/3 rather than r. The linearity of the kinetic plots when plotted as
In[(1 — X)~'] versus t2/3 rather than ¢ lies in the persistent radical effect (PRE). According to
Fischer®® and Fukuda and Goto's®' work, the minimization of the irreversible termination in the
NMP process is governed by the PRE. Consider an alkoxyamine compound (P-SGI1) that
decomposes into a transient radical (P ¢) and a persistent radical (SG1 ). This persistent radical

effect leads to two unusual rate laws for P e and SG1 e during the intermediate regimes:

1/3
[SG1.]2<3ktkil£RY](2)> (/3 o
kq[RY]o 3
[Re] = (W) (/3 (22)
thc
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where kg, k., and k; are the rate constants of the decomposition reaction, the combination reaction
of RY and the termination reaction between two Re, respectively. Therefore, the kinetic law of
monomer concentration is thus given by the following:

1/3
In[(1-X)"1 = 32ﬁ (%) £2/3 (2.3)
the

hence, the plots of In[(1 — X)~1] versus time will show a downward curvature whereas the plots
of In[(1—X)""] versus t?/3 are linear. This persistent radical effect has been shown

experimentally in the NMP of styrene and acrylates by different groups.’?4

Normally when dealing with high propagation rate constant monomers, an initial excess of
persistent radicals is added at the beginning of the polymerization process to slow down its rate
and improve polymerization control.>® 35 Under these conditions, the concentration of the transient
radicals reaches the stationary value, [R e]stqtionary = K [R —SG1]o/[SG1 ], (Where K =
ky/k.), and the linear evolution of the polymerization index In[(1 — X) 1] with time is generally
observed.?® 8" However, since the self-termination of the propagating radicals increases with the
polymerization time and causes an additional [SG1e], when this released nitroxide, [SG1e],
exceeds the initial one, [SG1+]o, the behaviour of the system turns to that observed without the

initial persistent species. Souaille and Fischer®’ theoretically demonstrated that if [SG1 ], >
(3[ln(10)]K [RY o k:/ kp)l/z, the polymerization index In[(1 — X) 1] varies linearly with z. In

contrast, if [SG1 ], < (3K[R — SG1], k./ kp)l/z, the initial presence of the persistent species has

no influence, and the polymerization index In[(1 — X)~!] increases linearly with t2/3. Depending
on the polymerization system, the propagation can take place in the first mode or could happen in
both modes and in certain cases; the persistent species has no influence and the kinetics vary with

time as t2/3. In the case of VBBI'TFSTI, no values of k,, and k; are available in the literature, thus,
it is difficult to determine if [SG1]o was higher than (3[In(10)]K[NHS — BBl k/k,)™” or

lower than (3K[NHS — BBl k/k,)"’*. The inability to suppress this PRE with additional SG1

has been seen by others who have attempted to polymerize ionic liquid monomers via NMP.*
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Poly(VBIm-co-MMA) appeared to be soluble in THF, but a very weak detector response
was observed from the RI detector during GPC measurements when using THF as the eluting
solvent. The imidazole groups in the copolymers are not fully soluble in THF, resulting in column
interactions and, thus, significant tailing is apparent in the GPC traces. Due to the severity of this
phenomenon, GPC measurements were unattainable for copolymers synthesized using fypim o >
0.05. Figure 2.19 in the supporting information illustrates a typical GPC spectrum of VBIm

containing copolymers that stick to the column.

2.3.4 A Study of Copolymer Compositions: Reactivity Ratios

The final copolymer composition will have a significant effect on the material properties
and, therefore, being able to predict the copolymer composition is crucial. For example,
researchers have shown increased conductivity when controlling the molecular architecture such
as the use of block/gradient PIL copolymers.® Therefore, knowledge of the monomer reactivity
ratios for the system will facilitate the design of the desired poly(MMA-co-VBBI'TFSI)
copolymers. To determine the copolymer reactivity ratios, copolymerizations were conducted
using the same procedure used for the kinetic experiments, except all polymerizations were
intentionally stopped at low conversion (X < 0.10) to prevent compositional drift. Five initial
feed compositions of VBBI'TFSI relative to MMA (molar feed compositions of 5, 10, 25, 38, and
50 %) and seven initial feed compositions of VBIm relative to MMA (molar feed compositions of
8, 10, 25, 38, and 50 %) were copolymerized in a 50 wt% solution of DMF at 90 °C. The resulting
copolymers were analyzed by 'H NMR, the results are displayed in Figure 2.5, where the initial
molar feeds were plotted relative to the final copolymer compositions (X < 0.10).

Reactivity ratios of the monomer pairs were determined using the Mayo-Lewis equation:*°

nff + fifz

F = (2.4)
! nfit+2fifs + o fS 1 ff
k k
r, =22 and r, = 222 (2.5 & 2.6)
kp12 kle

where the copolymer composition F; with the initial feed composition f; and f, are defined as a
function of the reactivity ratios r; and r,. The subscripts 1 and 2 denote the monomer of type 1

(VBBI'TFSI" or VBIm in this case) and monomer of type 2 (MMA in this case), respectively.
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Therefore, f o and Fy 19 (x denoting VBBI'TFSI” or VBIm) listed in Table 2.2 were substituted
into the Mayo-Lewis equation as f; and f, for reactivity ratio determination. The reactivity ratios
were determined by solving the Mayo-Lewis equation through the Fineman-Ross (FR),’! Kelen-
Tiidds (KT),” and the error-and-variables (EVM)®® approaches. The resulting reactivity ratios
obtained from all three techniques can be found in Table 2.3. Linearization methods such as the
Fineman-Ross’! approach is generally biased since not all data points are weighted equally. The
Kelen and Tiidds*? approach reduces the bias by introducing an adjusting parameter, but it still
solves the Mayo-Lewis equation indirectly via reduced variables. The solving of both the FR and
KT methods, along with the linearization plots, can be found in the supporting information (Figure
2.13 to 2.18). The Mayo-Lewis equation is characteristically non-linear, thus, linearization
methods such as FT and FR can be argued as inaccurate.”*® Nonlinear least squares (NILS)
methods and more advanced error-in-variables (EVM) methods have been developed and shown
to be more appropriate for use with the nonlinear Mayo-Lewis model. The EVM method was
implemented to determine a more accurate estimation of the reactivity ratios using the values

solved by the linearization KT method as first estimates and is displayed in Figure 2.5.9¢%°

Table 2.3 Reactivity ratios determined by Fineman-Ross, Kelen-Tiidds, and error-in-variables method®

Comonomers Fineman-Ross Kelen-Tudos Error-in-Variables Method
VBBI/MMA rveer = 12.12 rmma = 1.23 rveel = 11.57 rvma = 1.18 rvepi=11.71 rmma = 1.21
VBIm/MMA rveim = 5.45 rvma = 0.52 I'vBIm = 5.56 rmma = 0.56 rveim = 3.61 rvmva = 0.46

3 VBBI refers to VBBI*TFSI-
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Figure 2.5 Mayo-Lewis plots of the following: (a) 4-vinylbenzyl imidazole/methyl methacrylate
(VBIm/MMA); and (b) 4-vinylbenzyl butylimidazole (VBBI'TFSI/MMA). The experimental data for
copolymerizations performed in DMF at 90 °C using NHS-BB as the unimolecular initiator is indicated by
the solid circles, while the solid line indicates the fit from the reactivity ratios determined by error-in-
variables model fit to the Mayo-Lewis equation given in Table 2.4. The dashed line indicated the azeotropic
composition. Tables 2.1 and 2.2 list the experiments used for the plots. (d) The 95 % joint confidence
region for VBBI'TFSI/MMA (open triangle, A) and VBIm/MMA (filled circle, ®).

In both cases, rygg; > ryma and 1ypm > Tyma suggest a favourable addition of the
controlling comonomer relative to MMA. In all three cases the resulting copolymer will end up as
a gradient copolymer with the propagation end of the polymer, which is rich in MMA and the
initiation end rich in the styrenic. Previous studies have shown that the styrenics ability to control
the copolymerization of the methacrylate is directly correlated to the reactivity ratios; if the
addition of the styrenic is favoured, we will have a controlled copolymerization to as high as fim.4,0

~0.95-0.9.* On the contrary, if there is a strong propensity for the methacrylate to propagate over
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the styrenic, then the controlled copolymerization is only possible with very high reactivity ratios;
for example, methacrylic acid (MAA) and pentafluorostyrene (PFS) requires frrs,0 > 0.60 to obtain
a controlled copolymerization.”® These results further suggest that the copolymerization of MMA
and VBBI'TFSI" or VBIm results in a controlled copolymerization over a large range of feed

compositions.

2.3.5 Chain Extension of VBBI"TFSI/MMA Random Copolymers with Styrene

Chain extensions with styrene were performed to examine the ability of the VBBI'TFSI/MMA
macroinitiators synthesized from direct polymerization of the ionic liquid monomer and from the
functionalized precursor polymers to cleanly initiate a second batch of monomer. The M,, and
M,,/M,, of the samples were analyzed by GPC and compared to those of the macroinitiators. As
the GPC chromatograms in Figure 2.6 indicate, clear shifts of M, (from 38kgmol ' to
76 kg mol ") were observed, which implied a nearly simultaneous growth of all chains, suggesting
that the majority of the copolymers are pseudo-living enough to reinitiate a fresh batch of monomer
(resulting in well-defined block copolymers). However, a slight increase in M,,,/M,, was observed
for the block copolymer, suggesting that there was likely a small fraction of dead chains that were
present in the macroinitiators. It should be noted that although the evolution of M,, with conversion
of VBIm/MMA copolymerization could not be obtained due to the incompatibility of VBIm with
the GPC, one could suggest these polymerizations were still of a controlled nature based on the
narrow dispersity of the functionalized VBIm precursor polymers. Overall, these chain extension
results illustrate the pseudo-living nature of poly(VBBI ' TFSI'-co-MMA) copolymers synthesized
by both routes (direct and post functionalization) and establish a simple trajectory towards the

synthesis of block copolymer containing PILs by NMP.
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Figure 2.6 Gel permeation chromatograms (GPC) for chain extension from poly(VBBI*TFSI'-co-MMA)
macroinitiators with a batch of styrene. The dashed line is the VBBI'TFSI/MMA-10 macroinitiator (M,, =
18.50 kg mol™!, M,,/M,,= 1.44) and the solid line is the block copolymer (M,, = 82.21, M,,/M,, = 1.47).

Chain extensions were performed in 50 wt% DMF solutions at 110 °C.

2.4 Conclusion

We have demonstrated that well-defined poly(VBBI'TFSI-co-MMA) copolymers can be
produced via NMP by both pre and post-functionalization approaches. All of the polymerization
systems appear to proceed in a well-controlled manner, as is confirmed by several factors such as
linear semi logarithmic plots of In[(1 — X)~1] versus time, linear increase in the number-average
molecular weight with the conversion, and narrow dispersity. The resulting copolymers were
sufficiently pseudo-living to reinitiate a fresh batch of styrene and produce well-defined PIL

containing block copolymers.

From the methodologies examined, we found that direct polymerization of the VBBI ' TFSI”
monomer obtained via reaction with CMS and quaternization with butylimidazole is the ideal
synthetic pathway if better methods could be developed to isolate the polymer. Any methods
involving VBIm were determined to be unfavourable as it has disadvantageous qualities such as a
tedious synthesis and/or lack of compatibility with GPC. In this study, we have reported the
homopolymerization and copolymerization kinetics, molecular weight characteristics, and the

reactivity ratios for these previously understudied materials.

This study reports the first example of a synthesis of well defined, pseudo-living
methacrylate/PIL copolymers by NMP. This study establishes a protocol for obtaining PIL random
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and block copolymers with methacrylic units, which will serve as an essential platform in the

development of tunable PILs for next-generation applications such as in organic electronics.

2.5 Experimental

2.5.1 General Polymerization Procedure

All polymerizations were performed in a 100 mL three-neck round-bottom glass flask
equipped with a condenser, thermal well, and a magnetic Teflon stir bar. The flask was placed
inside a heating mantle, and the equipment was placed on a magnetic stirrer. Table 1 lists all the
formulations studied. All polymerizations used a target number-average molecular weight (M,,) at
complete conversion of 25 kgmol™!. The target degree of polymerization and hence M, was
calculated using the moles of total monomer relative to the moles of NHS-BB initiator added
initially. A specific formulation for an initial feed composition of VBIm (fvBim,0) equal to 0.35 is
given as an example (VBIm-co-MMA-35 in Table 2.1). 1-(4-vinylbenzyl)imidazole (VBIm)
(2.99 g, 16.2 mmol), MMA (3.01 g, 30.1 mmol), NHS-BB (0.072 g, 0.15 mmol), and DMF solvent
(12.00 g, 164.2 mmol) were added to the reactor, and mixing commenced with the stir bar. A
thermocouple was inserted through one of the reactor ports via a temperature well and connected
to a controller. To the second neck, the condenser was connected, which was connected to
recirculating water to prevent the loss of the monomers and solvent due to evaporation and to a
nitrogen purge. Before heating, the reactor mixture was bubbled using nitrogen for a minimum of
20 min under constant stirring to remove the dissolved oxygen. The reactor was then heated to the

! while maintaining a nitrogen purge.

appropriate temperature (90 °C) at a rate of about 10 °C min~
The initial polymerization time was taken when the reactor temperature reached 90 °C. Samples
were taken with a syringe periodically for a period of 2 h, after which the reaction mixture was
precipitated with diethyl ether (VBBI'TFSI/MMA copolymers were unable to be isolated by
precipitation). For the specific example cited, the polymerization was stopped after 2 h. After
precipitation, the crude polymer was re-dissolved in tetrahydrofuran (THF) and precipitated once
more into diethyl ether to remove the unreacted VBIm more effectively. After precipitation, the

polymer was obtained by filtration and dried overnight in a vacuum oven at 70 °C to remove any

additional solvent or unreacted monomer.
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Table 2.4 Formulations for 1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethylsulphonyl)-
imide/methyl methacrylate and for 4-vinylbenzyl imidazole/methyl methacrylate random copolymerization

initiated by N- hydroxysuccinimidyl BlocBuilder at 90 8C in 50 wt% dimethylformamide solution

Experimental. ID Monomer [monomer]¢/M [MMA]¢/M [DMF]o/M

VBBI/MMA-7.5 VBBI 0.2 2.2 8.7
VBBI/MMA-10 VBBI 0.2 2.0 8.8
VBBI/MMA-25 VBBI 0.4 1.2 8.9
VBBI/MMA-40 VBBI 0.5 0.7 9.0
VBBI/MMA-50 VBBI 0.5 0.5 9.0
VBIm/MMA-5 VBIm 0.2 2.9 8.6
VBIm/MMA-10 VBIm 0.3 2.6 8.7
VBIm/MMA-20 VBIm 0.5 2.2 8.7
VBIm/MMA-35 VBIm 0.9 1.6 8.8
VBIm/MMA-60 VBIm 1.3 0.9 8.9
VBIm/MMA-80 VBIm 1.6 0.4 8.9
VBIM/MMA-90 VBIm 1.7 0.2 9.0

9 Experimental ID, X/MMA-Y: where X = VBIm = 4-vinylbenzyl imidazole, VBBI = 1-(4-vinylbenzyl)-3-
butylimidazolium bis(trifluoromethylsulphonyl)-imide, MMA = methyl methacrylate, and Y corresponds to the molar
feed of VBBI or VBIm in all cases. [Initiator]o/M = 0.016 copolymerizations initiated by N- hydroxysuccinimidyl
BlocBuilder at 90 °C in 50 wt% dimethylformamide solution.

2.5.2 Quaternization and Anion Exchange of VBIm Containing Copolymers

The quaternization of the poly(VBIm) was adapted from Green et al.>° Poly(VBIm) /
poly(VBIm-co-MMA) polymers, bromobutane (1.5 equivalent) and THF were added to a 100 mL
round-bottom flask with a magnetic stir bar and placed upon a heating mantle under a nitrogen
atmosphere. The flask was heated to 60 °C and left overnight. The reaction mixture was allowed
to cool and precipitated into excess hexanes. The solid functionalized polymer was isolated by
filtration and dried overnight in a vacuum. The functionalized polymer and LiTFSI were dissolved
in DMA and left to mix at 25 °C overnight. Next, the solution was precipitated into water. The
solid polymer was washed with excess water and dried overnight in a vacuum, yielding the final

functionalized polymer with TFSI" salt.

2,53 Chain Extension of Poly(1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoro-
methylsulphonyl)-imide-co-methyl methacrylate) with Styrene

The chain extensions of poly(VBBI'TFSI-co-MMA) with styrene were performed in a
100 mL 3 neck round-bottom glass flask equipped with a condenser, thermal well, and a magnetic
Teflon stir bar similar to that of the poly(VBBI'TFSI-co-MMA) and poly(VBIm-co-MMA)

copolymerizations. The poly(VBBI'TFSI'-co-MMA) macroinitiators (0.25 g), styrene (10 g,
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96.02 mmol), and DMF (20 g, 273.64 mmol) were added, and the reactor was then sealed with a
rubber septum. A thermocouple was inserted through one of the reactor ports via a temperature
well and connected to a controller. To the second neck, the condenser was connected, which was
also connected to recirculating water to prevent loss of the monomers and solvent due to
evaporation and to a nitrogen purge. Before heating, the reactor mixture was bubbled using
nitrogen for a minimum of 20 min under constant stirring to remove dissolved oxygen. The reactor
was then heated to the appropriate temperature (110 °C) at a rate of about 10 °C min~! while
maintaining a nitrogen purge. The polymerization was left to run overnight, after which the
reaction mixture was precipitated with methanol. After precipitation, the crude polymer was re-
dissolved in tetrahydrofuran (THF) and precipitated once more into methanol to remove the
unreacted styrene more effectively. After precipitation, the polymer was obtained by filtration and

dried overnight in a vacuum oven at 70 °C to remove any additional solvent or unreacted monomer.

2.5.4 VBBI'TFSI- Monomer Synthesis (Alternative Route)
1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethylsulphonyl)-imide was

1.'* and the second

synthesized via two different synthetic routes, the first being from Bara et a
described as follows: 4-vinylbenzyl imidazole (1.00 g, 5.4 mmol), VBIm, and 1-bromobutane
(0.74 g, 5.4 mmol) were added to a 100 mL single neck round-bottom glass flask, which was then
equipped with a condenser and a magnetic Teflon stir bar and was set upon a heating mantle and
magnetic stirrer. The reaction vessel was heated to 50 °C and its contents were left to react for
24 h. Next, the reaction mixture was cooled and then added to 50 mL of water. LiTFSI (1.71 g,
5.94 mmol) was added to the reaction mixture and was set to stir for 24 h and an organic phase
was formed. The organic phase was then separated from the aqueous phase to yield the

VBBI'TFSI" monomer. 'H NMR characteristics and plots can be found in the supporting

information (Figures 2.7 and 2.8).
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Figure 2.7. '"H NMR in deuterated chlororoform of 4-vinylbenzyl imidazole (VBIm). 'H NMR (400 MHz,
Chloroform-d) & 7.51 (s, 1H), 7.35 (d, J = 7.8 Hz, 2H), 7.07 (s, 3H), 6.86 (s, 1H), 6.66 (dd, J=17.6, 10.8

Hz, 1H), 5.72 (d, J = 17.6 Hz, 1H), 5.24 (d, J = 10.8 Hz, 1H), 5.06 (s, 2H).
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Figure 2.8. 'H NMR in deuterated chlororoform (VBBI"). 'H NMR (400 MHz, DMSO-d) 6 9.25 (t, J =
23 Hz, 1H), 7.77 (d, J = 1.7 Hz, 2H), 7.56 — 7.46 (m, 2H), 7.36 (dd, J = 8.2, 1.8 Hz, 2H), 6.71 (dd, J =
17.7, 10.9 Hz, 1H), 5.84 (dd, J=17.7, 1.0 Hz, 1H), 5.46 — 5.34 (m, 2H), 5.26 (dq, J = 10.8, 0.9 Hz, 1H),
4.14 (td, J=7.3, 1.3 Hz, 2H), 1.87 — 1.65 (m, 2H), 1.23 (dqd, J = 15.5, 8.6, 7.5, 5.0 Hz, 2H), 0.86 (t, J =

7.4 Hz, 3H).
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Figure 2.9. (a) Conversion (X) versus polymerization polymerization time and (b) In[(1 — X)™!] versus
polymerization time for homopolymerizations of VBBI'BF4; monomer. All homopolymerizations were
performed in 50 wt% DMF solutions with NHS-BlocBuilder unimolecular initiator at 100 °C (filled
squares, m), 110°C (cross signs, %), and 110°C (open circles, o) with 15% excess SG1

Table 2.5. Homopolymerizations of 1-(4-vinylbenzyl)-3-butylimidazolium tetrafluoroborate initiated by
N- hydroxysuccinimidyl BlocBuilder at 110°C in 50 wt % dimethylformamide solution

Monomer kp[Pe] (s)? Time  Final Conversion
X)

100 (1.5+£0.2) x 107 420 0.10

110 (6.5+£0.5) x 10 240 0.19

110 SG1 (6.1 £0.8) x 107 413 0.15

a) kp[Pe] = apparent rate constant, determined from the slope of the kinetic plots found in Figure 2.9b
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Precursor Polymer Functionalization
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Figure 2.10. Poly(VBIm-co-MMA) before / after quaternization [to form poly(VBBI TFSI-co-MMA)].
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Effect of Excess SG1 on VBBI TFSI
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Figure 2.11. (a) Representative kinetic plots of In[(1 — X)™1] (X = conversion) versus polymerization time
for 10% VBBI'TFSI" 90% MMA feed with 0.15 equivalent SG1 to BlocBuilder (filled circles, ®) and no
additional SG1 (open squares, 0). (b) Evolution of experimental number average molecular weight, My,
and dispersity (D) with X with 15% excess SG1. (¢) Gel permeation chromatograms (THF solution with 10
mmol L' of LiITFSI and 10 mmol L' 1-butylimidazole) of experiment VBBI/MMA-10+SG1
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Determination of Reactivity Ratios (General Procedure)

With samples taken at low conversion using NHS-BB as the unimolecular initiator,
Fineman-Ross’! and Kelen-Tudos®? plots were constructed to obtain approximate value for the
reactivity ratios, assuming a terminal model was valid for the copolymer chain reactivity.”® The
Fineman-Ross approach linearizes the Mayo-Lewis equation and uses plot variables G and H that

are defined by the equations given as:

c__h -1 2.7)
1-f1) F
Ak Ta-F) 2.8)
i=la2y]
G=nrH-n (2.9)

where r1 and 2 are the reactivity ratios; f1 and f> are the initial molar ratios in the feed; and F; and
F» are the final molar ratios in the product for monomers 1 and 2, respectively. Thus, the reactivity

ratios can be obtained from the slope and intercept in a plot of G versus A.

Since a relatively small number of compositions were used to estimate reactivity ratios,
biasing of data caused by the Fineman-Ross method linearization was expected to be more severe,
and thus the Kelen-Tudos method to estimate the reactivity ratios was also used. The latter method
is expected to be most statistically sound method to determine the reactivity ratios. The Kelen-
Tudos plot of the parameters 17 and & reveals the reactivity ratios for r1 and r> (monomer 1 = styrenic

comonomer, monomer 2 = methyl methacrylate) from the slope and intercept.

n=(n+2)-2 (2.10)

The Kelen-Tudos method introduces an arbitrary constant a as a scaling parameter given
by /Hpmin * Hnax While n and € are derived from the linearized Fineman-Ross parameters G and

H as indicated in the equations above:

G 2.11)
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_ H (2.12)
a4+ H

$

Hmin and Hmax correspond to the minimum and maximum values of H, respectively, determined
from our data. After performing the Fineman-Ross and Kelen-Tudos fits to the data, the reactivity
ratios determined were used as first estimates in sum of least squares fittings. The reactivity ratios

determined by the different methods are reported in Table 2.3 of the manuscript.
Reactivity Ratios (VBIm)

Copolymer reactivity ratios for 4-vinylbenzyl imidazole/methyl methacrylate copolymers
(rvBim and rvma, respectively) were estimated from 'H NMR measurements to determine the
copolymer composition Fyem (in terms of 4-vinylbenzyl imidazole) at a given 4-vinylbenzyl
imidazole molar feed fraction fvpm. A typical spectra of 4-vinylbenzyl imidazole/methyl
methacrylate random copolymer is shown in Figure X. If the conversion is kept low, then
compositional drift can be ignored and the instantaneous feed composition fveim can be taken as

approximately equal to the initial monomer molar feed fraction fvgim,o.

Fveim was estimated from kinetic samples, meaning the NMR spectra consisted of a
mixture of polymer and unreacted monomer. To determine the polymer composition the amount
of each monomer that had be polymerized was determined by subtracting the integration
corresponding to the vinyl signals from the integration of the repeat unit for each polymer. For
VBIm the repeat unit was taken from the integration of the signals at = 7.5 — 8.0 ppm (imidazole
proton on 4-vinylbenzyl imidazole) and the monomer content was determined from the average of
the integration of each vinyl signal at § = 5.72 ppm and § = 5.24 ppm. For MMA the repeat unit
was taken from the integration of the signals at § = 3.7 — 3.66 (3 protons from the methyl group)
and the monomer content was determined from the average of the integration of each vinyl signal

at 6 = 5.5 and § = 6.05. Thus, Fvem can be determined as follows:

1
16=7.5—8 ppm ~ 7(16=5.72 ppm + I5=5.24 ppm)

1 VBIm [
[ = 2( = = )] . - 2( = = )
1(5 8 ppm 1(5 5.72 ppm 15 5.24 ppm I 3 1(5 5.5ppm 15 6.05 ppm
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Figure 2.12. Typical 'H NMR in deuterated chlororoform of a 4-vinylbenzyl imidazole-
co-methyl methacrylate copolymer for initial molar feed of fveimo of 20 mol%. The
polymer was synthesized with NHS-BlockBuilder at 90°C in 50 wt% dimethylformamide

solution. The symbol “x” corresponds to solvent.
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Reactivity Ratios (VBIm)

10
y = 5.474x- 0.5175 @
8 F R?=0.9892
6 - e
O 4 F KX
2 F
0 r" ‘®
_2 1 1 1
0 0.5 1 1.5 2
H

Figure 2.13. Fineman-Ross Plot to determine reactivity ratios from the intercept and slope

(rmma = 0.52 and rvem = 5.5).
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Figure 2.14. Kelen-Tudos Plot to determine the reactivity ratios from the intercept
(r¢r/a = —2.63) and slope ("yma + v/ = 8.19) which gives rmma = 0.56 and rveim

=35.6.
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Reactivity Ratios (VBBI TFSI)
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Figure 2.15. Fineman-Ross Plot to determine reactivity ratios from the intercept and slope (rmma = 1.23

and ryppr = 1212)
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Figure 2.16. Kelen-Tudos Plot to determine the reactivity ratios from the intercept
(rer/a = —12.39) and slope (rypa + v/ @ = 23.97) which gives rmma = 1.18 and
rveer = 11.57.
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Figure 2.17. Mayo-Lewis plots of 4-vinylbenzyl imidazole/methyl methacrylate (VBIm/MMA). The

experimental data for copolymerizations performed in DMF at 90 °C using NHS-BB as the unimolecular

initiator is indicated by the solid circles, while the solid line indicates the fit from the reactivity ratios

determined by (a) Fineman-Ross and (b) Kelen-Tudos fit to the Mayo-Lewis equation given in Table 2.6.

The dashed line indicated the azeotropic composition. Tables 2.1 & 2.2 list the experiments used for the

plots.
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Figure 2.18. Mayo-Lewis plots of 1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethylsulfonyl)-

imide/methyl methacrylate (VBBI*'TFSI/MMA). The experimental data for copolymerizations performed

in DMF at 90 °C using NHS-BB as the unimolecular initiator is indicated by the solid circles, while the

solid line indicates the fit from the reactivity ratios determined by (a) Fineman-Ross and (b) Kelen-Tudos

fit to the Mayo-Lewis equation given in Table 2.6. The dashed line indicated the azeotropic composition.

Tables 2.1 & 2.2 list the experiments used for the plots.
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Figure 2.19. Gel permeation chromatograms of products from VBIm/MMA
copolymerizations (denoted by VBIm-ran-MMA) performed at 90°C in DMF with
theoretical molecular weights at complete conversion of 25 kg-mol™! and with different
monomer feed concentrations (initial molar feed concentration of VBIm is given by

fvBim,0) using NHS-BB initiator: (a) fveim,o = 0.01; (b) fvBim,0 = 0.05; (¢) fvBimo=0.10
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Chapter 3: Unipolar Polymerized Ionic Liquid Copolymers as High-

Capacitance Electrolyte Gates for n-type Transistors

Context

In this study we synthesized PIL containing copolymers that were soluble and and were
easily isolated and purified by means of simple precipitations. The favourable post-polymerization
synthetic strategy, established in Chapter 2, led to prepolymers that could be characterized by GPC
PILs. Therefore, we synthesized and purified a series of random copolymers and block copolymers
containing the PILs. We started by characterizing the resulting polymer thermal properties as a
function of copolymer composition and established relationships. The materials were then
characterized by solid state impedance spectroscopy. We had to establish new laboratory
procedures including the fabrication of metal insulator metal capacitors. This involved several
iterations to work out problems with short cucuits due to rough masks and other technical
challenges. Finally we developed the new lab protocols to fabricate top gate bottom contact
OTFT devices to characterize these materials in OTFTs. Although our lab was fabricating and

testing transistors at this point, we only had experience fabricating bottom gated devices.
Contributions of Authors

I designed the experiments and the study with the guidance of Dr. Lessard. Victoria, an
undergraduate student under my direct supervision, synthesized the precursor polymers, and I
executed the following functionalization. I fabricated the capacitor and OTFT devices. Dr. Greg
Lopinski showed me how they characterized dielectrics, and facilitated a few demos at the National
Research Council of Canada, which inspired the mounting of our setup in our laboratory at
uOttawa. I performed the impedance characterization and characterized the OTFTs with the

assistance of Owen Melville.
Significance of Research

This research was significant as we were able to demonstrate that we could synthesize

polyelectrolyte materials and successfully integrate them into transistors of comparable to others
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in the literature. We showed the content of ionic liquid moieties in the material was not
instrumental to achieving a high capacitance and that conductivity was linked to 7, and
morphology. We also identified a minimum PL content necessary to obtain an EDL which is
different for random and block copolymers further suggesting block copolymer self-assembly is

key to high performance.

Chapter 3 was published in Applied Polymer Materials: Peltekoff, A. J., Hiller, V. E., Lopinski, G.
P., Melville, O. A., & Lessard, B. H., 2019, 1, 11, 3210-3221. doi:10.1021/acsapm.9b00959 ©
2019 American Chemical Society
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3.1 Abstract

A series of well-defined polymerized ionic liquid (PIL) statistical and block copolymers
consisting of ionic liquid monomer, 1-(4-vinylbenzyl)-3-butylimidazolium
bis(trifluoromethylsulfonyl)imide, and a nonionic monomer, methyl methacrylate (MMA), were
synthesized by nitroxide-mediated polymerization (NMP) with the goal of understanding the
influence of polymer structure on the thin film capacitance. Copolymer compositions were varied
from 8 to 54 wt % for both statistical and block copolymers and were characterized by predictable
changes in glass transition temperature (75 °C > T, > 45 °C). When integrated into thin film
capacitors, block copolymers exhibited the formation of electrical double layer (EDL) at lower
frequencies compared to the statistical copolymers of similar comonomer compositions. The
materials that formed an EDL all produced a similar maximum double layer capacitance value,
with the only difference being the frequency at which the EDL was formed. Finally, the PIL-
containing materials that were utilized in organic thin-film transistors (OTFTs) showed a
significant reduction in operating voltage compared to the poly(MMA) baseline. These results
indicate that not only composition but also polymer architecture plays a vital role in the formation

of an EDL and determines at which frequency the resulting OTFTs can be operated.

101



PhD Thesis — Alexander J. Peltekoff University of Ottawa

3.2 Introduction

The growing demand for flexible, lightweight, and stretchable electronics has led to great
interest in printed organic electronics. Thin-film transistors (TFTs) are foundational components
of many emerging organic electronic devices such as radio frequency identification (RFID) tags,
active-matrix organic light-emitting-diode-based (AMOLED) displays, and chemical and
biological sensors.!™ In these applications, low-voltage operating TFTs are required to minimize
power utilization, while maintaining the low processing temperature required to be compatible
with plastic substrates. Therefore, novel gate dielectric materials that exhibit both high effective
capacitance and low-temperature processing must be developed.!?!? Electrolyte-gated transistors
(EGTs)*"? utilize a polyelectrolyte as the gating medium which possess mobile ions that lead to
the formation of an electrical double layer that significantly increases the capacitance compared to
neutral polymers. EGTs can operate in field-effect mode by pairing with an appropriate
semiconductor. Polycations, for example, possess an immobile positive charge pendant to the
backbone that cannot diffuse into the n-type semiconductor upon application of a positive gate
voltage, where the opposite is true for a polyanion and p-type semiconductor. 41> Other researchers

16,17 and

have demonstrated polyelectrolyte-gated thin film transistors utilizing both inorganic
organic semiconductors.'®?? More recently, Thiburce and co-workers fabricated PSS-based
polyelectrolyte-gated TFTs by gravure printing methods to develop low operating voltage p-type
P3HT devices.”® Additionally, polyelectrolyte-gated TFTs have been incorporated into OTFT-

based pressure sensors, demonstrating the range of potential for these types of materials.?*%

Both n- and p-type-based semiconductors are required to produce low-power-consuming
organic integrated circuits. Significant progress in the production of high-performing organic
EGTs with p-type semiconductors!®*3% has been reported; however, fewer studies on the
development of organic n-type EGTs are available.?! > Some existing methods include the use of

32,33

lithium perchlorate/poly(ethylene oxide) (PEO)*! and ionic liquids as the gating medium for

n-type EGTs. More recently, polyelectrolytes with bound anions and cations have also been

successfully incorporated into EGTs.**3°

Ionic liquids have received tremendous interest over the years due to their ionic

conductivity, lack of flammability, negligible vapor pressure, and chemical/thermal stability.
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Poly(ionic liquid)s (PILs) are a subset of polyelectrolytes that possess ionic liquid moieties as part
of the polymer backbone or as pendent side chains. PILs therefore combine the advantages of ionic
liquids with the mechanical strength, processability, and flexibility of polymers, finding
applications in batteries, supercapacitors, fuel cells, solar cells, and even gas separation
membranes.’* ™ These advantageous properties of PILs can be influenced by altering either the
polymer structure or the composition of ionic liquid. For example, it has been shown that
decreasing the glass transition temperature (7,) results in an increase in ion conductivity, although
mechanical stability and processability suffer.*!** Therefore, the use of block copolymers
possessing a low-7, ion-conducting ionic liquid block and a high-7, block to provide mechanical

stability has proven to be beneficial.!#34

In this study, the nitroxide-mediated polymerization (NMP) was used to synthesize a series
of statistical and block copolymer-based polyelectrolytes containing 1-(4-vinylbenzyl)-3-
butylimidazolium bis(trifluoromethylsulfonyl)imide (VBBI'TFSI') and methyl methacrylate
(MMA). In contrast to other electrolytes like ion ionic liquids and ion gels, these
poly(VBBI'TESI --MMA) copolymers are unipolar ion conductors as the ionic liquid moieties
are bound to the backbone. We first determine the necessary kinetics and copolymer reactivity
ratio of the prepolymer copolymerization followed by the characterization of the Ty of the resulting
polymers after post-polymerization binding of the ion functional group. We continue to investigate
the effect of copolymer composition and molecular architecture (block versus statistical) on the
EDL capacitance and demonstrate one of the material’s ability to function as a gating medium in

EGTs with relatively low operating voltages.

3.3 Results & Discussion

3.3.1 Statistical Copolymer Synthesis, Kinetics, and Reactivity Ratio Determination.

We synthesized a series of methyl methacrylate (MMA) and 1-(4-vinylbenzyl)-3-
butylimidazolium  bis(trifluoromethylsulfonyl)imide (VBBI'TFSI") containing statistical
(poly(VBBI'TFSI --MMA)) and block (poly(MMA-r-S)-b-poly(VBBI'TFSI")) copolymers at
various VBBI'TFSI” compositions. These PIL-containing statistical and block copolymers were
obtained by post-polymerization functionalization of chloromethylstyrene (CMS) containing

prepolymers that were first synthesized via nitroxide-mediated polymerization (NMP) a
103



PhD Thesis — Alexander J. Peltekoff University of Ottawa

living/controlled polymerization technique (Schemes 3.1a and 3.1b, respectively). The statistical
copolymers precursors were prepared by copolymerizing CMS with MMA in 50 wt % solutions
of DMF or 1,4-dioxane at 90 °C, and the block copolymers precursors were prepared by chain
extension of poly(MMA-r-S) macroinitiator with CMS (Scheme 3.1). The CMS containing
precursor polymers were then functionalized to ionic liquids bearing chloride anions via
quaternization reaction of CMS moieties with 1-butylimidazole. The functionalized precursors
were then subsequently converted into TFSI™ counterions by anion exchange yielding
VBBI'TFSI” (Scheme 3.1). This approach was found to be more straightforward, and the product
was easier to isolate than directly polymerizing VBBI'TFSI™ containing monomer as performed

in our previous study.*¢

Scheme 3.1. Synthesis of (a) Poly(MMA-r-VBBI'TFSI") Statistical Copolymers and (b) Poly(MMA-7-S)-
b-Poly(VBBI'TFSI") Block Copolymers.?

SG,
n

(@)
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= ~N<

sG1 = >Lf TSI = TP
N~ P(O)(OE; F)Sa é’\fF

[e]
2 Reagents and conditions: (1) BlocBuilder-MA, SG1, 1,4-dioxane, or DMF, 90 °C, 4—8 h; (2) butylimidazole, THF
60 °C, 24 h; (3) LiTFSI, 50 °C, 48 h; (4) chain extension of poly(MMA-r-S) macroinitiator using CMS: 1,4-dioxane,
110 °C, 8 h.

To achieve a conclusive study comparing block vs statistical copolymers, it is necessary
that the statistical copolymers prepared are well-defined with narrow molecular weight distribution
and have homogeneous copolymer composition; therefore, they must be synthesized by a
controlled polymerization. In this study, NMP was selected because it is relatively simple to
implement, and the final polymers can be used in sensitive electronic applications without the need
for involved purification techniques such as other controlled radical polymerization

techniques.*’* The product of k, the propagation rate constant, and K, the
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activation—deactivation equilibrium constant, is often used to define the kinetics of an NMP
system. K is defined as a ratio of the concentration of propagating radicals, [P¢], and the free

nitroxide concentration, [SG1], over the concentration of reversibly terminated species, [P—SG1]:

_ [P][SG1]

~ [P —SG1] G-

At the beginning of the polymerization, the concentration of free nitroxide radicals is high and

relatively constant and is therefore substituted with the initial concentration of SG1 ([SG1]
[SG1]o). The initial molar concentration of SG1 and BlocBuilder-MA is defined by »r =
[SG1]o/[BlocBuilder]o, and all polymerizations in this study were performed with » < 0.10 (Table

3.1), which reduces the rate of termination by B-hydrogen chain transfer to SG1, suggesting the

major form of irreversible termination is homotermination.>%!

Table 3.1 Experimental Formulation for Chloromethylstyrene/Methyl Methacrylate (CMS/MMA)
Statistical Copolymerizations Initiated by Using BlocBuilder-MA at 90 °C in 50 wt % Solvent Solution.?

Exp ID CMS MMA Solvent

mmol g mmol g mmol g
CMS/MMA-05/95-A 4.9 0.74 925 9.26 DMF 136.82 10
CMS/MMA-05/95-B 4.9 0.74 925 926 1,4-dioxane 113.49 10
CMS/MMA-10/90 9.5 145 854 855 1,4-dioxane 113.49 10
CMS/MMA-15/85 13.9 212 787 7.88 1,4-dioxane 113.49 10
CMS/MMA-20/80 181 276 723 724 1,4-dioxane 113.49 10
CMS-MMA-30/70-A 259 395 604 6.05 DMF 136.82 10
CMS/MMA-30/70-B 259 395 604 6.05 1,4-dioxane 113.49 10
CMS/MMA-50/50 39.6  6.04 396 3.96 DMF 136.82 10
CMS/MMA-55/45 426 651 349 349 1,4-dioxane 113.49 10
CMS/MMA-75/25 53.8  8.21 179 1.79 DMF 136.82 10
CMS/MMA-95/05 63.3  9.67 33 033 DMF 136.82 10
CMS/MMA-100/00 65.5 10.00 0.00 0.00 DMF 136.82 10

aAll copolymerizations were performed at 90 °C with a target average molecular weight of 25 kg mol™' and an initial

molar ratio of SG1 relative to BlocBuilder-MA, where » = [SG1]¢/ [BlocBuilder-MA]o = 0.10.

During the initial stages of the polymerization chains are relatively short and
homotermination is negligible; therefore, the concentration of reversibly deactivated species is
assumed to be equal to the initial concentration of initiator ([P—SG1] = [BlocBuilder]o). Finally,
kp is multiplied by K, and substituting the initial molar concentrations of SG1 and BlocBuilder-

MA by r to give eq 3.2:
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b K = [SG1]o[P]

= 32
p P [BlocBuilder], (3.2)

Figure 3.1a expresses In[(1—X) '] as a function of polymerization time where the slopes were used
to measure k,[P¢] and k,K (Table 3.4). Figure 3.1b demonstrates the increase in number-average
molecular weight, M, linearly with X. These plots justify the assumptions and makes eq 1
applicable. Therefore, we initially performed the polymerizations in DMF but found the removal
of solvent often required several precipitations into hexanes, resulting in diminished yields due to
the material loss associated with each operational step. We investigated the use of 1,4-dioxane as
solvent which resulted in higher mass yields due to the lower number of precipitations required to
remove the residual solvent; residual 1,4-dioxane is also readily removed via vacuum drying. To
our surprise, we also observed that higher X’s were achieved in 1,4-dioxane which we attributed

to reduced chain transfer to solvent (compared to DMF) as reported with other systems.>?

a b c
30 200 2.0
10 |- . {1
X P L4 b -
= 25 - 81 %% A “ Ji10@ K3
08 X 4125 o 15 o I
. 20 0 L ST
a by . o ) - F
o T
? o S5 Sl &
C ~ e A X
£ /'A‘"A » = L
o =0 L ’6,0,' & » /¥< o
> R F ",8'/'\ f S L% g 05 | =
B o p 5 - & ©+ L3 .
AT I - -
F o2’ m =
M B R B | ol ¢ o1, R P R R R R
120 180 240 300 0.0 0.2 04 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0

Time (min) Conversion (X) fems.o

Figure 3.1 (a) Semilogarithmic plot of In(1-X)") (X = conversion) versus time and (b) number-average
molecular weight (M,) & polymer dispersity (D) vs X for chloromethyl(styrene)/methyl methacrylate
(CMS/MMA) copolymerization using 15 mol % SG1 relative to BlocBuilder-MA at 90 °C for various
initial feeds performed in a 50 wt% 1,4-dioxane solution or DMF solutions. fomso = 0.05 1,4-dioxane (e);
foms,o =0.05 DMF (0); foms,o = 0.10 1,4-dioxane (m); foms,o = 0.15 1,4-dioxane (0); foms,o = 0.20 1,4-dioxane
(%); foms,o = 0.30 1,4-dioxane (A ); foms,o = 0.30 DMF (Q); foms o = 0.50 DMF (#); fomso = 0.55 1,4-dioxane
(H); fomso = 0.75 DMF (A); fomso = 0.95 DMF (P>).(c) Product of average activation-deactivation
equilibrium constant (K) and the average propagating rate constant (kp), (kp)(K) as a function of the initial
molar feed fraction of CMS, fcms,o. The experimentally obtained (kp)(K) values of reaction performed in
DMF are represented by the filled circles and in 1,4-dioxane are represented by the open squares. The error

bars were determined from the standard error of the slope from the semilogarithmic kinetic plots.
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The change in (kp)(K) as a function of CMS feed composition for the copolymerization of
MMA/CMS by using both DMF and 1,4-dioxane are very similar to the NMP of other
methacrylate/styrenic copolymerization systems such as tertbutyl methacrylate/styrene,>® benzyl
methacrylate/styrene,>* and  2-(2-methoxyethoxy)ethyl —methacryate (MEO2MA)/9-(4-
vinylbenzyl)-9H-carbazole (VBK).>® In addition, the observed linear increase in M,, versus X and
relatively low M,,/M,, suggest that the copolymerization is well controlled. These characteristics
are crucial for the design of well-defined copolymers and block copolymers and will help elucidate

the effect of composition and molecular architecture to device performance.

To synthesize statistical copolymers with specific and predictable final composition, it is
necessary to determine the copolymerization reactivity ratios. While the copolymerization of CMS
and styrene has been reported by NMP,*%7 to our knowledge, there has been no study showing
the use of CMS as a controlling monomer for NMP of methacrylates. '"H NMR was used to
determine copolymer composition of samples taken at low conversion (X < 0.1), where we can
assume no depletion of either monomer has yet taken place in the polymerization mixture. Eleven
polymerizations with initial molar feed compositions of CMS relative to MMA, fcuso =
0.05—-0.95, were copolymerized in 50 wt % solutions of DMF or 1,4-dioxane at 90 °C. The
resulting copolymer composition (X < 0.1) as a function of feed composition are shown in Figure

3.2 and listed in Table 3.5.
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Figure 3.2 Mayo—Lewis plot of copolymer composition with respect to chloromethylstyrene (CMS), Feus,
vs monomer feed composition, fous,0, using CMS and methyl methacrylate reactivity ratios determined from
nonlinear least-squares fitting of the Mayo—Lewis equation to the experimental data (1.5 = 2.99 + 0.39
and ryp4 = 0.71 £0.08). The fit is indicated by the dashed line while the experimental data points are found

in Table 3.5. The straight line indicates the azeotropic composition.
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The final composition of a copolymer is defined by the relative addition of each monomer
to a propagating chain as represented by a terminal model’® that defines reactivity ratios r; and 75,
where 1y represents the preference for monomer “1” to add onto a propagating chain with a
terminal unit “1” while r, represents the preference for monomer “2” to add onto a propagating
chain with a terminal unit “2”. To determine 7y and 14 for the CMS/MMA system, we employ
the Mayo—Lewis®® equation:

F o= nff + fife
VU nfE A 2fifs +1ofP (3-3)

where the instantaneous monomer feed compositions f; and /> are related to the final copolymer
composition F and where the subscript “1” = CMS and “2” = MMA in this case. Reactivity ratios
were determined to be 1y s =2.99 and 14 = 0.71 by performing a nonlinear least-squares fitting
of the experimental data (Table 3.5) to the Mayo—Lewis equation. The Mayo—Lewis plot is shown
in Figure 3.2 by using the determined reactivity ratios against the experimental data. There has
only been one report of CMS/MMA reactivity ratios which differed slightly from our values (7¢ps
= 0.82 and ryy4 = 0.37) which could be due to the their use of conventional free radical
polymerization rather than NMP.>° In both cases, T¢ps > Tyma, Suggesting a favorable addition of
the styrenic controlling comonomer relative to MMA which will produce a composition gradient
within copolymer, where the propagating end of the polymer has more MMA and the initiation
end has more CMS. Recently, studies have shown that with the addition of as little as 1—5 mol %
of a styrenic comonomer it is possible to control the copolymerization of methacrylates by NMP
when the reactivity ratios are favorable for styrenic addition.®® The reactivity ratios calculated
indicate that the copolymerization of CMS and MMA by NMP leads to well-defined copolymers

with tunable and predictable compositions.

3.3.2 Synthesis of VBBI'TFSI- Containing Statistical and Block Copolymers by Post-
polymerization Coupling and Subsequent Anion Exchange.

The MMA/CMS statistical and block copolymers were functionalized by a quaternization
reaction with 1-butylimidazole followed by an anion exchange to result in the final VBBI'TFSI -
containing copolymer (Scheme 3.1). It is a requirement that all residual CMS monomer be

removed before the polymeric sample is functionalized. Otherwise, the CMS monomer will also
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undergo the quaternization reaction, producing a VBBI'TFSI™ monomer, which is insoluble in the
precipitating medium utilized (hexanes), and thus inseparable from the functionalized polymer.
This post-polymerization approach was utilized as the polymer could easily be isolated from the
unreacted monomers by precipitation, which was not the case for direct polymerization of the IL
monomer.*® Additionally, the final VBBI*TFSI -containing polymers are incompatible with SEC
columns; thus, the precursor approach facilitated the characterization for the prepolymers by SEC.
The quaternization reaction and subsequent anion exchange were confirmed by 'H NMR seen in

Figure 3.8.

3.3.3 Statistical and Block Copolymer Molecular Weight and Thermal Characterization.
The respective differential scanning calorimetry (DSC) plots used to determine the glass
transition temperatures (7s) are displayed in Figure 3.3. For the MMA/VBBI'TFSI statistical
copolymers, there is a single relatively narrow 7,, which decreases from 75 to 45 °C with
increasing VBBI'TFSI™ composition from 7.7 to 43.2 mol % (Table 3.2). As expected, the Tg
values obtained for MMA/VBBI'TFSI™ copolymers are between the Tg of pure poly(MMA) (7g.1)
and poly(VBBI'TFSI') (Tg2) homopolymers. The experimental data were fit to the
Gordon—Taylor equation®! and are represented in Figure 3.3. The Gordon— Taylor equation is as

follows:

~wi Ty, + K'w, Ty,

T
9 wy + K'w, (3-4)
Ty
K'=-2- 3.5
Toz (3.5

where w; and w, are weight fractions of the two monomers, and K' is a fitting parameter. The
solid line represents a K’ = 1 and is defined as a fully miscible system when the Gordon—Taylor
equation simplifies to the Fox equation. K' = 0.52 was identified as the best fit for our
experimental data (Figure 3.3¢). It is important to note that this value is different from Ty ; /T, , =
0.40, suggesting that the VBBI'TFSI™ and the MMA are not completely randomly distributed in
the polymer chain. This is expected as the CMS/MMA reactivity ratios suggest a gradient
copolymer would be produced. These results further suggest that copolymer 7, can be tuned

through control of the copolymer composition. Figure 3.4 illustrates a typical DSC thermogram
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of the final functionalized poly(MMA-r-S)-b-poly(VBBI'TFSI") block copolymer after
quaternization and anion exchange with LiTFSI. The thermogram clearly demonstrates two
second-order transitions which correspond to two unique 7,s: one for each block. Not all block
copolymers exhibited two distinct 7,s (Table 3.2) which is common for polymer samples where
one block is too small, resulting in miscibility in the larger block. This is not surprising because
all block copolymers in this study were synthesized by using the same poly(MMA-r-S)
macroinitiator and only differed in the length of the poly(VBBI'TFSI") (Table 3.2).

Table 3.2 Thermal Properties of VBBI'TFSI - Containing Statistical and Block Copolymers

Final copolymers * Polymer Fveeitrst wt% T.°(°C)  My'  My/M,¢
ID? b (kg/mol)
poly(MMA-s--VBBI'TFSI-7.7)  R-7.7 0077 113 75 26.3 121
poly(MMA-st-VBBI'TFSI-12.5)  R-12.5  0.125 179 67 29.1 1.19
poly(MMA-s--VBBI'TFSI-14.7)  R-147  0.147 208 6l 26.6 121
poly(MMA-s--VBBI'TFSI-34.4)  R-344 0344 444 48 20.5 118
poly(MMA-s¢-VBBI'TFSI-43.2) R-43.2 0.432 53.6 45 22.1 1.21
poly(MMA-h-VBBI'TFSI-5.6)  B-5.6 0.056 82 85 25.5 121
poly(MMA-h-VBBI'TFSI-8.0)  B-8.0 0080 117  78° 27.6 1.52
poly(MMA-h-VBBI'TFSI-9.4)  B-9.4 0094 137  73¢ 29.9 121
poly(MMA-h-VBBI'TESI-12.1)  B-12.1  0.121 173 59 31.7 1.25
poly(MMA-h-VBBI'TFSI-18.7)  B-18.7  0.187 259 42,112 324 1.23
poly(MMA-bh-VBBI'TFSI-22.6) B-22.6 0226 308 41,110 328 1.22

2 Final copolymers are given by poly(MMA-st or b-VBBI'TFSI-X), with MMA = methyl methacrylate,
VBBI'TFSI™ = 1-(4-vinylbenzyl)-3- butylimidazolium bis(trifluoromethylsulfonyl)imide and X = molar
composition of VBBI'TFSI™ determined from 'H NMR spectroscopy. Polymer ID are an abbreviated form of the
final copolymer as given by st-X or B-X, for statistical copolymer (R) or block copolymer (B) and where X = molar
composition of VBBI'TFSI™ in the final polymer.

b Fyppirrsi- is the final molar composition of VBBI*TFSI™ in the copolymer, as determined by 'H NMR
spectroscopy.

¢ Determined by differential scanning (DSC) calorimetry using the midpoint method.

4 Weight-average molecular weight (M,,) and polymer dispersity (M,,/M,,) were determined for the MMA/CMS
copolymer precursors.

¢ Only one single broad T, was identified by DSC for the resulting block copolymers likely due to the small second
block.
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Figure 3.3. DSC exothermic thermograms (a) and DSC endothermic thermograms (b) of
MMA/VBBI'TFSI statistical copolymers with molar composition of VBBI*TFSI™ (Fyga/ rrsi ): Fyesr 1rsi
= 7.7 (purple dashed line); Fygp rrsi = 12.5 (green dotted line); Fygs/ rrsi = 14.7 (blue solid line);
Fygpr rrsi = 34.4 (pink dash-dotted line); Fypa rrsi = 43.2 (mustard short-dashed line). (¢) Glass transition

temperatures as a function of Fypp 7rs . The dashed line corresponds to the Gordon—Taylor equation with

fitting parameter K = 0.52.
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Figure 3.4 DSC thermogram of final functionalized block copolymer, poly(MMA-b-VBBI'TFSI"-22.6),

(B-22.6), after quaternization and anion exchange with LiTFSI.

3.3.4 The Impedance Behavior of MMA/VBBI*TFSI™ Statistical and Block Copolymers as
Electrolyte Dielectrics.

The metal-insulator-metal (MIM) capacitors were fabricated by spin-coating the
VBBI'TFSI -containing polymer between gold electrodes which were deposited by thermal
evaporation as described in the Experimental Section. In the VBBI'TFSI -containing statistical
and block copolymers, the cation is covalently bound to the polymer backbone, whereas the TFST™
counter-anion can move freely during device operation. Applying a voltage to the MIM capacitor
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leads to the movement of TFSI™ anions and formation of electrical double layers (EDLs) at the

electrolyte/electrode interfaces.
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Figure 3.5 (a) Representative Nyquist plot, (b) phase angle vs frequency, and (c¢) specific capacitance of
MIM capacitor with ~400 nm thick poly(MMA-1-S)-poly(VBBI'TFSI") insulator layer. The inset in (a)
displays the high-frequency region of the Nyquist plot. In (b), the symbols represent the experimental data,
and the solid line represents the equivalent circuit model fit (equivalent circuit model shown in corner). The
equivalent circuit model R1, R2, C, and CPE, represent contact resistance, bulk resistance, dipolar
polarization, and resistance from leakage current, respectively. The impedance of the constant phase
element (CPE) is described by the equation Zcpr = Q51 (jw) ™", where Q,, is a constant, j is the imaginary
number, © is the angular frequency (w = 2rf), and n is a constant in the range of 0 < n < 1. The legend

in (c) is valid for both (b) and (c).

Impedance spectroscopy experiments were performed on the series of VBBI'TFSI -
containing statistical and block copolymer MIM devices, and the corresponding plots are found in
Figure 3.5. The Nyquist plot (Z” vs Z') in Figure 3.5a, corresponding to Fygs/ 7rsi = 0.12,

displays a semicircle in high-frequency regimes (10°—10° Hz) and a slanted vertical line in low-
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frequency regions (10°-107 Hz), which is the expected behavior of an electrolyte with solid
electrodes.®? The phase angle versus frequency plots and corresponding specific capacitance
versus frequency for all the VBBI'TFSI -containing statistical and block copolymer that displayed
ionic motion are compared in Figures 3.5b and 3.5c, respectively. As expected the polarization
of polyelectrolytes often demonstrates both resistive and capacitive behavior.!® The experimental
impedance data were fit to using an equivalent circuit model, displayed in Figure 3.5b. The
equivalent circuit model is represented by a capacitor (C), which represents the polarization of the
polyelectrolyte dipoles, in parallel with a resistor (R2), which corresponds to the bulk resistance
during high-frequency ion migration. The semicircle in the Nyquist plot (Figure 3.5a) is a result
of R2, while the vertical line is due to the formation of EDLs at the polyelectrolyte/electrode
interfaces and is represented by C in series. However, the nonideal behavior shown by the slanting
of vertical line (Figure 3.5a) is likely due to the capacitance dispersion caused by the surface
roughness of metals in contact with electrolyte at the interface.®* % To correct for the nonideal
behavior caused by the differentiated EDLs and inhomogeneous interfaces, a constant phase
element (CPE) is utilized instead of an ideal capacitor in the equivalent circuit. The impedance of

the CPE is therefore defined by eq 3.6:!86364
Zepg = Q' ()™ (3.6)

where Q,, is a constant, j is the imaginary number, w represents the angular frequency (w = 27f),
and n is a constant ranging from of 0 < n < 1. The phase angle is described by O.pp (n) =
—90n°: where n = 1 represents ideal capacitor behavior with capacitance C = Q,, and where n =
0 represents an ideal resistor with resistance R = Q1. Additionally, a resistor is placed in series
to the equivalent circuit model representing nonideal contact resistance and leakage current of the
electrolyte material, R/. The equivalent circuit model described is displayed in the Figure 3.5b
inset. Ionic conductivity can then be found by using the equation a;,,, = dR"1A~! where d is the
film thickness, A4 is the capacitor cross-sectional area, and R is the bulk resistance (R2 from circuit
modeling). The ionic conductivity and double-layer capacitance for the VBBI ' TFSI -containing
copolymer films calculated from the experimental impedance data and the fitting parameters for
copolymers of different architecture and composition are displayed in Table 3.3. The high-

frequency dipolar relaxation is 2 orders of magnitude smaller than the EDL capacitance. The small

113



PhD Thesis — Alexander J. Peltekoff University of Ottawa

value of RI (~0 Q for all), representing the nonideal contact resistance, is much lower compared
to R3 (~50 kQ) representing resistance due to current leakage of the electrolyte. A value of n = ~

0.9 suggests that the CPE is representing the capacitance caused by EDL formation.

Table 3.3. Fitting Parameters from the Equivalent Circuit Model Components of Poly(VBBI*TFSI --
MMA) Statistical and Block Copolymer MIM Capacitors

polymer ID*  F vppiiTrsi ° architecture conductivity©  capacitance® n°
(Scm™) (nF cm™)

B-5.6 0.056 block -d 5.9 -d
R-7.7 0.077 statistical -d 6.7 -d
B-8.0 0.080 block -d 8.2 -d
B-9.4 0.094 block -d 8.7 -d
B-12.1 0.121 block 2.1 %107 1,000 0.83
R-12.5 0.125 statistical -d 7.8 -d
R-14.7 0.147 statistical -d 8.4 -d
B-18.7 0.187 block 8.9 x 10710 1,183 0.87
B-22.6 0.226 block 2.4 %107 1,169 0.89
R-34.4 0.344 statistical 1.6 x 10° 1,089 0.85
R-42.6 0.426 statistical 1.8 x 107 1,187 0.87

Polymer ID is an abbreviated form of the final copolymer as given by R-X or B-X, for statistical copolymer (R) or
block copolymer (B) and where X = molar composition of VBBI'TFSI in the final polymer.

Fygsr rrsi is the final molar composition of VBBI'TFSI™ in the copolymer, as determined by 'H NMR
spectroscopy.

Conductivity and capacitance were determined by electrical impedance spectroscopy (EIS). n is a constant as found
in eq 3.6.

Materials that did not exhibit any frequency dependence and thus no double layer capacitance; their constant
capacitance is reported.

Figure 3.5¢ displays the effective specific capacitance versus frequency. The capacitance
increases as frequency decreases and is >1 pF/cm? at frequencies under 1 Hz. Poly(MMA), which
does not exhibit an EDL, has a constant capacitance independent of frequency. The large
capacitance of the poly(MMA-1-S)-b-poly(VBBI'TFSI") block copolymers is caused by the EDLs
formed at the polyelectrolyte/electrode interface. Additionally, by use of the constant phase
element, a frequency-independent effective capacitance can be calculated from R and the fitting
):62:64

parameters (eq 3.7

¢ = R(A/m-1)gl/n (3.7
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The frequency-independent capacitance calculated is ~1 puF/cm?, which is comparable to

other electrolytes that incorporate ionic liquids.®*%

The impedance properties of the
polyelectrolyte thin-film capacitors were also studied as a function of PIL composition and
architecture. We performed EIS on the poly(MMA-r-VBBI'TFSI") statistical copolymer with
compositions of Fygsr rrsi = 0.07-0.426 and poly(MMA-7-S)-b-poly(VBBI'TFSI") block
copolymers of Fypsr rrsi = 0.056—0.226 (Table 3.3). Of the 11 copolymers examined by EIS,
only six exhibited behavior suggesting EDL formation. All block copolymers above Fygsr rrsi >
0.094 resulted in EDL formation, in contrast to a minimum of Fyga; s > 0.34 needed for the
statistical copolymers. We attribute this to the MMA impeding the movement of the TFSI™ anions
in the insulating film whereas microdomains are formed in the block copolymer films which
facilitate this migration.® It is interesting to note that the observed EDL formation roughly
corresponds to the copolymer composition where two distinct 7,s were measured for the
poly(MMA-r-S)-b-poly(VBBI'TFSI") block copolymers by DSC, further suggesting microphase
separation of larger blocks is desirable over smaller miscible blocks. Regardless, these results
suggest that both copolymer composition and copolymer architecture are critical for the formation

of the EDL. Furthermore, the use of block copolymers over statistical copolymers facilitates the

formation of the EDL with less required VBBI'TFSI™ content in the polymer.

3.3.5 Unipolar Polyelectrolyte Dielectrics for n-Type EGTs.

We characterized the unipolar conduction behavior of a characteristic VBBI'TFSI -
containing block copolymer and compared it to the poly(MMA) homopolymer as the gating
medium in TFTs. Because of the mobile anion in the VBBI'TFSI -containing block copolymer, it
was paired with an n-type semiconductor in top-gate transistors to avoid electrochemical doping.
Applying a positive potential to the gate promotes the movement of TFSI™ anions toward the gate,
resulting in the polyelectrolyte/semiconductor interface to possess solely the large polycationic
backbone. The large macromolecule is too large to penetrate the semiconductor layer, forming an
EDL.” A solution-processable n-type semiconductor, poly(NDI20D-T2), was used to fabricate
top gate bottom contact (TGBC) devices.®
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Figure 3.6 Example output curves for TGBC devices with n-type semiconductor using (a) poly(MMA-b-

VBBI'TFSI -22.6) and (b) poly(MMA) insulators. All data for devices are characterized in air.

Figures 3.6a and 3.6b show the output characteristics of TGBC n-type poly(NDI20OD-T2)
TFTs (W/L = 30 mm/50 pm) with a gating medium of ~400 nm poly(MMA-r-S)-b-
poly(VBBI'TFSI") block copolymer or poly(MMA) film, respectively. The measured specific
capacitances of the polyelectrolyte films are about 2 orders of magnitude larger than that of the
poly(MMA) films (Table 3.3), leading to higher drain currents (/sp) for comparable operating
voltage. As shown in Figure 3.6, devices using the polyelectrolyte demonstrated /sp ranging
between 1 and 2 orders of magnitude higher than those using poly(MMA) for a similar range of
Vgs and Vsp, thus showing reduced operating voltage required to differentiate conduction state.
For both materials, the presence of an injection barrier is evident in the delayed onset of the linear
region, although this effect is particularly pronounced for the poly(MMA) devices. This barrier is
often observed in TFTs with the bottom-contact device configuration or semiconductor—electrode
energetic mismatch and could be remedied with device architecture or contact modifications to

further reduce Vsp required for operation.®

Transfer characteristics for the polyelectrolyte and poly-(MMA) devices (Figure 3.7) were
obtained by sweeping Vs at a slow sweep rate of 200 mV/s to guarantee EDL formation while
holding Vsp constant at 8 V. Poly(MMA) devices exhibited little hysteresis, observed as a
difference in the forward and reverse sweeps, whereas the PIL-containing devices showed
significant hysteresis stems from the slower polarization speed of the poly(MMA-r-S)-b-poly-
(VBBI'TFSI") block copolymer compared to the nonionic polarization of poly(MMA). Given a
constant C, the saturation regime electron mobility can be determined from eq 3.8:
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w
= —Cu(Vgs — Ven)? (3.8)

=31
where W is the width of the channel, L is the length of the channel, V;, is the threshold voltage,
and p is electron field-effect mobility for the saturation region. To calculate the p of
poly(NDI20OD-T?2) from the transfer data, specific capacitance (C) values of 5 and 1000 nF cm 2
were used for the poly(MMA) and polyelectrolyte devices, respectively, and were shown to be
constant as a function of voltage (Figure 3.9). The saturation p for both types of devices ranged
similarly between 0.0004 and 0.0012 cm? V™! s! for Vps held at 8 V, while Vth for the PIL devices
(~4 V) was slightly lower than for the poly(MMA) devices (~6 V). Because of the significant
contact resistance observed, linear region characteristics could not be easily obtained. These results
demonstrate that while VBBI'TFSI -containing copolymers do not substantially impact the p of
poly(NDI20OD-T2), they do result in a minor decrease in Vy and a significant increase in
capacitance and output current compared to poly(MMA) in TFTs. If the threshold voltage could
be reduced along with the contact resistance, operating voltage requirements in terms of Vgs and

Vps could be further decreased.
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Figure 3.7 Example transfer characteristics of TGBC devices with n-type semiconductor using (a)
polyelectrolyte and (b) poly(MMA) insulators. All data for devices are characterized in air with a constant

Vbs of 8 V.

3.4 Conclusion
In this study, we demonstrated that the controlled copolymerization of methyl methacrylate
(MMA) and chloromethylstyrene (CMS) is possible by nitroxide-mediated polymerization giving

rise to well-defined copolymers with predictable kinetics, molecular weights, and copolymer
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composition. We report the effect of feed composition on the copolymerization kinetics and on the
final copolymer composition. Second, we synthesize a series of block copolymers using a MMA
rich macroinitiator for the initiation of a second batch of CMS, resulting in well-defined CMS-
containing block copolymers. We then successfully converted the CMS units in the statistical and
block copolymers to 1-(4-vinylbenzyl)-3-butylimidazolium bis(trifluoromethylsulfonyl)-imide
(VBBI'TFSI") and tracked the complete conversion by 'H NMR. We determined a relationship
between the glass transition temperatures of the resulting VBBI'TFSI -containing statistical/block
copolymers and VBBI'TFSI™ composition. We then measured the capacitance behavior of these
materials by using impedance spectroscopy and found that all VBBI'TFSI -containing block
copolymers with a molar copolymer composition of Fygg;+rrs— > 0.094 resulted in electric
double layer (EDL) formation in contrast to a minimum of Fygg;+rrs- > 0.34 needed for the
VBBI'TFSI -containing statistical copolymers. Finally, we demonstrated that the VBBI'TFSI -
containing copolymers that form an EDL resulted in n-type TFT devices that show significantly
greater output current at lower operating voltages compared to devices that utilized poly(MMA)
homopolymer as the dielectric insulating material. These findings represent the beginning of
crucial design rules for solid polymer electrolytes for TFTs: it is possible to introduce a significant
portion of comonomers to impart secondary functionality, such as mechanical strength, while
maintaining the desirable EDL. Second, this composition can be increased even further when using

block copolymer architecture rather than a random distribution.

3.5 Experimental Section

Synthesis of Statistical Precursor Copolymer Poly-(MMA-r-CMS).

The polymerizations were performed in a 100 mL three-neck round-bottom flask equipped
with a magnetic stir bar, thermal well, and condenser. The vessel was placed into a heating mantle
with a magnetic stirrer. The experimental formulations are tabulated in Table 3.1. All
polymerization feeds were calculated for a target number-average molecular weight (M,,) of 25 kg
mol ™' at complete conversion (X). The procedure for an initial molar feed composition of
chloromethylstyrene (CMS) (fcwms,0) equal to 0.20 is used as an example (CMS/MMA-20/80, Table
1): CMS (2.76 g, 18.1 mmol), MMA (7.24 g, 72.3 mmol), BlocBuilder-MA (152.6 mg, 0.4 mmol),
SG1 (17.7 mg, 0.06 mmol), and 1,4-dioxane (10.00 g, 113.5 mmol) were added to the flask and
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mixed with a stir bar. A thermocouple was placed into the thermal well in one of the reactor necks
and connected to a temperature controller. A condenser fitted to a recirculating chiller, and a
nitrogen line was connected to the second neck to prevent loss of solvent and monomer from
evaporation. Prior to heating, the reaction solution was bubbled with nitrogen for at least 20 min
with stirring to aid in the removal of dissolved oxygen. Next, the vessel was heated to 90 °C while
under a constant nitrogen purge. The polymerization start time was taken when the reaction
mixture reached a temperature of 90 °C. Samples were periodically collected with a syringe for 5
h, after which the reaction mixture was cooled and precipitated into hexanes (the polymerizations
performed in DMF were precipitated into methanol). After precipitating, the polymer was isolated
by filtration and redissolved in tetrahydrofuran (THF) and reprecipitated once more into hexanes
to remove the unreacted CMS and residual solvents. The polymer was filtered and dried overnight
in a vacuum oven at 70 °C to remove any unreacted monomer or solvent from the precipitated

medium.

Synthesis of Statistical Copolymers Poly(MMA-r-VBBI*TFSI") and Block Copolymers
Poly(MMA-r-S)-b-Poly-(VBBI*TFSI") from Respective Precursor Polymers.

The synthesis of the PIL statistical precursor copolymer poly(methyl methacrylate-»-1-(4-
vinylbenzyl)-3-butylimidazolium chloride) (poly-(MMA--VBBI'CI")) is shown in Scheme 3.1.
For example, poly(CMS-r-MMA) precursor polymer (1.0 g) was dissolved in DMSO (10 mL),
and 1-butylimidazole (7.21 mmol, 0.90 g) was added to the mixture which was then heated to 50
°C under nitrogen for 20 h. The reaction mixture was cooled to room temperature and precipitated
into diethyl ether, and then the polymer product was isolated by filtration to remove the excess 1-
butylimidazole and bulk solvent. The crude product was then dried overnight in a vacuum oven at
70 °C. The anion exchange from Cl™ to TFSI” from the respective polymer is shown in Scheme 1.
Poly(MMA-r-VBBI'CI") (1 g) and LiTFSI (1.04 g, 3.61 mmol) were mixed with DMA (10 mL)
and stirred at room temperature for 48 h. The reaction mixture was precipitated into excess DI
water twice. The resulting poly(MMA-r-VBBI'TFSI") copolymer was isolated by filtration and
dried in an oven at 70 °C for 24 h. The same procedure was also performed on the block

copolymers.
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Preparation of Metal-Insulator—Metal (MIM) Capacitors.

MIM capacitors were fabricated under atmospheric conditions. The 1 in. x 1 in. glass slides
cut from standard microscope slides were initially cleaned by sequential sonication steps in a series
of solvents (soapy water, water, acetone, methanol) for 5 min each and blown dry with a nitrogen
stream. The cleaned substrates were then patterned with Au bottom electrodes (30 nm) by physical
vapor deposition (a 10 nm chromium adhesion layer was deposited prior to Au deposition) with
aid of a shadow mask followed by an air plasma treatment process (10 min, Harrick Plasma
Cleaner PDC-32G). Next, a solution of 50 mg/mL polymer (poly(MMA) or polyelectrolyte) in
methyl ethyl ketone (MEK, 99%) was deposited by spin-coating at 2000 rpm on the patterned
substrate and then annealed at 120 °C under vacuum for 2 h. Sequentially, the same polymer
solution was applied again at 2000 rpm on the heat-treated substrate and annealing process
repeated to give the final insulating film of ~500 nm. The top Au electrodes (40 nm) were then
deposited by physical vapor deposition producing the final MIM capacitors. The overlap of the
bottom and top electrodes led to 16 unique devices with varying known areas ranging from 0.35

to 2.88 mm?.

OTFT Device Fabrication.

Top-gate bottom-contact OTFTs were fabricated in an oxygen (<10 ppm) and moisture
(<10 ppm) free glovebox. Prepatterned substrates with interdigitated indium tin oxide (ITO) finger
electrodes having channel dimensions of 30 mm (W) % 50 um (L) were purchased from Ossila.
The prepatterned substrates were cleaned by the same process as capacitor substrates previously
described. A solution of 15 mg/mL poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (poly(NDI2OD-T2)) n-type
semiconductor in dichlorobenzene (DCB) was deposited by spin-coating at 2000 rpm on the
substrate, followed by annealing at 105 °C for 10 min. After that, the gating medium was spun-
cast at 2000 rpm from a 50 mg/mL solution in MEK onto the semiconductor film, annealed, and
repeated in a similar fashion to the polymer layers in the MIM capacitors. Finally, the gold gate
electrode was deposited by thermal evaporation through a shadow mask on top of the insulating

layer by using an Angstrom EvoVac system (base pressure <3.0 x 1077 Torr).
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3.7 Supplementary Information

Copolymerization experimental conditions, Mayo—Lewis experimental data,
representative  NMRs of precursor and final functionalized polymer, representative

capacitance—voltage impedance measurement of ionic-liquid containing copolymer.

3.7.1 Additional Tables & Figures
Table 3.4. Chloromethyl styrene/methyl methacrylate (CMS/MMA) statistical copolymerizations initiated
by BlocBuilder-MA at 90 °C in 50 wt% DMF or 1,4-dioxane solution.

Exp ID ® Jomso®  Fews.ao © kp[P] (s ? kp(K) (s) © X0
CMS/MMA-05/95-A 0.05 0.07 (1.11£0.04) x 10*  (1.66 £ 0.05) x 107 0.46
CMS/MMA-05/95-B 0.05 0.08 (9.43+£0.30) x 107 (1.42£0.05) x 107 0.56

CMS/MMA-10/90 0.10 017  (9.14+£042)x 105  (1.37+0.06) x 105  0.60
CMS/MMA-15/85 0.16 027  (7.05+£0.56)x 105  (1.06+0.08) x 105  0.62
CMS/MMA-20/30 0.20 033 (9314085 x 105  (1.40+0.13)x 105  0.77
CMS-MMA-30/70 0.28 0.41 (427+034)x 10°  (6.41+£0.52)x 10 0.47
CMS/MMA-30/70 0.30 044  (438+049)x 10*  (6.57+0.73)x 106  0.65
CMS/MMA-50/50 0.50 069  (1.37+0.14)x 105  (2.05+0.20) x 106  0.14
CMS/MMA-55/45 0.56 075  (2.94+£027)x 10°  (4.42+0.41)x10%  0.54
CMS/MMA-75/25 0.75 095  (1.37+£0.01)x 10°  (2.05+0.14) x 106  0.30
CMS/MMA-95/05 0.95 098  (2.27+023)x 105  (3.40+0.34)x 106 0.32
CMS/MMA-100/00 1.00 .00 (5.67+1.95)x10°  (8.50+2.92)x 107  0.37

a) Experimental identification (exp ID) for copolymerizations are given by CMS/MMA-X/Y, with CMS
representing chloromethyl styrene, MMA = methyl methacrylate and X/Y = molar feed ratio of CMS

relative to MMA.

b)  fous,o is the initial molar fraction of CMS in the feed determined by 'H NMR.
c) Fcus 10is the copolymer composition at X=0.10 determined by 'H NMR.
d) kp[P] is the apparent rate constant, determined from the slope of the linear region of the kinetic plots.
e) Product of the average propagation rate constant, {kp), and the average equilibrium constant, (K). Error
derived from the standard error in the slope of scaled conversion (In(1-X)™") versus time plots.

f)  Final monomer conversion (X), as determined by '"H NMR spectroscopy
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Table 3.5. Chloromethyl styrene/methyl methacrylate (CMS/MMA) statistical copolymerizations initiated
by BlocBuilder-MA at 90°C in 50 wt% DMF or 1,4-dioxane solutions.

Exp ID ¥ fomso ® Fewus ©
CMS/MMA-05/95-A 0.05 0.08
CMS/MMA-05/95-B 0.05

CMS/MMA-10/90 0.10 0.13
CMS/MMA-15/85 0.16 0.20
CMS/MMA-20/80 0.20 0.29
CMS-MMA-30/70 0.28

CMS/MMA-30/70 0.30 0.45
CMS/MMA-50/50 0.50 0.72
CMS/MMA-55/45 0.56 0.77
CMS/MMA-75/25 0.75

CMS/MMA-95/05 0.95 ~0.99
CMS/MMA-100/00 1.00

a) Experimental identification (exp ID) for CMS/MMA copolymerizations are given by CMS/MMA-X/Y,
with CMS representing chloromethyl styrene, MMA = methyl methacrylate and X/Y = initial molar feed
ratio of CMS to MMA.

b) frrso is the initial molar fraction of CMS in the feed determined by '"H NMR spectroscopy.

c) Fcusis the final molar composition of CMS in the copolymer, as determined by '"H NMR spectroscopy.
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Figure 3.8. Precursor (poly(CMS-r-MMA)) and final polymer poly(VBBI'TFSI-r-MMA) after

quaternization and anion exchange reaction.
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Figure 3.9. Representative capacitance versus voltage by Electrical Impedance Spectroscopy (EIS) for
poly(IL-b-MMA) MIM.
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Chapter 4: Ionic Liquid Containing Block Copolymer Dielectrics:
Designing for High-Frequency Capacitance, Low-Voltage Operation,
and Fast Switching Speeds

Context

This study was designed based on the results of the preceding chapter; it was clear block
copolymers produced advantageous conductivities compared to random copolymers and that 7,
was inversely proportional to conductivity. We decided to explore these findings by synthesizing
a new series of block copolymer materials where the conductive block was a copolymer with 7,
ranging from X to Y °C. We used a polystyrene macroinitiator due to its higher degree of pseudo-
livingness compared to p(S-»-MMA) (as used in the previous chapter) resulting in improved re-
initiation. Additionally, we exploited the post-polymerization functionalization synthetic approach
to produce materials where we could easily compare the effect the mobile anion on resulting
material properties. Lastly, we changed the OTFT device architecture to top gate top contact to

reduce contact resistance effects, a new device structure that had not yet been employed in our
group.

Contributions of Authors

I designed the study in consultation with Benoit Lessard. I synthesized & characterized the
polymers, designed the experiments, and built the frequency tester. I built the capacitors and
characterized them. I prepared all the films for SAXS and TEM and helped analyze the results.
Samantha Brixi did the device fabrication & conventional characterization, we performed the
frequency characterization together. Jukka Niskanen provided experimental guidance and
characterization insight. I wrote the first draft of the manuscript. Benoit Lessard interpreted the

SAXS results and edited the final manuscript.
Significance of Research

This research was significant as it led to structure property relationships between block

copolymer 7, and anion choice to corresponding EDL formation and ion conductivity.
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Additionally, we developed OTFT response time testing setup in the laboratory and established a
relationship between choice of anion and OTFT switching speed. Ultimately, the conductivities of
the new materials were greater than the previous study and the device performed improved with
reduced contact resistance. This study establishes the start of design rules for high performance

polyelectrolyte gating materials for solid state OTFTs.

Chapter 4 has been published in JACS Au: Peltekoff, A. J., Brixi, A., Niskanen, J., & Lessard, B.
H., 2021, 1, 7, 1044—1056. doi:10.1021/jacsau.1c00133 © 2021 American Chemical Society
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4.1 Abstract

Polymerized ionic liquids (PILs) are a potential solution to the large-scale production of
low-power consuming organic thin-film transistors (OTFTs). When used as the device gating
medium in OTFTs, PILs experience a double-layer capacitances that enables thickness
independent, low-voltages operation. PIL microstructure, polymer composition, and choice of
anion have all been reported to have an effect on device performance, but a better structure
property relationship is still required. A library of 27 well defined, poly(styrene)-b-poly(1-(4-
vinylbenzyl)-3-butylimidazolium-random-poly(ethylene glycol) methyl ether methacrylate)
(poly(S)-b-poly(VBBI'[X]-r-PEGMA)) block copolymers, with varying PEGMA/VBBI" ratios
and three different mobile anions (where X = TFSI', PFs or BF4"), were synthesized, characterized,
and integrated into OTFTs. The fraction of VBBI" in the poly(VBBI'[X]-+-PEGMA) block ranged
from 25 mol% to 100 mol% and led to glass transition temperatures (7,) between -7 °C and 55 °C
for that block. When VBBI' composition was equal or above 50 mol% the block copolymer self-
assembled into well-ordered domains with sizes between 22 and 52 nm, depending on the
composition and choice of anion. The block copolymers double-layer capacitance (Cp.) and ionic
conductivity (o) were found to correlate to the polymer self-assembly and the Tg of the
poly(VBBI'[X]--PEGMA) block. Finally, the block copolymers were integrated into OTFTs as
the gating medium that led to n-type devices with threshold voltages of 0.5-1.5V while maintaining
good electron mobilities. We also found that the greater the ¢ of the PIL, the greater the OTFT
operating frequency could reach. However, we also found that Cp,, is not strictly proportional to

OTFT output currents.

133



PhD Thesis — Alexander J. Peltekoff University of Ottawa

4.2 Introduction

Organic thin-film transistors (OTFTs) are carbon-based field-effect logic operators, which
enables lightweight and flexible electronics through low-cost printing methods. An obstacle in the
advancement of OTFT based technologies is the need for low operating voltages. Currently, large-
area printed batteries provide voltages, typically around 1.35 V, that are far too low to power
typical OTFTs.! Electrolytes are attractive gating materials as they provide an extremely high
capacitance, responsible for the reduction of operating voltage that is independent of layer
thickness, making them compatible with large scale printing technologies. Ionic liquids are room
temperature molten salts, which exhibit capacitances that are two orders of magnitude greater than
conventional dielectrics due to the formation of electrical double layers (EDLs). The high
capacitances leads to a greater number of charge carriers in the semiconductor channels, which
results in high on-current and low threshold voltages.? Unfortunately ionic liquids are problematic
due to electrochemical doping of the semiconductor during operation leading to slow switching
speeds.>* In addition, ionic liquid are liquids which limits their potential for use in solid state
devices. Blending the ionic liquid (ion gels)® with a polymer does lead to improved mechanical
properties but this does not reduce the potential for electrochemical doping. The ideal material
should have the mechanical properties of a polymer combined with the performance of ionic

liquids.

Polymerized ionic liquids (PILs) are solid electrolyte materials that exhibit the same EDL
capacitances as ionic liquids but are unipolar, where only one ion is mobile, and the
complementary charge is bound to the polymer backbone. When paired with an appropriate
semiconductor, the possibility of electrochemical doping is eliminated as the EDL at the
dielectric/semiconductor interface is formed by the large macromolecule that is too large to
penetrate the semiconductor.® Therefore, pairing polycation PIL (mobile anion) with n-type
semiconductor and polyanion PIL (mobile cation) with p-type semiconductors, prevents the
possibility of faradic oxidation and reduction of the organic semiconductor.” In The thickness
independent high-capacitances and elimination of electrochemical doping (faradic effects) of
unipolar PILs give them great potential to realize large scale production of low-power consuming
OTFTs. However, PILs are plagued by sluggish response times due to their lower ionic

conductivity compared to unpolymerized ionic liquids. There have been efforts to increase the
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solid-state ionic conductivity of PILs to improve OTFT response times when utilized as the gating
mediums.®!° For example, reducing the glass transition temperature (Tg) of PIL leads to an
increase in ionic conductivity.!! For example, poly(1-glycidyl-3-butylimidazolium TFSI)
supporting an ethylene glycol backbone exhibited ionic conductivity of 10 S cm™ at 30 °C with
a low-Tg of -14 °C.'? Intuitively, greater polymer chain flexibility facilitates ion transport through
the materials in an analogous fashion to the correlation of viscosity and ionic conductivity for ionic
liquids. Evidently, the ion dynamics and structural relaxation are strongly correlated above the Tg,
leading to a significant trade-off between ionic conductivity and mechanical integrity.!>!'* Our
group and others have shown that block copolymers exhibited ionic conductivities up to two orders
of magnitude greater compared to random copolymers of similar compositions due to the
microphase separation of the ionic segments forming conductive pathways through the
material.>!%!> While these studies examine the ionic conductivity of the polymer, this does not
correlate directly to OTFT performance. For example, an increased capacitance increases output
currents, but decreases charge mobility («). This decreased u is related to the way the EDL is
formed by the charge carriers and electrolyte ions. Therefore, the choice of polymer, the mobile
ion and the dielectric/semiconductor interface itself are critical and no studies have systematically

and simultaneously examined all these parameters.

In this study we develop a series of 27 different block copolymers to probe the
dielectric/semiconductor interface and the design of these critical materials. For example, we
characterize the same polymer with different anions (TFSI", PFs", BF4') and their effect on device
performance. In this example, the interface for each of these three devices is identical because the
polymer is the same and it is only the anion that migrates. However, our materials have a different
capacitance which will influence u. We have designed a library of poly(styrene)-b-poly(1-(4-
vinylbenzyl)-3-butylimidazolium -random-poly(ethylene glycol) methyl ether methacrylate),
(poly(S)-b-poly(PIL-r-PEGMA)), block copolymers with three different anions (TFSI", PF¢ or
BF4-). This will help elucidate structure-property relationships for the design of high performance
PIL gating materials in n-type OTFTs and decouple the effect of ion conductivity, capacitance and

the device u.
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4.3 Results & Discussion

We synthesized a series of diblock copolymers consisting of a high glass transition
temperature (7%) poly(styrene) block and a low T, poly(ionic liquid) (PIL) containing second block
(Scheme 4.1). The resulting materials were characterized, integrated into capacitor devices and
studied by impedance spectroscopy to determine conductivity and double-layer capacitance.
Finally, OTFT devices were fabricated, and electrical characterization was performed. The
following explores the effect of molecular architecture and self assembly on the resulting electrical

performance.
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Scheme 4.1. Synthesis of poly(styrene)-b-poly(1-(4-vinylbenzyl)-3-butylimidazolium-random-
poly(ethylene glycol) methyl ether methacrylate), (poly(S)-b-poly(VBBI'[X]-r-PEGMA)), (where X =

TFSI, PF¢ or BF4) poly(ionic liquid) gating material. i) chain extension of a poly(S) macroinitiator using
chloromethyl styrene (CMS) and poly(ethylene glycol) methyl ether methacrylate (PEGMA), N-tert-butyl-
N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1), 1,4-dioxane, 90 °C, 24 h; (iia)
butylimidazole, dimethylacetamide, 50 °C, 24 h; (iib) Organic salt (LiTFSI, LiPFs, or NaBFj),
dimethylacetamide, r.t., 48 h.

4.3.1 Block Copolymer Synthesis

All experimental conditions and formulations can be found in the experimental section
(Table 4.3). Nitroxide mediated polymerization (NMP) is a controlled polymerization technique
that can lead to well defined molecular architectures without the need for transition metal catalysts
or laborious purification techniques; making it an ideal technique for the development of functional
polymers for printable electronics.!®! Therefore, a single large batch of narrow dispersity and

pseudo-living poly(styrene) (poly(S)) macroinitiator (M,,/M, = 1.06; M, =22.5 kg-mol’,
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Table 4.1) was synthesized by NMP, ensuring to stop the reaction at low-conversion to maintain
a high-degree of livingness, with a target MW similar to our previous works.!>2%?! Chain extension
of the poly(S) macroinitiators was performed using chloromethyl styrene (CMS) and poly(ethylene
glycol)methyl ether methacrylate (PEGMA) comonomers in varying comonomer feed ratios and
with different target molecular weights (Table 4.1). We obtained nine different poly(S)-b-
poly(CMS-r-PEGMA) diblock copolymers with unimodal molecular weight distributions ranging
from M, /M, =1.07 — 1.24 with M,s ranging from 24.5 — 39.6 kg'mol-1 (Table 4.1).
Representative size exclusion chromatography (SEC) chromatograms of the poly(S)
macroinitiator and the corresponding poly(S)-b-poly(CMS-r-PEGMA) diblock copolymers
P100/0-8 and P25/75-4 are shown in Figure S1. The chromatograms illustrate a clear monomodal
shift from the poly(S) macroinitiator to the final poly(S)-b-poly(CMS-r-PEGMA) demonstrating
a higher M,,. Further examination of the trace from chain-extended products of high methacrylate
content (shown in red) exhibit a slight tailing on the leading edge, which is indicative of
termination by combination resulting in a broadening of molecular weight distributions.?? This
slight broadening is consistent with typical chain extensions by NMP?*?* using PEGMA and other
methacrylates. The final molar composition of PEGMA, CMS and styrene (Frecuu, Fcus and F)
of the block copolymers were determined by 'H NMR and are presented in Table 4.1; a
representative spectrum detailing composition calculation is presented in the supporting
information (Figure 4.10). The composition of these second blocks varied between 100:0 (pure
CMS) to 23:77 (mostly PEGMA) (Table 4.1). A small trend can be seen where the CMS integrated
into the polymer is slightly higher than the feed, suggesting CMS preferentially reacts with itself
and PEGMA due to favorable reactivity ratios. This was not a surprise as we have previously
shown CMS and other styrenic monomers are controlling monomers in the NMP of
methacrylates.?>?® Overall, the pseudo-living poly(S) macroinitiator was effective in producing a
library of poly(S)-b-poly(CMS-r-PEGMA) precursor block copolymers with relatively narrow,

monomodal molecular weight distributions.
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Table 4.1. Molecular Weight Distribution Data & Glass Transition for poly(S)-b-poly(CMS-r-PEGMA) Diblock Copolymer Precursors to Ionic
Liquid Containing Block Copolymers

ExpID'  dn/dc? M,? DP* Fsy Fous  Freoud® Rewmspems® T,
[mLg™'] [kgmol™] [M,/My] [X] (O

poly(S)  0.192 225 106 100 - - - 100

P25/75-2 0.190 27.0 1.10 0.86 0.10 0.04 0.88 TFSI (99); PFs(99); BF4(99)
P25/75-4 0.096 58.2 1.10 0.88  0.04 0.09 0.41 TFSI (99); PFs(99); BF4(99)
P25/75-6 0.179 28.0 1.07 095 0.02 0.03 0.64 TFSI (99); PFs(99); BF4(99)
P50/50-4 0.194 31.8 1.24 0.69 0.17 0.14 1.17 TFSI (-7,106); PFs(21,105); BF4(17,105)
P50/50-6 0.167 35.9 1.23 0.67 0.18 0.15 1.27 TFSI (-7,106); PFe(22,105); BF4(19,106)
P75/25-6 0.246 27.1 1.17 0.69 0.23 0.08 2.85 TFSI (2,107); PFs(55,106); BF4(48,105)
P75/25-8 0.202 31.4 1.12 0.74  0.20 0.06 3.17 TFSI (2,105); PFs(52,105); BF4(49,103)
P100/0-4 0235 245 112 081 0.8 ) ) TFSI (12,105); PFs(101); BF4(98)
P100/0-8  0.154 39.6 117 070 030 ; ; TFSI (11.106): PFo(104): BF4(99)

'Experimental identification (Exp ID) we define the as PX/Y-Z where X/Y = the target ratio of chloromethyl styrene (CMS) versus poly(ethylene glycol) methyl
ether methacrylate (PEGMA) and where Z corresponds to the weight of total comonomers (CMS + PEGMA) added to 1g of macroinitiator in chain extension
polymerizations.

2The dn/dc was determined by offline batch dRI measurements for each polymer. Number-average molecular weight (M,,), weight-average molecular weight
(M), and the dispersity (My/M,) were determined by size exclusion chromatography (SEC).

3 Molar compositions were determined by '"H NMR. Rcuspecua is the molar ratio of CMS relative to PEGMA in the second block.

4Glass transition temperature (7,) determined by differential scanning calorimetry (DSC) on the same base polymer with varying salts [X] = TFSI; PFs or BF4
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The final PIL containing block copolymers were prepared by subsequent quaternization
and anion exchange reactions on the precursor polymers (Scheme 4.1). First, the quaternization
reaction on the CMS moiety with 1-butylimidazole was performed leading to poly(styrene)-b-
poly(1-(4-vinylbenzyl)-3-butylimidazolium-r-poly(ethylene glycol) methyl ether methacrylate),
(poly(S)-b-poly(VBBI+-r-PEGMA)) block copolymers; this reaction mixture was then divided
into three, so a subsequent anion exchange with 3 different organic salts was performed poly(S)-
b-poly(VBBI'[X]---PEGMA) (where [X] = BF4, PFs, or TFSI'). These anions were selected for
their delocalized charge and size which increases conductivities.?” Isolation of the intermediate
product was intentionally avoided as it could not be effectively obtained by precipitation and
dialysis methods resulting in low yields. However, after substituting the CI™ anion with the organic
anions (TFSI, BF4, PF¢’), the macromolecule becomes completely insoluble in water, facilitating
the isolation of the final product, which was purified by repetitive washing with water. A total of
27 final poly(S)-b-poly(VBBI'[X]--PEGMA) block copolymers (Table 4.1) possessing three
different mobile anions; X = BF4", PFs’, and TFSI” were obtained and confirmed by '"H NMR (see

experimental section and supporting information).

4.3.2 Self Assembly of Poly(ionic liquid) Block Copolymers

All PIL containing block copolymers were first characterized by differential scanning
calorimetry (DSC) and characteristic thermograms can be found in Figure 4.1. The glass transition
temperature (75) of the materials was influenced by both the composition of the poly(VBBI[X]-
r-PEGMA) block and the nature of the mobile anion. Block copolymers with an Rcuspecua > 0.88
(Table 4.1) exhibited two distinct 7,s: one corresponding to the poly(S) block and a second
corresponding to the poly(VBBI'[X]--PEGMA) block. Two distinct transitions suggests phase
separation is occurring.?® Block copolymers containing >75 mol% PEGMA displayed only one Tg
that was below that of the poly(S) macroinitiator, suggesting the blocks are miscible and no phase
separation is taking place (Figure 4.1).® The selection of anionic salt affected the T, of the
poly(VBBI'[X]--PEGMA) block, where TFST™ containing polymers exhibited the lowest T
followed by PF¢ and BF4™ (Figure 4.1, Table 4.1). This observation is consistent with studies that
have shown the melting temperature of an ionic liquid decreases with increasing ion diameter.?’ It
is interesting to note that both poly(S)-b-poly(VBBI'[X]) block copolymers (i.e.: Fpema = 0) with

PFs and BF4 anions exhibited only one 7, while the same polymer with TFSI led to two 7,s
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(Table 4.1). This suggests that not only polymer composition but also the choice of the anion play

a critical role in the self-assembly of the resulting block copolymers.
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Figure 4.1. Characteristic differential scanning calorimetry (DSC) thermograms of poly(S)-b-
poly(VBBI'[X]--PEGMA) (where [X] = BF4, PF¢, or TESI') block copolymers where (a) compares the
effect of 3 different salt forms; TFSI', PF¢ and BF4 within the same polymer P50/50 and (b) compares the
same salt, TFSI', on 4 different block copolymers with different PEGMA loadings, P100/0-8, P75/25-8,
P50/50-6, and P25/75-6. The thermograms are from the second heat cycle in a heat/cool/heat experiment.

The glass transition temperatures (7;) for all materials are summarized in Table 4.1.

To study the effect of morphology on OTFT performance, the molecular architecture and
choice of anion were characterized as a function of degree of microphase separation. The
morphology of 12 characteristic PIL block copolymers, which demonstrated dual 7,s, (Table 4.1)
were evaluated by both through-plane small angle x-ray scattering (SAXS) and transmission
electron microscopy (TEM), Figure 4.2 and 4.3, respectively. Prior to morphological
characterization materials were annealed to allow the self-assembled block copolymers to attain a
thermodynamic minimum in regard to their organization.?° In all cases microphase ordering with
varying long-range periodicity are observed by SAXS. Variations in peak intensity as well as
location suggests changes in morphology from lamella (LAM) to hexagonally packed cylinders
(HEX) and mixtures of both. For example, samples exhibit the characteristic reflections at q*, 2q*,
3q*, 4q*, 5q* corresponds to LAM while reflections at q*, q*V3, 2q*, q*\7 and 3q* corresponds

to HEX. Similar patterns have been reported for other PIL containing block copolymers.®3!
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Figure 4.2. Through-plane small-angle X-ray scattering profiles of poly(s)-b-poly(PIL--PEGMA) block
copolymers functionalized with a) TFSI', b) PFs and c) BF4. The inverted filled triangles (' ¥') of samples
indicate expected peak positions at q*, V3q*, 2q*, and V7q* for hexagonally packed cylindrical (HEX)
morphology. The inverted open triangles (V) indicate expected peak positions at q*, 2q*, 3q*, and 4q* for

lamellar (LAM) morphology.

Table 4.2. Domain size and long range order morphology as determined by SAXS

Exp. ID? anion Dor(r;ariln)bsme Morphology® (s cil‘l)d
P25/75-8 BF4 21.7 WLO -

P50/50-6 BF4 42.1 LAM 7.9 x 108
P75/25-8 BFy 442 LAM 1.2 x 1038
P100/0-8 BFy 48.7 LAM+HEX 4.6 x 10°
P25/75-8 PF¢ 22.7 WLO -

P50/50-6 PF¢ 52.4 LAM 4.1 x10°
P75/25-8 PF¢ 46.5 LAM 5.8x 10!
P100/0-8 PF¢ 49.1 LAM+HEX 7.4 x 101
P25/75-8 TFSI 26.8 HEX 3.6 x 108
P50/50-6 TFSI 52.0 HEX 3.4 %107
P75/25-8 TFSI 47.8 HEX 1.7 x 107
P100/0-8 TFSI 52.0 HEX 1.4 x10°

2 Experimental identification (Exp. ID) we define the as PX/Y-Z where X/Y = the target ratio of chloromethyl styrene
(CMS) versus poly(ethylene glycol) methyl ether methacrylate (PEGMA) and where Z corresponds to the weight
of total comonomers (CMS + PEGMA) added to 1g of macroinitiator in chain extension polymerizations.

®Domain sizes (d = 2n/q*) determined by small angle x-ray scattering.

¢Morphology: hexagonally packed cylindrical (HEX) morphology; for lamellar (LAM) morphology and weak long-
range microphase separation (WLO).

4Tonic conductivity (¢) was estimated using 0 = d/(R,A), where d is the film thickness, R, is the bulk resistance,
and A is the area of the capacitor. Conductivity and capacitance were determined by electrical impedance
spectroscopy (EIS).
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The corresponding structures are represented in Table 4.2. In general, the q* decreases,
corresponding to an increased domain sizes (d = 2n/q*), as the anion size increase BF4 < PF¢ <
TFSI (Table 4.2). P25/75-8 with BF4~ and PFs” exhibited a broad scattering peak indicating weaker
microphase separation without long-range periodicity. This weak long-range microphase
separation (WLO) is likely due to the partial miscibility of the two blocks,” which can be seen in
the DSC traces where only one T is present (Table 4.1). P25/75-8 with TFSI™ exhibited a strong
q* scattering peaks with broad 2q* and V3q* suggesting more significant microphase separation
into a mixture of LAM and HEX compared to the same polymer with PFs or BF4. In all three
cases, the calculated domain size was on the order of 20-26 nm and the TEM images show no
significant long range order. All other polymers (P50/50-6, P75/25-8 and P100/0-8 with either
salts) exhibited relatively larger domain sizes ranging from 42-52 nm and clearly visible long range
order by TEM (Figure 4.3). Ye at al. observed an increase in domain size as PIL block increased
relative to poly(MMA) block (i.e. poly(MMA) block remained the same length® and the PIL block
size increased), while our study shows no correlation between PIL composition and domain size,
likely due to the negligible changes in relative block length (i.e. as PIL content increase in our
study, PEGMA content decreases keeping total block length comparable). P100/0-8 with BF4- and
all block copolymers that were functionalized with TFSI™ (Figure 4.2) experienced higher order
reflections at q*V3 and q*V7 indicative of HEX morphology, which is consistent with the TEM
images. Both P75/25 and P100/0-8 with PFs” and P75/25-8 with BF4™ exhibited strong q* scattering
peaks at q*, 3q* and 5q* with structure factor extinctions of 2q* and 4q*, indicative of a LAM
morphology with apparent symmetric volume fractions of each block.8 The LAM morphology
was supported using TEM. P50/50-6 with PF¢ exhibited strong features at 2q* which was
confirmed to correspond to LAM by TEM (Figure 4.3). P100/0-8 with PF6- exhibited strong
features suggesting LAM morphology. However, small features at q*V3 and q*V7 indicative of
HEX morphology were also detected by SAXS and the combination of HEX and LAM was also
detected using TEM. These results indicate that the library of PIL block copolymers, with two
distinct T,s exhibit self-assembled microstructures with long range order and that the domain size
and organizational structure (HEX vs LAM) depends on block copolymer architecture and choice

of anion. This self assembly clearly demonstrates well defined domains comprised of the low T,
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PIL blocks, which can lead to improved anion transport through the film. This film morphology

will therefore directly affect the device performance.

TFSI-

P50/50-6

P75/25-8

P100/0-8

Figure 4.3. Transmission electron microscopy (TEM) images of poly(S)-b-poly(VBBI'[X]--PEGMA)
copolymers where the rows represent the polymer P50/50-6 (top), P75/25-8 (center) and P100/0-8 (bottom)
and where the columns represent the choice of anions: TFSI™ (left), PFs (center) and BF4 (right). All
samples were solvent cast from methyl ethyl ketone (MEK) over ~ 24 h at 130 °C in vacuum. Dark

microdomains in TEM correspond to the poly(VBBI'[X]---PEGMA) microphase.

4.3.3 Metal-Insulator-Metal Capacitors

The poly(S)-b-poly(VBBI'[X]-r-PEGMA) (where [X] = BFs, PF¢, or TFSI') block
copolymers were used as the insulating layer in the fabrication of metal-insulator-metal capacitors
and characterized using electrochemical impedance spectroscopy (EIS). The ionic conductivity (o)

was estimated using ¢ = d/(R,A), where d is the film thickness, R}, is the bulk resistance, and 4
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is the area of the capacitor. Nyquist plots (Figure 4.12) are obtained from the impedance data for
each block copolymer. The R;, was determined by the radius of a circle fit to the ionic segment of
the Nyquist plot produced from the EIS experiments. The resulting ¢ obtained for the block
copolymers, which exhibited measurable conductivity, were plotted as a function of the lower 7g,

which corresponds to the 7g of the PIL containing block (Figure 4.4).
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Figure 4.4. Conductivity versus the lower glass-transition temperature (7,) of the poly(S)-b-
poly(VBBI'[X]--PEGMA) (where [X] = BF4, PFs, or TFSI') block copolymers. All experimentally
obtained 7, are tabulated in Table 4.1.

In all cases, the ¢ increases as the 7g of the PIL block decreases resulting in three orders
of magnitude increase in ¢ for a 65 °C drop in Tg (Figure 4.4), a well-established relation with
this class of materials.?”*? This observation extends from ionic liquids; where Angel et al.>* found
the o of neat ionic liquids followed an inverse linear dependence on the viscosity, which is
seemingly independent of the cation and anion. Observed discrepancies from this ideal dependence
have been attributed to differences in the ion sizes, however most ionic liquid species in practice
possess similar volumes.>** The polymer architecture of similar PEO based single-ion conducting
polymer electrolytes on conductivity has been explored. For example: Mapesa et al. showed the
incorporation of a long alkyl spacer between charged imidazolium moieties and polymer
backbones offered extra mobility to the ion pairs, leading to an increase in ionic conductivity.®
This placement of the imidazolium moiety was further explored by Kuray et al. who found that
materials with the charged moiety placed in a pendant had a greater ¢ than those with the
functionalization directly in the polymer backbone.?” Choi et al. explored the difference in
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between materials with an alkyl spacer versus PEO spacers and showed the PEO containing PILs
were significantly more conductive due to the relatively flexible and polar nature of the PEO spacer
that behaves as a plasticizer and solvator.*®3° Other PEO structures have also been explored such
as linear side chain versus cyclic side-chain*® as well as utilizing PEO as the polymeric backbone
with imidazolium pendant moieties.'? Ikeda et al. explored the length of tail off of the imidazolium
pendant and found it has no major influence on Tg or conductivity.*' We found that the effect of
Tg was more significant than the ionic concentration itself, i.e. composition of the poly(VBBI'[X]-
r-PEGMA) block. These results are consistent with the SAXS and TEM results, suggesting that
low Tg pathways through the film improve anion transport and therefore increase ionic
conductivity. This corroborates observations by Chen et al. with butyl methacrylate imidazolium
based PIL homopolymers with TFSI" and BF4 anions who showed that reduced 7g has a more
significant effect on o than the overall charge content.!! Further examination into the influence of
Freoma for the poly(VBBI'[X]---PEGMA) block, we can see that ¢ increases from Fprrgus = 0
(pure PIL, P100/0-4, P100/0-8) to Fpegma = 0.15 (P50/50-4, P50/50-6). Interestingly, when Freua
> (.75, this trend no longer holds true. The resulting materials exhibited no ¢ (with the exception
of P25/75-4-TFSI), which is likely due to unfavourable morphology as demonstrated by only
exhibiting a single 7g and negligible self-assembly by TEM. These results demonstrate that block
copolymer architecture and microphase separation both play a critical role in obtaining high o.
Figure 4.4 further demonstrates that the choice of anion plays a significant role on the 7g, and
thus, the resulting 6, where in all cases a trend of o : TFSI" > PFs > BF4 was observed. A similar
trend was reported by Chen et al. for similar anions when using methacrylate based imidazolium
PIL homopolymers with alkyl spacers.*” Ganesan and coworkers have attributed ion size as a
handle on ¢ within the respective physicochemical ion classes of PILs, while noting that large ions
with delocalized charge can outperform some smaller ions, this corresponds to our observations
where the TFSI- materials exhibited the highest conductivity.*’ In addition to o, the electrical
double-layer (EDL) capacitance is a critical characteristic necessary to understand prior to
integration into organic thin film transistor (OTFT) devices. Very few reports exist on the
characterization of ionic liquid EDL capacitance and even less on the characterization of PILs EDL
capacitance. For example, typical electrolytes contain a solvent dipole and supporting electrolyte
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that are well understood using Helmholtz and Guoy-Chapman models.” Unlike typical
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electrolytes, ionic liquids interfacial phenomena greatly effect of the EDL due to their direct
contact with the electrode. Therefore, electrode properties such as work function and surface
roughness have been shown to effect ionic liquid EDL capacitance, suggesting the importance of
the interface.*> However, it is established that polarizability and ion size effects the EDL.*¢ For
example, an increase in molecular volume will increase the static dielectric constant.*® Colby and
coworkers showed that the capacitance of imidazolium ionic liquids is increased when
polymerized into PILs.* The specific capacitance as a function of frequency and the corresponding
average = EDL capacitance for the poly(S)-b-poly(VBBI'[X]--PEGMA) block copolymers as a
function of anion ([X] = BF4", PF¢", or TFSI') are plotted in Figure 4.5. The specific capacitance
shown at intermediate frequencies (~107 to 107! Hz) is associated with the EDL capacitance. It is
clear that the magnitude of EDL capacitance is dictated by the choice of mobile anion, where TFSI-
producing the greatest value followed by PFs- and BF4". These results are consistent with the trend
observed by Fujimoto et al. with ionic liquids based on 1-butyl-3-methylimidazolium (BMIM)
cation.*’” At high frequencies (prior to EDL formation) all materials exhibited similar capacitances
(Figure 4.5a). Choi et al. have shown that the capacitance is increased when the cation is
physically further from the polymer backbone by use of a spacer, facilitating a response to an
applied electric field, increasing their relaxation strength and thus dielectric constant, however,
this increase is only seen in high frequency regime, prior to the EDL formation.*® At lower
frequencies block copolymers with elevated Fpeouma, experienced a small secondary rise in
capacitance (Figure 4.5a). This low frequency rise suggests an orientation of PEGMA chains or
of the alkyl group on butyl-imidazole*®* Another important result of the formation of the EDL
layer is that it provides a thickness independent dielectric, which is critical for the integration of
these materials into large scale commercial printed electronics. To confirm that these block
copolymers exhibited thickness-independent capacitance, we characterized ~400 nm and ~800 nm

films of all block copolymers and obtained identical results (Figure 4.13).
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Figure 4.5. a) Representative Specific Capacitance versus Frequency curves and b) Double layer
capacitance for poly(S)-b-poly(VBBI'[X]--PEGMA) (where [X] = BF4, PF¢, or TFSI) in MIM
capacitors. The data in b) is presented in a standard box plot convention where the upper and lower lines of
the box represent the 75" and 25™ percentile while the middle horizontal lines represent the median. The
outer whiskers represent the upper and lower quartile + 1.5 the interquartile range. Additionally, two
symbols were used in the data representations (square and circle); the square represents the mean whereas

the circle represents outliers.

The EDL capacitances achieved for these TFSI- based block copolymers were on the order of 200-
300 nF-cm (Figure 4.5, Table 4.2) which is lower than other TFSI" based PILs we have studied
using the same characterization setup.!>> Previously we have reported triazole-based styrenic
homopolymers®° and poly(methyl methacrylate-r-styrene)-b-poly(VBBI*TFSI") (poly(MMA-1-S)-
b-poly(VBBI'TFSI") block copolymers,'> which were both characterized by an EDL capacitance
of 1000-2000 nF-cm™. It is also important to note that in both cases those polymers were found to
have a greater Tg and a reduced o compared to these poly(S)-b-poly(VBBI'[X]-r-PEGMA) block
copolymers. Therefore high conductivity does not necessarily lead to high EDL capacitance. This
comparison also illustrates that while the choice of anion is important, the molecular architecture,
the self-assembly, the interfacial composition and the EDL formation is critical for high

capacitance.

4.3.4 Poly(ionic liquid)-Gated Thin-Film Transistors
To ensure only electrostatic gating is present, which does not affect the band structure of
the semiconductor as electrochemical doping does, ions in the electrolyte must only interact with

the charge in the channel via Coulombic interactions.’! One method to ensure electrostatic gating
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while maintaining the benefits of high capacitances from electrolyte gating is the use of single-ion
conductors which, when properly paired with an appropriate semiconductor, will result in only
electrostatic gating.> Furthermore, Fullerton-Shirey and coworkers have shown single-ion
conductors (mobile cation paired with p-type semiconductor) can achieve charge carrier densities
in OTFTs of equivalent magnitude to that of dual ion conductors.>® In this study, top-gate top-
contact (TGTC) transistors were fabricated using P50/50-6 (Table 4.1), a poly(S)-b-
poly(VBBI'[X]--PEGMA) materials functionalized with either [X] = TFSI, PF¢", or BF4™ as the
mobile anions; gold contacts, and solution processable poly(NDI20D-T2)** n-type semiconductor
(Figure 4.6, Table 4.6). It is important to note that we paired a PIL with mobile anion with the
complimentary n-type semiconductor to avoid electrochemical doping. Polymer layers were
formed via spin-coating in atmospheric conditions and contacts were deposited by physical vapour
deposition (PVD) under vacuum (see experimental section). It is important to note that the EDL
capacitance is a function of the ionic conductivity and dielectric constants of the materials as well
as the electrode geometry and type™~>’ this is why in all cases the same electrode materials were
used for the MIM capacitors as well as the OTFTs. Furthermore, all poly(ionic liquid) materials
were compared under the same conditions using the same electrode geometry and processing
parameters to ensure adequate comparison. The top-contact architecture was selected in an effort
to reduce contact resistance exhibited in similar devices from our previous work which utilized
ITO contacts in a bottom-contact architecture.!> High-contact resistance is commonly seen in
OTFTs with bottom-contact configurations and from energetic mismatched semiconductor-
electrode metal pairs.*® The unipolar PIL gating materials were purposefully paired with an n-type
semiconductor to prevent electrical doping of the semiconductor with the mobile ions during
device operation. When a positive voltage is applied to turn on the device, the negative anions
move to form an EDL at the gate; this leaves the semiconductor/PIL interface to consist solely of
the large polycation backbone which is simply too big to penetrate the permeable semiconductor.>’
Since all materials were obtained from the same precursor block copolymer material (P50/50-6);
this semiconductor/PIL interface should be identical for all devices fabricated irrespective of their
mobile anion making any observed differences in drain-currents solely due to the effect of the
mobile anion. To the best of our knowledge, this would be the only report of the identical polymer

with different anions being used as gating material for n-type OTFTs. Small changes in polymer
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structure (composition, molecular weight, polydispersity) can have significant effect on self-
assembly and EDL formation making the comparison of different systems quite challenging;

which again is avoided here by having the identical polymer precursor.
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Figure 4.6. Schematic cross section of TGTC transistors based on poly(NDI20D-T2) n-type
semiconductor, poly(S)-b-poly(VBBI'[X]-+-PEGMA) (where [X] = BF4, PFq, or TFSI) as poly(ionic

liquid) gating medium, and gold contacts.

Figure 4.14 shows the drain current (/ps) versus drain voltage (¥ps) output curves for
poly(NDI20OD-T2) devices (W/L = 1 mm/30 pm) fabricated with P50/50-6 using TFSI", PFs’, or
BF4-. P50/50-6 was selected as a point of comparison due to its high ionic conductivity. The output
characteristics of all the transistors exhibit linear behavior up to 1 V, where TFSI™ and BF4 devices
start to display saturation behaviour. While the resulting devices displayed some degree of contact
resistance; they represented a significant improvement over our earlier studies with similar
dielectric materials in a top gate bottom contact architecture.!> The greatest /ps were obtained from
devices made using P50/50-6 with the BF4 anion, followed by TFSI" and PFg, respectively
(Figures 4.7 & 4.8). These results indicate that the choice of anion plays a role on the device
current even when the devices all had identical polycation backbone and semiconductor interface.
Note that the anion moves away from the interface during operation and because we used the
identical cation polymer for each device the interface should be identical. Additionally, the relative
trend of /ps obtained from these devices does not correspond to EDL capacitance values observed

in capacitors where TFSI" > PF¢s > BF4".
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Figure 4.7. Representative transfer characteristics in the linear regime (Vps = 1 V) of poly(S)-b-
poly(VBBI'[X]--PEGMA) (where [X] = BF4, PF¢, or TFST) OTFTs. The gate voltage was swept linearly
at a rate of 250 mV/s. (L =30 um, W= 1000 pm)

The transfer characteristics for the OTFTs were obtained by sweeping the gate voltage
(VGs) at a sweep rate of approximately 250 mV/s to ensure EDL formation whilst holding the Vsp
constant at 1 V. All materials displayed hysteresis which is commonly observed in electrolyte
dielectrics as a consequence of the relatively slow movement of ions and moisture.®®? Several
parameters were extracted by aid of linear fit to the transfer curves; the transconductance (gn)
equating to slope, and threshold V7 which corresponds to the Vg-intercept. The linear fits were
performed on the forward sweep of all the transfer curves. P50/50-6 with TFSI" and BF4™ devices
exhibited similar gm whereas P50/50-6 with PF¢" were smaller by over an order of magnitude
(Figure 4.7). The Vrof TFSI and PFs ranged between 1 and 2 V whereas BF4” devices consistently
turned on below 1 V. These VTs are significantly lower compared to BGBC devices made using
the same poly(NDI2OD-T2) on SiO2 (V7 =33.9 V, tested in air) which possessed similar charge
trap densities (Table 4.6).5 This enabled the devices to operate at much lower operating voltages
exhibited by the output curves (Figure 4.14).
The field-effect mobility («) was calculated from the gm using the equation:

LVsp
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where, Ci is the capacitance of the gate insulator and L/W are the length and width of the OTFT,
respectively. The Ci value utilized corresponds to the EDL capacitance determined in the capacitor
experiments at the same frequency. The resulting x4 for P50/50-6 with TFSI', PFs, and BF4
devices were 0.9x107, 1.1x1073, and 1.1x10"2 cm?/Vs, respectively. These values are similar to
what we obtained using poly(NDI20D-T2)- based BGBC for devices on SiO: in air (3x107
cm?/Vs).% The us seen for devices from P50/50-6 with TFSI- are comparable to our previous
reports using poly(MMA-1-S)-b-poly(VBBI*TFSI") with the same semiconductor.'® It has often

6465 which concurs with the

been noted that a higher capacitance dielectric results in a reduced u,
greater u obtained using devices fabricated using P50/50-6 with BF4 compared to TFSI". The
reduced u is mainly explained by referencing a microscopic model in which the charge carriers
electrostatically accumulated at semiconductor surfaces undergo polaronic self-localization
stemming from the interaction with polarizable dielectrics leading to Fréhlich polarons.®*%° This
induces a broadening of the density of states (DOS) at the semiconductor/gating material interface
and decrease in DOS at the Fermi energy, reducing the hopping probability and thus reduce u.%
Previous reports by Fujimoto et al. using octathio[8]circulene (p-type semiconductor) based
OTFTs with 1-butyl-3-methylimidozolium bis(trifluoromethylsulfonyl) (BMIM) cation based
ionic liquids gating materials with different anions (TFSI", BF4, PF¢, TFS") found a negative linear
correlation between the u and ionic liquid capacitance.*’ For our devices, the ON/OFF ratios were
relatively low (Table 4.6). These ON/OFF ratios could potentially be improved by reducing off
currents which could be achieved by eliminating parasitic leakage currents outside the gate
controlled area.%” Conventionally this is achieved by patterning the semiconductor layer, however,
there have been relatively few reports involving the effective patterning of solution processed
OTFTs.®® The authors also found that V7 significantly depends on the structure of ionic liquid
gating medium, suggesting choice of ionic liquid is correlated to device performance. To the best
of our knowledge, no similar study has been reported for n-type operation using ionic liquids or
PILs but our results suggest a similar dependency between choice of anion and device

performance.

Thus far, from a device performance perspective, P50/50-6 with BF4™ is the most suitable
choice due to the resulting devices being characterized with relatively low V7, high Isp and high

u (Figure 4.7). However, these experiments were run slowly to ensure a comparison of the devices
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once the EDL is formed and therefore do not properly characterize a device during intended
operation. It is critical to study the device responsiveness to properly assess the potential of these
materials. The responsiveness of the P50/50 (with either TFSI', PF¢", or BF4") gated OTFTs was
examined by applying a 3 V square-pulse waveform to the gate at frequencies of 20, 100, 200,
600, 800, and 1000 mHz while measuring the Isp (Figure 4.8). It is clear that the Isp of the devices
follow the input signal of the gate, however, it is also clear that the response changes with
frequency and with choice of anion. For example: the use of P50/50-6 with TFSI, the most
conductive of the three, leads to devices that reach their maximum Isp at very slow operations of
20 mHz and at fast operation of up to 1000 mHz, when we can see that the maximum is just barely
reached within 0.5 sec before the device is turned off. For devices fabricated using BF4, the
maximum /sp is almost 5x greater than those made using TFSI™ at low frequencies (< 1000 mHz)
but the Isp reduces as the frequency is increased to a point where no current is detected at
frequencies > 800 mHz (Figure 4.8). We surmise this drop is due to the device not reaching
saturation, i.e not being completely “on” before being switched “off”. For devices made using PF¢-
, the least conductive gating material, we only detected a current at slow operations < 100 mHz.
The difference in responsiveness is attributed to the ionic conductivity of the gating media; the
device is turned on by the formation of an EDL, which form at lower frequencies for more
conductive materials (as seen in the MIM section). The responsiveness thus follows the same order
of increasing ionic conductivity with TFSI” being the highest, followed by BF4", then PF¢. What
is interesting to note is that the TFSI” containing materials led to more consistent current generation
at all operating frequencies while the same polymer containing BF4", (and possibly PF¢ ) led to a

frequency dependent Isp.
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Figure 4.8. Frequency-dependent measurements of P50/50-6 a poly(S)-b-poly(VBBI'[X]-r-PEGMA) (where [X] = BFs, PFg, or TFSI') gated
OTFTs, where the traces correspond to the anion as TFSI (magenta), PFs (orange), and BF4 (blue). The drain current response to a 3 V gate voltage

applied in a two-square wave burst at frequencies ranging from 20 mHz to 1000 mHz.
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4.4 Conclusion

In this study, we prepared a series of poly(styrene)-b-poly(1-(4-vinylbenzyl)-3-
butylimidazolium-random-poly(ethylene glycol) methyl ether methacrylate) (poly(S)-b-
poly(VBBI'[X]--PEGMA)) block copolymers, with varying PEGMA/VBBI" ratios and three
different mobile anions (where X = TFSI", PF¢ or BF4") to study structure-property relationships
to gain insights towards designing materials for low-operating voltage and responsive OTFTs. We
showed a library of PIL block copolymer materials, with two distinct 7gs exhibit self-assembled
microstructures with long range order, and that the domain size and organizational structure
depended on block copolymer architecture and choice of anion. We demonstrated that the use of
these PIL containing block copolymers leads to n-type OTFTs with comparable mobilities and
very low threshold voltages (V7= 0.5V). By comparing identical polymers with different anions,
we were able to probe the semiconductor/PIL interface during OTFT operation. We found that
reduced glass transition temperatures and greater conductivity in the PIL block copolymers led to
faster OTFT switching speeds. We have also shown that double-layer capacitance measured by
EIS does not directly translate to device output currents even when the semiconductor/PIL
interface is identical, suggesting OTFT fabrication is needed to screen potential PIL gating

material candidates.

4.5 Experimental Section

4.5.1 Synthesis of poly(styrene) macroinitiator (poly(S))

The poly(S) macroinitiator was synthesized by the polymerization of styrene (400 g, 3.84
mol) using BlocBuilder-MA (1.53 g, 4.00 mmol) with additional SG1 nitroxide mediating stable-
free radical (117.7 mg, 0.4 mmol). The ratio of BlocBuilder-MA to styrene were selected to target
a 100 kDa polymer at 100% conversion. The polymerization was performed in typical air-free
conditions using a round-bottom flask fitted under a head of nitrogen with condenser. The reagents
were first combined in the flask, the solvent was added (200 mL toluene), and the vessel was
bubbled with nitrogen for 1 hour. After purging, the vessel was heated to 100 °C. GPC samples
were periodically taken to measure the Mw with an effort to stop the reaction at a rough molecular
weight of 25 kDa corresponding to 25% conversion, to produce an effective, highly living

macroinitiator. The reaction was stopped at 6 h, left to cool, then precipitated twice into methanol
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from tetrahydrofuran (THF). The final polymer was dried in vacuum, producing 112.5 g of the
final poly(S) macroinitiator (M, = 22.5 kDa, Mw/M, = 1.11).

4.5.2 Synthesis of poly(styrene)-b-poly(chloromethyl styrene-r-poly(ethylene glycol)
methacrylate) (poly(S)-b-poly(CMS-r-PEGMA)) precursor block copolymers

Precursor poly(styrene)-b-poly(chloromethyl styrene-7-poly(ethylene glycol)
methacrylate) block copolymers were produced by performing a chain extension on the poly(S)
macroinitiator. All of the formulations are listed in Table 4.3 and a typical procedure is as follows
using the formulation CMS/PEGMA-50/50-4: poly(S) macroinitiator (3.00 g), CMS (1.35 g, 8.84
mmol), PEGMA (2.65 g, 8.84 mmol), and 50 wt% DMSO were loaded into a round-bottom flask
sealed under a nitrogen condenser and purged with nitrogen for 20 minutes before heating to 90
°C. The reactions were left to run overnight. Final material was isolated in a similar fashion to the
poly(S): twice precipitating to methanol, re-dissolving into THF between steps, and finally drying
in vacuum overnight. Precursor polymers were characterized by NMR and SEC (Figures 4.9 &

4.11).

4.5.3 Preparation of poly(ionic liquid) materials from precursor block copolymers
Quaternization reaction were performed with a 1.1 molar excess of butylimidazole on the
block copolymers containing CMS group (calculated by assuming entire polymer was CMS
homopolymer) at 70 °C for 24 h, forming a poly(S)-b-poly(VBBI CI'-r-PEGMA)) block
copolymers possessing a Cl" mobile anion. The post-reaction mixtures were then divided into three
scintillation vials, and a subsequent anion exchange reaction was performed with a 1.1 molar
excess of LiTFSI, LiPFs, or NaBFs at room temperature for 48 h. The final poly(S)-b-
poly(VBBI'[X]--PEGMA)) block copolymers (where X = TFSI', PFs” or BF4") were all isolated
by precipitating into water and thoroughly washed with water to remove any salts and finally dried
in a vacuum oven, at 70 °C, overnight. The final poly(ionic liquid) block copolymers were
characterized by '"H NMR to confirm quaternization was taken to full conversion and that the

subsequent anion exchange was confirmed by shifting of neighbouring protons on the imidazole

group.
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4.5.4 Fabrication of metal-electrolyte-metal (MEM) capacitors

Metal-insulator-metal (MIM) capacitors were fabricated using one 25mm x 25mm glass
slide as a substrate. The slides were first cleaned by sonication in soapy water, water, acetone and
methanol for 5 minutes each, then blown dry with nitrogen. The cleaned slides were then patterned
by physical vapour deposition (PVD) with bottom electrodes consisting of an initial 100 nm
chromium adhesion layer followed by 400 nm of gold. The final poly(S)-b-poly(VBBI'[X]-r-
PEGMA)) block copolymers (where X = TFSI, PF¢ or BF4") were deposited by spin-coating 90
uL solution (two thicknesses were targeted using either 60 mg/mL and 100 mg/mL solutions) in
methyl ethyl ketone (MEK) at 2000 rpm followed by annealing at 130 °C for 2 hours. Finally, top
electrodes were deposited by PVD using a shadow mask; the pattern of the top and bottom
electrodes results in 16 different capacitors on each slide with areas ranging from 0.35 mm? to 2.88
mm? For each poly(S)-b-poly(VBBI'[X]-r-PEGMA)) block copolymers (where X = TFSI", PF¢
or BFy4"), two substrates were prepared with different insulating layer thickness’ by changing the
concentration of poly(ionic liquid) in MEK solutions. Capacitors were characterized by

profilometry for thickness measurements and electrical impedance spectroscopy.

4.5.5 Fabrication of top-gate top-contact (TGTC) poly(ionic liquid)-gated organic thin-film
transistors

Top-gate top-contact organic thin-film transistors (OTFTs) were fabricated on top of 15 x
20 mm quartz coated glass substrates. First the semiconducting layer, poly{[N,N-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5-(2,2-bithiophene)}
(poly(NDI20OD-T2)) was deposited by spin coating from a 10 mg/mL o-dichlorobenzene solution
at 2000 rpm followed by annealing at 100 °C for 1 hour. Next, 50 nm thick gold contacts were
deposited for the source and drain electrodes using PVD aided by a shadow mask, with L =30 um
and W = 1000 pm. Next, the poly(S)-b-poly(VBBI'[X]--PEGMA)) block copolymers (where X
= TFSI, PFs or BF4") gating medium was deposited from spin coating from a 60 mg/mL solution
in MEK at 2000rpm. The OTFTs were then annealed at 130 °C for 1 hour to remove residual
solvent and promote self-assembly of the block copolymer. A second layer of the poly(S)-b-
poly(VBBI'[X]--PEGMA)) block copolymer was deposited by spin coating and annealed using
identical conditions. The substrates were left to cool and finally completed by depositing a 50 nm

thick gold gate electrode using PVD and shadow mask.
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4.5.6 Characterization

Size Exclusion Chromatography (SEC). The molecular weight and dispersity of the poly(S)-b-
poly(CMS-r-PEGMA) precursor polymers was determined by size exclusion chromatography.
SEC was performed using an Agilent 1260 Infinity with columns heated to 30 °C with THF as the
eluent at a flow rate of 1 mL-min"'. Wyatt detectors were utilized for the measurements; DAWN
HELEOS II multi-angle light scattering (MALS) detector, ViscoStar II differential viscometer,
and an Optilab T-rEX differential index detector. The system was fitted with two MZ-Gel SD plus
Linear 5um, 300 x 8.0mm columns. The dn/dc for each material was determined using offline
batch measurements with the RI detector, injecting a series of polymer in THF solutions of
increasing concentration by a syringe pump and recording the dRI response. The dRI versus
concentration was plotted, and the line of best-fit slope, equating to the dn/dc, was determined

using a linear fit.

Nuclear magnetic resonance spectroscopy (NMR). The copolymer compositions and
confirmation that polymer functionalization reactions were taken to completion was determined
using nuclear magnetic resonance ('"H NMR) using a Bruker AVANCE II 400 MHz spectrometer.
Samples were dissolved in deuterated chloroform (CDCI3) or deuterated dimethyl sulfoxide
DMSO-ds as the solvent. Determination of copolymer composition via '"H NMR is described in

the Supporting Information.

Differential Scanning Calorimetry (DSC). The glass transition temperatures (7,s) of the final
poly(S)-b-poly(VBBI'[X]-~-PEGMA)) block copolymer were determined using Differential
Scanning Calorimetry. DSC was performed using a TA Instruments Q2000 over a temperature
range of -40 °C to 150 °C at a heating/cooling rate of 10 °C/min under an N> environment. The
T,s were determined using the midpoint method from the second thermogram heating cycle using

the software, Universal Analysis, provided by TA Instruments.

Profilometry. The thickness of the poly(S)-b-poly(VBBI'[X]-r-PEGMA)) block copolymer layer
in MIM capacitors was measured using a Bruker Dektak XT profilometer. A series of 10 scratches
were made with a diamond tip pen to create a step edge. The step edge was measured, and the

average of the measurements = SD are reported.
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Electrochemical Impedance Spectroscopy (EIS). Impedance properties such as conductivity and
double-layer capacitance of the poly(S)-b-poly(VBBI'[X]--PEGMA)) block copolymers in the
MIM capacitors were investigated with EIS. Measurements were conducted over a frequency
range of 10 — 10% Hz with an AC amplitude of 10 mV under atmospheric conditions using a
Metrohm PGSTAT204. The ionic conductivity (o) was calculated using the equation: o =
d/(R,A), where d is the thickness, R,, is the bulk resistance, and 4 is the area of the capacitor.
Bulk resistance, R,;,, was found by using the diameter of a circular fit to the charge transfer regime,
which appears as a semicircle, of the experimental data Nyquist plot of the experimental
impedance data using Nova 2.1 software. A representative Nyquist plot with semicircular diameter

fitting is shown in S4.

Transmission Electron Microscopy (TEM). Images of annealed bulk poly(S)-b-poly(VBBI'[X]-
r-PEGMA)) block copolymer sample section were obtained using Transmission Electron
Microscopy. Samples were prepared by drop-casting 100 mg/ml polymer/MEK solution onto a
Teflon watch-glass and left in a vacuum oven at 70 °C until solvent evaporated. The dried casted
polymer samples were then annealed at 130 °C under vacuum for 2 hours and left to cool overnight.
Liquid N> was then poured over the annealed-polymer coated Teflon watch-glasses’, the casted
polymer cracked, lifted from the watch-glass and collected. Sections were cut on a Leica UCT
ultramicrotome (Leica Microsystems, Leica UCT Ultramicrotome) equipped with a diamond
blade, placed onto copper grids, and exposed to 5 wt % aqueous RuOg4 solution for 1 h to
preferentially stain the poly(styrene) block. TEM imaging was performed on the prepared samples
using a FEI Titan 80-300.

Small-Angle X-ray Scattering (SAXS). The SAXS patterns were collected with a Bruker AXS
Nanostar system equipped with a Microfocus Copper Anode at 45 kV / 0.65 mA, MONTAL
OPTICS and a VANTEC 2000 2D detector. The distance, 106.95 ¢cm from the detector to the
sample, was calibrated with a Silver Behenate standard prior the measurements. The positioning
fine tuning was done by Nanography; a 2 sec. per step scan sweep on X and Y to find the exact
position of the samples. The diffracted intensities were integrated from 0.100 to 3.000 deg. 2-theta

on 360 degrees. Collection exposures were 200 to 400 seconds
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Transistor Characterization. Transistor characterization was performed in ambient conditions
using a probe station equipped with a 2614B Keithley 2-channel source-measure unit (SMU) to
control the gate and source-drain potentials, Vs and Vps, respectively. Output curves were
generated measuring the source-drain current (/sp) and linearly sweeping Vps while fixing Vs at
a fixed potential, performing a series of steps in Vgs. Transfer curves were generated by fixing Vsp
at 1 V and sweeping Vss. Frequency dependence of transfer characteristics were examined by
measuring Isp and using a function generator (AFG 3011C) to apply the gate voltage in a square-
pulse waveform of selected frequencies. In the response time experiments, the gate potential was
supplied by the waveform generator and measured using a Keithley Digital Multimeter (DMM
6500) to digitize the voltage. While the source-drain potential was set using one channel of the
Keithley SMU connected in series with the device-under-testing and simultaneously measured the

drain current, Isp.
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4.7 Supplementary Information

Synthetic chemistry formulations and molecular weights for chloromethyl/poly(ethylene
glycol) methyl ether methacrylate chain extension from poly(styrene) macroinitiator, along with
representative characterization example; NMR spectra, determination of composition, and GPC
trace; example Nyquist plot from polyelectrolyte capacitor with circular-best-fit used for
conductivity calculation; detailed table of MIM capacitors including material, glass transitions,
conductivity, and thickness; detailed transistor characterization results including; output curves,
transfer characteristics (by the decade); and summary table with ON/OFF ratio, threshold voltage,

capacitance, mobility, subthreshold swing, and charge trap density.
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4.7.1 Calculation of Copolymer Composition
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Figure 4.9. Representative 'H NMR spectra of the precursor block copolymer in CDCl, (poly(S)-b-
poly(CMS-1-PEGMA)-25/75-6g. Compositions are determined using the relative integrations of a, b, ¢, d,

and e.
The molar ratio of Styrene, CMS, PEGMA was calculated:

ST : CMS : PEGMA

=2, I, IL.+I+1,
5 2 21
The composition of the entire polymer was calculated:

CMS PEGMA

F. ____ s ____ . F =___ ¢t . — __ PEGMA
ST > CMS ™ ST+CMS+PEGMA ° PEGMA ™ ST+CMS+PEGMA

T ST+CMS+PEGMA

The composition of the 2™ block was calculated:

F — CMS . F _ _ PEGMA
CMS ™ CMS+PEGMA ° PEGMA ™ CMS+PEGMA
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4.7.2 Additional Tables & Figures
Table 4.3. Formulations chloromethyl styrene/poly(ethylene glycol) methyl ether methacrylate chain

extensions from poly(styrene) macroinitiator.

Exp. ID ® CMS PEGMA
mmol g mmol g
CMS/PEGMA-100/0-4g 26.21 4.00 - -
CMS/PEGMA-100/0-8g 52.42 8.00 - -
CMS/PEGMA-25/75-2¢g 1.90 0.29 5.70 1.71
CMS/PEGMA-25/75-4¢g 3.80 0.58 11.40 3.42
CMS/PEGMA-25/75-6g 5.70 0.87 17.10 5.13
CMS/PEGMA-50/50-4¢g 8.84 1.35 8.84 2.65
CMS/PEGMA-50/50-6g 13.26 2.02 13.26 3.98
CMS/PEGMA-75/25-4¢g 15.83 242 5.28 1.58
CMS/PEGMA-75/25-6g 23.75 3.62 7.92 2.38
CMS/PEGMA-75/25-8¢g 31.67 4.83 10.56 3.17

3 Experimental identification (Exp. ID) is given by CMS/PEGMA-Y: where CMS and PEGMA correspond to
chloromethyl styrene (CMS) and poly(ethylene glycol) methyl ether methacrylate (PEGMA), respectively. And
the following number fraction refers to the molar feed of CMS to PEGMA, followed by the grams of total chain
extension monomer.

% All experiments were performed utilizing the same amount of poly(styrene) macroinitiator (3.00 g).

Table 4.4. Molecular Weight Distribution Data for poly(S)-b-poly(CMS-r-PEGMA) Block Copolymer
Precursors to lonic Liquid Containing Block Copolymers Determined using poly(MMA) Standards.

Exp. ID M, (Da) M,, (Da)
[kg mol~'] [kgmol™]
poly(S) macro.
CMS/PEGMA-100/0-4g 37.3 39.5
CMS/PEGMA-100/0-8g 39.6 41.6
CMS/PEGMA-25/75-2¢g 41.8 434
CMS/PEGMA-25/75-4g 44.5 46.2
CMS/PEGMA-25/75-6g 40.2 40.9
CMS/PEGMA-50/50-4g 43.6 46.8
CMS/PEGMA-50/50-6g 39.2 43.7
CMS/PEGMA-75/25-4¢ 45.3 46.1
CMS/PEGMA-75/25-6g 42.8 459
CMS/PEGMA-75/25-8¢g 38.9 42.2

b) Number-average molecular weight (M,,), weight-average molecular weight (M,,), and dispersity (My/M,) were
determined by size exclusion chromatography (GPC). dn/dc was determined by offline batch dRI measurements for
each polymer.
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Figure 4.10. Representative SEC refractive index and light-scattering chromatograms of poly(styrene)
macroinitiator (green) and poly(S)-b-poly(CMS--PEGMA)-100/0-8g (red) and poly(S)-b-poly(CMS-r-
PEGMA)-25/75-4g (blue) diblock copolymers. The red line represents data from the light-scattering

detector, and the blue line represents data from the RI detector.
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Figure 4.12. Representative Nyquist plot from metal-insulator-metal (MIM) capacitors. The

conductivity was determined by performing a fit to the circular portion of the plot (red).
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Figure 4.11. '"H NMR spectra of (a) poly(S)-b-poly(CMS-r-PEGMA) precursor polymer, (b) poly(S)-b-
poly(VBBI'[X]--PEGMA)) block copolymers where X = TFSI', (c) poly(S)-b-poly(VBBI[X]-7-
PEGMA)) block copolymers where X = PFs anion, and (d) poly(S)-b-poly(VBBI'[X]--PEGMA)) block

copolymers where X = BF4 anion in CDCl,. All polymers are from experiment CMS/PEGMA-75/25-8g.
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Table 4.5. Glass transition, conductivity, and profilometry data for poly(ionic liquid)s. Two capacitor sets of differing thickness were fabricated and

characterized for each material.

EXP-ID Te1  Tap Conc.  Thickness Conductivity Conc.2  Thickness Conductivity
[mg/mL] [nm] Scm’! [mg/mL] [nm] [S cm™]
poly(S) macro. - - 60 323+24 -
P100/0-4g-TFSI 105 12 60 427 + 44 1.8 x 10° 100 1069 +107 3.3 x10?
P100/0-4g-PFs 101 - 60 481 +47  35x 101! 100 935+ 44 3.5x10™M
P100/0-4g-BF,4 98 - 60 531 +244 - 40 285 +35 5.7 %1010
P100/0-8g-TFSI 106 11 60 439 +£22 1.3 x 107 100 677 + 68 1.4 x 107
P100/0-8g- PFs 104 - 60 480+45 6.1 x 10" 100 794 + 40 8.7 x 10!
P100/0-8g-BF4 99 - 60 702 +47 7.7 x 107 40 380+ 13 1.5 x 107
P25/75-2g-TFSI 99 - 60 444 + 32 - 100 1069 + 107 -
P25/75-2g-PFs 99 - 60 416 £22 - 100 1138 £26 -
P25/75-2g-BF4 99 - 60 887 + 59 - 100 1069 + 107 -
P25/75-4g-TFSI 99 - 60 466 + 32 2.5x 108 100 967 + 59 4.6 x 108
P25/75-4g-PFs 99 - 60 486 £ 36 - 100 1085 +77 -
P25/75-4g-BF,4 99 - 60 560 + 21 - 100 1513 £ 60 -
P25/75-6g-TFSI 99 - 60 399 + 35 - 100 887 £75 -
P25/75-6g-PFs 99 - 60 381+13 - 100 1081 + 107 -
P25/75-6g-BF,4 99 - 60 401 £ 24 - 100 999 + 85 -
P50/50-4g-TFSI 106 -7 60 421 + 60 3.3x107 100 756 + 52 4.7 x 107
P50/50-4g-PFs 105 21 60 504 + 57 1.8 x 10° 100 972 + 62 3.0 x 10°
P50/50-4g-BF4 105 17 60 989 + 49 7.6 x 107 40 262 £ 13 3.4 x10%
P50/50-6g-TFSI 105 -7 60 430 £ 42 3.6 x 107 100 682+ 19 3.2 x 107
P50/50-6g- PFs 105 22 60 562 + 80 4.9 x10? 100 1031116 3.2 %107
P50/50-6g-BF4 106 19 60 747 + 95 1.4 x 107 40 243 £ 17 1.7 x 108
P75/25-6g-TFSI 107 2 60 382 +35 2.0 x 107 100 849 + 90 2.8 x 107
P75/25-6g-PFs 106 55 60 497+69  59x 10" 100 936+284  5.8x 10!
P75/25-6g-BF,4 105 48 60 847+ 13 1.9 x 108 40 231+ 15 5.8 x 107
P75/25-8g-TFSI 105 2 60 408 +119 1.4 x 107 100 802+ 75 1.9 x 107
P75/25-8g-PFs 105 52 60 591+46 7.9 x 10! 100 919+ 71 3.7 %10
P75/25-8g-BF4 103 49 60 871 + 54 2.0x 108 40 382+ 17 4.2 x 107
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Table 4.6. OTFT Characterization: ON/OFF, transconductance, threshold voltage, and field-effect mobility for each material.

Gating  ON/OFF?  Transconductance®  Threshold Capacitance® Mobility® Sw Ni
material' [uSV1] Voltage [V] [Fem?] [cm?V-1s!] [V/dec] [cm?V]
TFST 10! (432+£0.271)x10%  1.5£0.056 (1.44+0.138)x10°% (9.0£1.03) x 10* 0.1 9.7 x 10"
PF¢ 10! (5.87+0.557) x 10°  1.3+£0.093 (1.60+0.687) x 107 (1.1 +£0.118) x 107 0.5 8.3 x 10"
BFs 10? (4.19+£0.554) x 10®  0.7£0.102 (1.14£0.223) x 107 (1.1 £0.234) x 10 0.3 3.4 x 10"
Si0y® 10? - 33.9 1.50E-11 3.0E-2 5.1 8.0 x 102

1.

2.
3.
4

AN

All devices were fabricated from either SiO2 (taken from Brixi et al.") or the P50/50-6 [X] material (where [X] = BF4, PFs", or TFSI")

ON/OFF ratios were obtained from the 100 mHz frequency plots

Transconductance obtained from the slope on the forward sweep of transfer curves

Obtained by EIS of capacitors fabricated with the poly(MMA-r-S)-b-poly(VBBI+[X]-r-PEGMA) (where [X] = BF4, PF¢’, or TFSI"). Mean of the
values summarized in Figure 6B.

Determined using device dimensions W/L = 1000um/30pm

Calculated for a 230 nm SiO; dielectric thickness with dielectric constant = 3.9 using the equation: C = €gyA/d where C is the capacitance, A is
the area, ¢ is the dielectric constant, and &, is the vacuum permittivity
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Figure 4.13. Representative output curves for TGTC devices with poly(NDI2OD-T2) n-type

semiconductor using PFs’, BF4', and TFSI dielectrics. The dielectric layers ranged between 375 - 715 nm.

Vas (V)
Figure 4.14. Representative transfer characteristics in the linear regime (Vps = 1 V) of poly(S)-b-

poly(VBBI'[X]--PEGMA)) block copolymers (where X = TFSI', PF¢ or BF4) based OTFTs displayed
with logarithmic scaling. The gate voltage was swept linearly at a rate of 250 mV/s. (L =30 pm, W= 1000

pm)
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Chapter 5: Overall Conclusions and Recommendations for Future

Work

5.1 Overall Conclusions

Alleviating organic thin-film transistor manufacturability concerns continues to be a
necessity towards bringing these technologies to commercialization. Developing novel
polyelectrolyte dielectric materials to improve the manufacturability of the gating layers is starting
to seem like a viable solution as shown; highly responsive devices can be fabricated; however,

higher output currents are desired.

Chapter 2 explored the synthetic groundwork utilized to produce the materials in the
remaining chapters. I showed that ionic liquid polymers could be obtained by nitroxide mediated
polymerization by various routes resulting in low dispersity and highly living polymers. I
identified the most desirable route to was to take a post-polymerization functionalization approach

due to the ease of purification and compatibility with GPC.

Chapter 3 was our groups first demonstration of polyelectrolyte gated transistors. The
performance of these transistors were comparable to devices of other groups with similar
dielectrics and semiconductor. However, they exhibited high degrees of contact resistance, which
we hypothesized could possibly be improved by changing the device architecture and contact
electrode material. From a materials perspective, it was shown that the content of ionic liquid
moieties in the final polymer was not proportional to the double-layer capacitance. Additionally,
we saw the polymeric structure (block vs. random) influenced important properties such as

conductivity. These findings were instrumental in designing the study presented in Chapter 4.

Chapter 4 built off of the findings of Chapter 3; Further polymer-structure to material-
property to device-performance relations were improved. Ultimately, both the materials and
devices were improved; final materials had a higher conductivity and the devices had reduced
contact resistance. I showed the structure-property relationships to improve the conductivity of the
ionic gating medium; most notably the need for self-assembly to form ionically conductive
channels and the dependence on 7, of the conductive block. I showed the 7, can be easily tuned
by the copolymer composition of the second block using a low-7; monomer copolymerized with
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the ionic liquid comonomer. Additionally, I showed the EDL capacitance was most related to the
mobile anion of the material, however, this did not translate to higher output currents in our devices

as one would have thought.

Overall, this thesis is entirely focused on the development of novel polyelectrolyte
materials to be employed as the gating medium in organic thin-film transistors. A question raised
in the introduction, whether device performance in regard to switching speeds and field-effect
mobility can be further improved by developing polyelectrolytes of higher conductivity was
explored. My research ultimately demonstrated that the sluggish response times of polyelectrolyte
gated transistors can be improved by increasing the ionic conductivity of the polyelectrolyte

material.
5.2 Recommendations for Future Work

I recommend a target application be selected to determine what transistor response times
are required in order to direct whether the response times shown in this work are satisfactory or if
work towards higher conductivity materials is needed. If slightly higher conductivities are required
some work implementing a spacer for higher conductivity may be useful as well as selecting a

lower Tz comonomer than PEGMA.

In addition to material conductivity-device response time relationships, I had also
attempted to begin the work to further the understanding of the other critical component for
dielectrics; the double layer capacitance produced at the semiconductor polyelectrolyte backbone
interface that drives the device. A fundamental gap in understanding from my completed research
are the specific reasons the device output currents differ so drastically for different mobile anions.
In isolated metal-polyelectrolyte-metal experiments I showed the mobile anion (material structure)
was the critical component that impacted the capacitance (material property). However, this did
not directly translate to OTFT performance; the material with the lowest capacitance seen in
capacitors produced devices with the highest output currents. I recommend that this line of research
examining the dielectric/semiconductor interface with ionic dielectrics continue to be explored.
Further measurement techniques such as Hall measurements may elucidate the reasons behind this

discrepancy.
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The driving motivation of this thesis was to alleviate solution processed thin-film transistor
manufacturing and scalability concerns by molecular design. Keeping with the strong desire to
bring these technologies to market we can also scrutinize the viability of the synthetic chemistry
in an industrial setting. The limited availability (or unavailability) of BlocBuilder due to its sole
supplier ultimately adds significant supply chain risk and will ultimately require the chemistry to
be re-tooled to other controlled free radical techniques if there is a desire to utilize a candidate
material into a commercial product. Despite the many advantages NMP has to offer over other
CRP techniques, the limited availability of its key components makes it undesirable. I recommend
future polymer work in the group utilize other controlled free radical polymerization techniques
where the critical components can be acquired from a multitude of vendors. I also recommend the
scalability of chemistry & purification techniques continue to be a high priority and not side-lined

in the purely academic pursuit of structure property relationships.
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Chapter 6: Additional Contributions

6.1 Controlled Synthesis of Poly(pentafluorostyrene-ran-methyl methacrylate)
Copolymers by Nitroxide Mediated Polymerization and Their Use as Dielectric

Layers in Organic Thin-Film Transistors

Alexander J. Peltekoff, Mathieu N. Tousignant, Victoria E. Hiller, Owen A. Melville, Benoit H.

Lessard
MDPI Polymers
Published: May 29, 2020

DOI: 10.3390/polym12061231

Abstract

A library of statistically random pentafluorostyrene (PFS) and methyl methacrylate
(MMA) copolymers with narrow molecular weight distributions were produced using nitroxide
mediated polymerization (NMP) to study the effect of polymer composition on the performance
of bottom-gate top-contact organic thin-film transistors when utilized as the dielectric medium.
Contact angle measurements confirmed the ability to tune the surface properties of copolymer thin
films through variation of its PFS/MMA composition, while impedance spectroscopy determined
the effect of this variation on dielectric properties. Bottom-gate, top-contact copper phthalocyanine
(CuPc) based organic thin-film transistors were fabricated using the random copolymers as a
dielectric layer. We found that increasing the PFS content led to increased field-effect mobility

until a point after which the CuPc no longer adhered to the polymer dielectric.
Contributions

I designed the study and oversaw the experiments performed by Victoria (polymer
synthesis) and Mathieu (device fabrication). I performed the data analysis for all experiments and

wrote the manuscript.
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6.2 Improving Polyvinyl Alcohol (PVA) Thin Film Properties Through the
Addition of Low Weight Percentages of Cellulose Nanocrystals

Mathieu N. Tousignant, Nicole A. Rice, Alexander Peltekoff, Chithiravel Sundaresan, Chuanwei
Miao, Wadood Y. Hamad, Benoit H. Lessard

Langmuir 36, 13, 3550-3557
Published: March 12, 2020

DOI: 10.1021/acs.langmuir.0c00068

Abstract

The increased demand for electronic devices, combined with a desire to minimize the
environmental impact, necessitates the development of new eco-friendly materials. One promising
approach is the incorporation of renewable and green materials that possess the desired mechanical
and electrical properties while allowing for more ecologically friendly disposal of these devices.
The addition of low-weight percentages (0.25-0.75 wt %) of cellulose nanocrystals (CNCs) was
investigated as an environmentally friendly additive in aqueous dispersions of poly(vinyl alcohol)
(PVA). It was found that these low CNC loadings were sufficient to induce a favorable increase in
viscosity, which in turn dramatically enhanced the film quality of the PVA blends through an
improvement in the critical radius of the spun film, overall film thickness, and homogeneity of the
thin film. This corresponded to an increase in the number of functioning organic electronic devices
that could be fabricated by spin coating, including metal-insulator—metal (MIM) capacitors and
organic thin-film transistors (OTFTs). Most importantly, the incorporation of CNCs into PVA did
not significantly alter the native dielectric properties of the polymer thin films when incorporated

into both MIM capacitors and OTFTs.
Contributions

I developed the procedure to fabricate and test MIM capacitor and coached Mathieu

through the process and aided in the impedance data analysis.
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6.3 Contact Engineering using Manganese, Chromium and Bathocuproine in

Group 14 Phthalocyanine Organic Thin-Film Transistors

Owen A. Melville, Trevor M. Grant, Kate Lochhead, Benjamin King, Ryan Ambrose, Nicole A.
Rice, Nicholas T. Boileau, Alexander J. Peltekoff, Mathieu Tousignant, lan G. Hill, Benoit H.

Lessard
ACS Applied Electronic Materials
Published: March 24, 2020

DOI: 10.1021/acsaelm.0c00104

Abstract

Silicon and tin(IV) phthalocyanines, which have been demonstrated as simple-to-
synthesize materials for n-type organic thin-film transistors (OTFTs), have relatively shallow
lowest unoccupied molecular orbital (LUMO) levels that create a Schottky barrier with the gold
source—drain contacts typically used in device fabrication. To reduce the contact resistance (RC)
associated with this barrier and improve the OTFT performance, we fabricated bottom-gate top-
contact (BGTC) devices using low-work-function metals (Mn/Cr) and an electron dopant material
(bathocuproine, BCP) as contact interlayers. We characterized two tin phthalocyanines (SnPcs),
tin bis(pentafluorophenoxy)phthalocyanine (F10-SnPc) and tin bis(2,4,6-
trifluorophenoxy)phthalocyanine (246F-SnPc), as organic semiconductors (OSCs) and compared
them to their silicon phthalocyanine (SiPc) analogues. We found that using Mn and Cr interlayers
with SiPc OTFTs reduces RC to as low as 11.8 kQ cm and reduces the threshold voltage (V) to
as low as 7.8 V while improving linear region characteristics compared to devices using silver or
gold electrodes only. BCP interlayers appear to reduce Vr in all SiPc and SnPc devices and
increase the off-state conductivity of SnPc devices if covering the entire OSC. Overall, this work
demonstrates the potential for metal interlayers and solid-state organic interlayers for improving

electron transport in low-cost, n-type OTFTs using group 14 phthalocyanines.
Contributions

I aided in the troubleshooting using the impedance tester I built associated with the study.
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6.4 1,2,3-triazole based poly(ionic liquids) as solid dielectric materials

Jukka Niskanen, Mathieu Tousignant, Alexander J. Peltekoff, Benoit H. Lessard
Elsevier Polymer
Published: October 15, 2020

DOI: 10.1016/j.polymer.2020.123144

Abstract

1,2,3-triazole based polyionic liquids (PIL) are an emerging field among polymeric
dielectrics in organic electronics. 1,2,3-triazole based PILs can be obtained from poly(4-
vinylbenzylchloride) by copper-catalyzed azide-alkyne cycloaddition (CuAAC) ‘click’ reaction.
The polymer architecture and the charge of the PILs can be manipulated by choosing a suitable
alkyne, azide containing moiety, and by the alkylation of the 1,2,3-triazole group. Thus, we were
able to prepare PILs carrying either inorganic (Na" or CI") or the organic counterions 1-butyl-3-
methyl-imidazolium (C4mim") or 1-butyl-3-methyl-imidazolium (TFSI"). Metal-insulator-metal
capacitors were fabricated and the dielectric properties were characterized through electrochemical
impedance spectroscopy. The PILs demonstrated an increase in capacitance density with
decreasing frequency, characteristic for the polarization of the polymer layer and electrical double
layer formation. Substitution of inorganic counterions with organic counterions improved the
transition frequency of the capacitors and the conductivity of the polymers. This was due to

increased ion mobility and decreased glass transition temperatures.
Contributions

I aided in the analysis and interpretation of the impedance data from the polyelectrolyte

capacitors and contributed to the associated parts of the manuscript.
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6.5 Cyanophenoxy-Substituted Silicon Phthalocyanines for Low Threshold

Voltage n-Type Organic Thin-Film Transistors

Benjamin King, Andrew J Daszczynski, Nicole A Rice, Alexander J Peltekoft, Nathan J
Yutronkie, Benoit H Lessard, Jaclyn L Brusso

ACS Applied Electronic Materials
Published: May 13, 2021

DOI: 10.1021/acsaelm.1¢00175

Abstract

Silicon phthalocyanines (SiPcs) based organic thin-film transistors (OTFTs) typically have
threshold voltages (V1) above 10 V, limiting their usage in commercial devices due to exceedingly
high power consumption. Herein, we report the synthesis and characterization of three SiPcs with
phenoxy axial substituents containing nitrile and fluorine functional groups. These SiPcs, along
with 3,5-difluorophenoxy SiPc were evaluated as candidate materials for n-type OTFTs. We found
that further increasing the electron-withdrawing character of the pendant phenoxy groups of the
SiPc resulted in a significant decrease in average Vrt with the lowest reported value being 4.8 V,
the lowest Vt reported for a phenoxy-SiPc-based OTFT exceeding the previous record low of 7.8
V attributed to F10-SiPc. Furthermore, it was noted that dewetting occurred when the phenoxy
pendant group of the SiPc was substituted at the para position with a nitrile group combined with
ortho- or meta-substituted fluorines, which was attributed to interactions at the
semiconductor/dielectric interface. Depositing these SiPcs on silane-terminated poly(styrene)
brush modified substrates improved long-term stability, demonstrated by a minimal change in

surface morphology according to atomic force microscopy (AFM) images.
Contributions

I synthesized and characterized poly(styrene) and poly(methyl methacrylate) polymers
with NHS-functional end groups by nitroxide-mediated polymerization which were used and

grafted polymer brush layers in the OTFT devices.
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6.5 Enthalpy of the Complexation in Electrolyte Solutions of Polycation and

Polyzwitterions of Different Structures and Topologies

Jukka Niskanen, Alexander J. Peltekoff, Jean-Richard Bullet, Benoit H. Lessard, Francoise M.
Winnik
ACS Applied Electronic Materials

Published: May 13, 2021

DOI: 10.1021/acs.macromol.1c00586

Abstract

Our understanding of the intricate complexation behavior of polyzwitterions with
polycations is less than that of polyanion—polycation complexes. In addition, the effect of the
topology of polyzwitterions on the complexation of polyzwitterions with polycations is also
unclear. We investigated the complexation of methacrylate-based linear, star, and branched
poly(sulfobetaine methacrylate)s (PB) with the cationic poly(methacryl oxyethyl trimethylammo-
nium chloride) (PMOTAC), as well as the complexation of linear imidazolium-based
polyzwitterions and polycations, by isothermal titration calorimetry (ITC) in saline media. The
complexation enthalpies increased with increasing salt concentration and molecular weight up to
0.25 M NaCl. A low degree of branching had little effect on the complexation, whereas highly
branched PB did not form complexes. The obtained complexes had nonstoichiometric
composition, with high enthalpies per mole of injected polycation due to additional water being
released by cascading complexation. Understanding the complexation behavior of polyzwitterions

with polycations provides alternatives to traditional polyanion—polycation complexes.
Contributions

I synthesized and characterized the poly(VBIm) polymer which was used at the precursor

material to form the final zwitterionic polymer featured in the study.
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