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ABSTRACT

This body of work explores a recently emerging subset of electrochromic devices (ECDs):
namely irreversible electrochromic indicators. In contrast to conventional ECDs which
produce a reversible color change in response to an applied voltage, irreversible elec-
trochromic indicators generate a single permanent color change in response to an applied
voltage. This format of irreversible electrochromic indicator is envisioned for use in a broad
range of applications including healthcare, food packaging, logistics, and authenticity
labeling. The approach taken herein to produce irreversible electrochromic indicators is
in situ electropolymerization, where a polymer film is deposited inside of a pre-assembled
solid-state ECD.

An initial study investigates the influence of a gel polymer electrolyte (GPE), which is
commonly employed in ECDs, on the electrodeposition process. Potential step methods,
and cyclic voltammetry performed in a 3-electrode cell show that the addition of an
ethylene oxide (EO)-propylene oxide (PO)-allyl glycidyl ether (AGE) matrix lowers the
potential for film formation during electropolymerization of 3,4-ethylenedioxythiophene
(EDOT) by 0.1V, compared to a similar liquid electrolyte. Furthermore, in a device, the gel
matrix improves the coloration efficiency and the homogeneity of the color change. Several
variations of irreversible electrochromic indicators are then reported and characterized
for a range of different monomer precursors. Higher coloration efficiencies and lower
activation potentials are achieved by using oligomers of EDOT and thiophene - however,
this comes at the expense of long-term stability. Then, fine-tuning of the indicator
color states is demonstrated via electropolymerizing mixtures of EDOT, anthracene, and
pyrene to form multichromic copolymers. The culmination of the developments for the
irreversible indicators is their integration into a flexible smart label prototype designed for
temperature sensing in cold-chain applications. Here, printed supercapacitors (5Cs) and a
chemical thermal sensor to control current flow upon temperature change are successfully
used to trigger irreversible indicators in a flexible printed circuit.

The final embodiment of this work investigates in situ electropolymerization as a
simple manufacturing technique for fully printed reversible electrochromic devices. In
this case, poly(3,4-ethylenedioxythiophene) (PEDOT) indicators are produced which can
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achieve 100,000 cycles with a modest loss in performance.

Keywords: Electrochromism, Electrochromic Devices, Irreversible Electrochromism, Irre-
versible Indicator, Smart Labels, in situ Electropolymerization, poly(3,4-ethylenedioxythiophene),

poly(thiophene)
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REsumMo

Este trabalho explora um novo subconjunto de dispositivos electrocrémicos (ECDs): nome-
adamente indicadores eletrocrémicos irreversiveis. Ao contrario de ECDs convencionais
que produzem uma mudanga de cor reversivel em resposta a aplicacdo de um estimulo
elétrico, os indicadores electrocrémicos irreversiveis geram uma mudanga de cor perma-
nente. Este novo tipo de indicador electrocrémico irreversivel foi desenvolvido para uma
ampla gama de aplicagdes, incluindo aplica¢des médicas, embalagem alimentar, logistica
e transporte e verificagdo de autenticidade de produtos. A abordagem adoptada neste
trabalho para desenvolver indicadores electrémicos irreversiveis é a electropolimerizagdo

in situ, onde um filme polimérico é depositado dentro de um ECD de estado sélido.

Numa primeira abordagem foi investigado a influéncia de um gel electrélito polimérico
(GPE), usado tipicamente em ECDs, no processo de electrodeposi¢ao. Métodos de crono-
amperometria e voltametria ciclica realizados numa célula de 3 elétrodos mostram que a
adi¢do de uma matriz polimerica do polimero EO-PO-AGE reduz o potencial de formagao
do filme durante a electropolimerizacdo de EDOT em 0,1 V em comparagdo com um
eletrdlito equivalente liquido. Além disso, em dispositivos, o gel eletrélito polimérico
melhora a eficiéncia de coloracdo e a homogeneidade da mudanga de cor. Diversas
variagdes de indicadores electrocrémicos irreversiveis foram exploradas e caracterizadas
para uma variedade de diferentes monémeros. Maiores eficiéncias de coloragao e menores
potenciais de ativagdo sdo alcangados usando oligémeros de EDOT e tiofeno, no entanto,
tal ocorre as custas da estabilidade a longo prazo. Em seguida, o ajuste fino dos estados
de cor do indicador é demonstrado através de misturas de electropolimerizagdo de EDOT,
antraceno e pireno para formar copolimeros multicrémicos. O desenvolvimento dos
indicadores irreversiveis neste trabalho culmina na sua demonstra¢do num trabalho de
integragdo num protétipo flexivel de uma etiqueta inteligente concebida para a detecgao de
temperatura em aplica¢des de transporte de frio. Neste demonstrador supercondensadores
impressos e um sensor térmico quimico foram usados com sucesso para ativar indicadores

irreversiveis num circuito impresso flexivel.

A concretizacdo final deste trabalho explora a electrodeposicdo in situ como uma

técnica simples de fabricacdo de dispositivos eletrocrémicos reversiveis impressos. Neste
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trabalho, sdo produzidos indicadores PEDOT que podem atingir 100.000 ciclos com perda

minima de desempenho

Palavras-chave: Electrocromismo, Dispositivos Electrocrémicos,
Eletrocromismo Irreversivel, Indicador Irreversivel, Etiqueta Inteligente, Eletropolimeri-

zagdo in situ, poli(3,4-etilenodioxitiofeno), poli(tiofeno)
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INTRODUCTION

1.1 Smart Labels and the Internet of Things

The internet of things (IoT) is a vision for embedding technologies into our devices that
can collect, transfer, and convey information. This connected system of physical devices
can monitor data through smart sensors and communicate with other devices via the
internet [2]. The goal is to simplify day-to-day activities, improve efficiency, and create
a world that is both interactive and responsive to the user [3], [4]. Broad adoption of
IoT technologies promises to deliver a seamless human-machine interface. However, this

vision depends on further technical innovation in several different fields.

One embodiment of the IoI with significant market potential is smart or intelligent
labels. A smart label is a label that extends its functionality beyond a graphical print
by embedding technologies that can track, transmit, and display information. Examples
of these technologies include radio frequency identification (RFID) tags, near-field com-
munication (NFC) tags, sensors, and displays. The demand for smart label technology
cuts across many sectors including retail, healthcare, pharmaceuticals [5], cold chain [6],
transportation, and logistics [7]. The ability to track an object throughout its commodity
chain can lead to improvements in speed, efficiency, and product quality [3]. One market
research report estimates the market size for smart labels to be approximately 13.47 billion
USD in 2023 [8], with different market research reports estimating compound annual
growth rates between 15.8 and 17.3 % [8]-[11].

Figure 1.1 illustrates how functionality can be introduced to a temperature and time-
sensitive label through the addition of successive components. In the conventional
embodiment, a graphical print simply conveys the environmental restrictions to the user.
By adding elements such as a QR code, or an NFC tag, the user can scan the label to access
dynamic information about the product. The key benefit here is that more information can
be included than fits on the physical label, and the information can be updated over time.
However, it requires that the user has a mobile device, and in some cases, the information

may require an internet connection to access it.

Without electronics, smart labels primarily convey static information. By introducing
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Figure 1.1: Schematic of labels for sensitive good tracking with increasing functionality.

electronic components, the smart labels can take on an active role, for example by moni-
toring the condition of the goods they are attached to [2]. In this case, the labels are used
to track real-time changes in their local environments via sensors, and transmit that data
via wireless communication. Types of sensors that can be integrated include temperature
sensors, time sensors, mechanical sensors, chemical sensors, gas sensors, and biological
sensors. Advanced smart labels can additionally include dynamic visual outputs, such as
displays and indicators, to give visual alerts and information to the user without requiring
intermediate data transfer technologies.

There are many applications where smart labels present a unique market opportunity.
Some applications are summarized in Figure 1.2. In the food and beverage sector, smart
labels can be used to track the freshness of products. In the healthcare and pharmaceutical
sectors, smart labels can indicate the safety and status of medication. In the retail sector,
smart labels can be used to dynamically change pricing based on real-time shopping ana-
lytics, or as anti-counterfeiting measures. In the supply chain, logistics, and transportation
sectors, smart labels can track environmental conditions and alert breaches in them.

There is however a trade-off between functionality and cost. At the moment, connected
and electronic smart labels are substantially more expensive than graphic print alternatives
and are not yet economical to integrate for all the previously mentioned applications [12].
For the vision of the IoI and the subsection of smart labels to be successful, the electronic
components should be low-cost, lightweight, thin, flexible, low-waste, and efficient. The

field of organic and printed electronics has the potential to address many of these demands.
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Figure 1.2: Schematic showing sectors where smart labels could be implemented. This
schematic has been created using assets from Freepik.com.

1.2 Organic, Flexible and Printed Electronics

Over the past decades, the field of organic and printed electronics has emerged as an
alternative to silicon-based conventional electronics manufacturing. Printing is a process
where designs, texts, and images are deposited on substrates in the form of inks. Industrial
printing techniques have the vital advantages of being high volume, high throughput, and
low-cost. The process is also entirely additive, making the practice simple and low-waste.

Printing electronics is in principle analogous to conventional graphical printing. The
key difference for printed electronics is that conductive, semiconductive, and dielectric
inks are used to create active and passive elements. Many of the same printing techniques
that are used in graphical paper printing can also be used in electronic printing. These
include screen printing, gravure printing, offset printing, flexographic printing, and
inkjet printing. The substrate can be carried in sheets, which is common for low volume,
high precision work, or in a roll format, which is more common for high throughput
manufacturing.

Screen printing has been widely used in the field of printed electronics [13]. A
schematic demonstrating the principles of screen printing is shown in Figure 1.3a. A
screen is stretched tightly across a frame and a pattern is removed from a polymer

emulsion coating. The substrate is mounted below the screen, ink is added onto the
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screen, and finally, a squeegee is pulled across the screen. This pushes the ink through
openings in the screen, creating the desired pattern on the substrate. The properties of
the printed layer are determined by many parameters in the process including the mesh
count of the screen, the screen thickness, the screen tension, the squeegee pressure, the
squeegee hardness, and the printing speed. Figure 1.3b shows rotary screen printing of
silver ink onto flexible ECDs. Based on these techniques, researchers and industry have
produced printed versions of many types of electronics including thin-film transistors
(TFTs) [14], photovoltaics (PVs) [15], RFID tags [16], NFC tags, sensors [17]-[19], batteries
[20]-[22], and displays [23], [24].

(@)

Print Direction .

Substrate ‘
Table

Figure 1.3: (a) Schematic showing the principles of screen printing, and (b) image of rotary
screen printing of silver conductors onto a flexible display at Ynvisible Manufacturing in
Linkoping, Sweden.

The development of functional inks is crucial for advancements in the field of printed
electronics. Conductive inks are required to make electrical contacts and electrodes in
components and are generally based on metals such as silver, gold, copper, and aluminum,
carbon-based materials such as nanotubes or graphene, or conductive polymers [25]-[27].
Dielectric inks are required to insulate materials in the components or make capacitive
elements and are typically composed of organic polymers, ceramics, or other insulating
materials [25]. Semiconducting inks typically form the active layer of the electronics
and are commonly formulated from metal oxides, carbon nanotubes, and conjugated
polymer blends [25], [27], [28]. The rapid advancement in the field of printed electronics
is evidenced by the number of companies that have developed commercial inks for this
purpose [2]. Henkel, DuPont, AGFA, Heraeus, Saralon, Voltera, n-ink, Altana, Printed
Electronics, INX, and SunChemical are just some examples of companies that now carry
product lines for functional inks.

Despite these advancements, the performance and lifetime stability of printed and
organic electronics components lag behind their non-printed silicon-based counterparts.
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This is due to limitations in the electrical properties and environmental stability of the
printable inks, as well as the resolution that can be achieved using high-volume printing
lines [29]-[31]. The 9th Roadmap Whitepaper from the Organic and Printed Electronics
Association, a leading industry association, also identifies manufacturing speed, limited
item size, integrated hardware, and the limited number of approved materials as ongoing
barriers to printed electronics [2]. The broad implementation of organic and printed
electronics will require further research, development, and innovation to address these
challenges.

1.3 Conjugated Polymers

1.3.1 Fundamental Concepts and Structure

Conjugated polymers are macromolecular systems defined by their backbones of alternat-
ing double and single bonds. The overlapping 7 orbitals create a system of delocalized
electrons across the molecule, enabling them to conduct charge [32]. This makes them a
fascinating material to study, as they have the potential to combine the electronic prop-
erties of metals and semiconductors, with the processing and mechanical properties of
plastics. They have been a central feature of the developments in the field of printed and
organic electronics, discussed in the previous section.

Research on conjugated polymers began in the 1950s and 1960s with poly(aniline) and
poly(pyrrole), however, the field only received widespread attention when the 2000 Nobel
Prize in Chemistry was awarded to Allan Heeger, Alan MacDiarmid, and Hideki Shirakawa
for their work on halogen doped poly(acetylene) [33]-[36]. Since then, researchers have
synthesized conjugated polymers based on many other monomer units and derivatives,
including thiophenes, pyrroles, anilines, and EDOTs. Figure 1.4 shows the chemical
structures of some common conjugated polymers.

H
/ \
o A v

n

poly(acetylene) poly(thiophene) poly(pyrrole)

N M
Hn

poly(aniline) poly(3,4-ethylenedioxythiophene)

Figure 1.4: Chemical structure of some common conjugated polymers.

Molecular properties are determined primarily by the excitations that have the lowest
energy difference. In the case of conjugated polymers, this is the interactions of the ©
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electrons, because the difference between the energy states of the occupied 7 and unoc-
cupied 7+ orbitals are significantly smaller than between the occupied ¢ and unoccupied
o* orbitals [37]. The band gap of a conjugated polymer is the difference between the en-
ergy state of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), or the energy range where there are no molecular orbitals. The
band gap (Eg) will determine the intrinsic electronic properties of the material.

The origin of a band gap in conjugated polymers can be understood by considering
a series of oligiothiophenes with increasing length, see Figure 1.5a, and 1.5b. With each
successive thiophene ring that is added to the system, there is further hybridization and
more discrete energy levels are added to the system. Eventually, there will be enough
energy levels that they coalesce into bands referred to as the valence band and the
conduction band [38], [39]. While passive commodity polymers, such as polyethylene,
have band gaps > 5 eV, conjugated polymers typically present band gaps between 1-3 eV.

(a) (b)

conduction band

s s _ I — (empty
n=2 W % — _— electronic levels)
s. N\ s -
n=3 () s | ) Eg
I\ I\ 2 —
S S - _  — valence band
- L _ =
n=4 ) s () s - = (occupied electronic
levels)
S | 1 ] T I
n=n \ I I I I !

n 1 2

w
N

n

Number of Thiophene Units

Figure 1.5: (a) Chemical structure of thiophene oligomers, (b) energy levels and band gap
of thiophene oligomers with an increasing number of rings. Adapted from ref. [39].

1.3.2 Doping

Conjugation alone is not enough to make a polymer conductive. For a conjugated polymer
to be conductive, there must be mobile charges in the system. The process of intro-
ducing charge, also referred to as ‘doping’, can be done electrochemically or chemically.
Electron injection (reduction) will give an n-type semiconductor where electrons are the
mobile charge carrier, and electron removal (oxidation) will give a p-type semiconductor
where holes are the mobile charge carrier. Conjugated polymers, are typically p-type
semiconductors that present higher conductivity upon oxidation [40].
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The charging of the polymer chain leads to geometric reorganization. For aromatic
structures, this can bring quinoid-like structure in the region of the charge, shortening the
bonds between the monomer units as they take on more double bond-like character [41],
[42]. For conjugated polymers, the oxidation process generally occurs in two steps. The
removal of the first electron leads to the formation of a polaron, which is the combination
of the charge and the local geometric distortion around the charge. Two polarons can
become a single bipolaron if the energy that is gained in the reorganization of the chain
is greater than the coulombic repulsion [43]. Figure 1.6a depicts the removal of electrons
from a PEDOT chain to form polaronic and bipolaronic states. The energy levels of the
polarons and bipolarons sit between the valence band and the conduction band, see Figure
1.6b [40].

neutral

conduction band
(empty electronic
levels)

B polaron/
bipolaron levels

valence band
(occupied
electronic levels)

L

|
|

energy level

neutral polaron bipolaron  highly doped
state +1e +2e bipolaronic state
+ 6e

Figure 1.6: Neutral, polaronic, and bipolaronic states. Energy level diagram adapted from
ref. [40].

1.3.3 Electrochromic Polymers

The unique bandgap and doping properties of conjugated polymers make them attractive
for optoelectronic purposes, for example in electrochromics. Electrochromic polymers
(ECPs) are polymers that exhibit a change in color in response to the application of an
external bias. This behavior is a result of the introduction of new energy levels upon
doping, which allows for lower-energy transitions.

Figure 1.7 shows spectroelectrochemical data for a PEDOT film. In the neutral state,
PEDOT absorbs with a peak around 650 nm in the visible region [44]. As the film is
electrochemically oxidized, the peak in the visible region decreases, and two new peaks
in the infrared region appear, corresponding to the polaronic and bipolaronic states. This
shift in the absorption spectra of PEDOT upon doping is observed by the viewer as a blue
to transparent color change.
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Figure 1.7: Spectroelectrochemistry of PEDOT. Reproduced with permission from ref.
[44]. Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Significant research in the field of ECPs has focused on synthesizing polymers that
present different color transitions. Several tools can be employed to engineer the band
gap, thereby tuning the color of ECPs. These include the incorporation of electron-poor
and electron-rich moieties into the polymer backbone (donor-acceptor approach), limiting
the conjugation length, controlling the backbone planarity, adjusting the bond length
alternation, and creating copolymers with different monomer units [38], [45]. Using these
approaches, researchers have synthesized electrochromic systems that span the visible
color spectrum [46]. Figure 1.8 shows the chemical structure of several ECPs based on
thiophene, EDOT, and poly(3,4-propylenedioxythiophene) (ProDOT) derivatives that
have neutral states spanning across the visible region.
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Figure 1.8: Structure of a series of ECPs with neutral state colors spanning the visible
spectrum. Reproduced with permission from ref. [47]. Copyright © 2021 American
Chemical Society.
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1.3.4 Electropolymerization

While there are several synthetic routes to produce ECPs, electropolymerization, or
anodic polymerization, is very attractive due to the high efficiency, speed, and simplicity
of forming free-standing polymer films. In this route, a potential is simply applied to
an electrochemical cell where the monomer species is solubilized. The earliest recorded
electropolymerization dates back to 1882 with the electrodeposition of aniline by Letheby
[48]. Since then, extensive studies have tested the effect of different monomers, solvents,
salts, substrates, additives, and electrical protocols on the formation and properties of
conjugated polymer films [49]-[59].

The precise mechanism for the electropolymerization reaction is still under debate,
but the widely accepted theory is that the synthesis proceeds through the oxidation
of the monomeric units to their radical cations, followed by subsequent cross-coupling
steps that form radical cationic oligomers and polymers [60]. The overall reaction for
the electropolymerization of EDOT is shown in Figure 1.9. For each monomer unit that

cross-links, two electrons and two protons are removed to generate a final neutral polymer.

Figure 1.9: Overall reaction for electropolymerization of PEDOT.

Early investigations suggested that the mechanism followed a chain propagation
reaction, whereby oligomer radicals continue to cross-couple with monomer radicals: i.e.
monomer to dimer to trimer to tetramer, and so on [61]. However, more reccent studies
have shown that it is more likely that the reaction proceeds with consecutive dimerization
between oligomers of the same length [60], [62]: i.e. monomer to dimer to tetramer
to octamer, and so on. This is due to the rapid decrease in the rate constants for the
dimerization of the oligomeric species with growing chain length. While the rate constant
for the dimerization of a thiophene radical cation monomer may be in the range of 10°
M1 s this decreases with increasing chain length, see Figure 1.10.

Models for the solid-state electrodeposition of conjugated polymer have been devel-
oped by monitoring the current response of the reaction. Generally the reaction proceeds
by the successive oligomerization of monomer species in the diffusion layer at the vicinity
of the electrode surface. The concentration of oligomers near the surface increases to create
a high-denisty oligomeric region (HDOR). Further cross-linking leads to the deposition
of insoluble polymer on the electrode surface via nucleation and growth processes. This
is discussed in more detail in Chapter 2.
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Figure 1.10: Inital steps of anodic electropolymerization of thiophene. Reproduced with
permission from ref. [60]. Copyright © 2010 American Chemical Society.

1.4 Electrochromic Devices

1.4.1 Overview and Commercial Applications

When electrochromic materials are processed into devices they create structures that
modulate light. There are several classes of electrochromic materials including metal
oxides, viologens, conjugated polymers, metal coordination complexes, and metal hex-
acyanometallates [63]. ECDs generally fall into two categories: devices that operate in
transmission mode, and devices that operate in reflection mode.

To date, the most successful commercial applications of ECDs have been as smart
windows and mirrors for architectural and automobile sectors [64]. Responsive mirrors
and windows can dynamically change their tint and have the potential to reduce energy
usage, improve thermal control, create privacy screens, and generally allow for control
of an indoor lighting environment [65]. Figure 1.11 shows commercial examples of
electrochromic mirrors and windows. Gentex produces dimmable and self-dimmable
windows and mirrors for automotive applications, and electronically dimmable windows
for aerospace applications [66]. For example, Gentex electronically dimming mirrors
were implemented in the Boeing 787 Dreamliner [67]. Other commercial developers of
electrochromic glass include SageGlass, View, Inc., and Chromogenics [9], [68], [69].
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Figure 1.11: Commerical examples of ECDs in the form of an (a) electrochromic rear-view
automobile windows from Gentex Corportation, (b) electrochromic dimming aircraft
windows in a Boeing 787 Dreamliner by Gentex Corportation, and (c)window installations
at Bowie University from SageGlass.

An emerging area for the application of ECDs is for displays. They are attractive due
to their low power consumption, fast switching speeds, high angle-independent contrast,
and ability to use flexible and thin materials [64]. Advancements in the field of printed
electronics have made it possible to produce electrochromic displays using high-volume,
commercial production techniques, such as screen printing [13], [24], [70], [71]. ECDs have
the potential to address a broad variety of markets such as digital signage, advertising,
wearables, mobile communicators, e-paper, and interfaces for smart label technologies
and platforms [24], [47], [64], [70], [72], [73]. Figure 1.12 shows e-paper type reflective
electrochromic devices for digital signage and smart label applications from Ynvisble and
from RISE Research Institutes of Sweden [70], [74].
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Figure 1.12: Commercial concepts of e-paper type ECDs in the form of (a) a logistics
smart label from Ynvisible (b) a flexible pharmaceutical smart label from RISE Research
Institutes of Sweden reproduced with permission from ref. [74], and (c) digital signage
from Ynvisible.

1.4.2 Structure

There are several layers required to create a functional ECD stack. This includes substrates,
conductive layers, an electrochromic layer, a charge storage layer, and an electrolyte layer.
Figure 1.13 shows a schematic of the layers in an ECD. The final optical output of ECDs
is also influenced by factors such as the polymer processing, device structure, electrolyte
media, and encapsulation [75]-[77]. Electrochromic materials and conjugated polymers
have already been introduced in Section 1.3 and in Section 1.4.1. The following section
will focus on the other key layers and materials that make up an electrochromic device.

Substrate

“ ' Conductive Layer
I Electrochromic Layer

Electrolyte Layer

Charge Storage Layer

Conductive Layer
Substrate

Figure 1.13: Schematic showing the structure and layers of an ECD.
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1.4.3 Substrates

The substrates of ECDs can serve multiple functions. At a minimum, they are the base that
the device is processed onto. But, they can also be critical to providing a barrier between
the internal materials and the external environment during operation or giving the device
its mechanical properties. Thus, the selection of an appropriate substrate depends heavily
on the required durability, form factor, environmental stability, optical properties, and
cost of the final ECD.

For transmissive ECDs both of the substrates on the device must be transparent.
Glass and plastic films are the most popular choices at present. Glass has excellent
optical transparency, durability, and availability. It also has a high barrier to both water
and oxygen, protecting sensitive components within the stack. Many early commercial
applications for ECDs such as windows and mirrors have utilized rigid glass substrates.

However, polymeric substrates have some key advantages, especially in terms of
manufacturing. Their flexibility means that they can be used in high-volume roll-to-roll
manufacturing lines. They are also lightweight, low-cost, and have reasonable trans-
parency across the visible spectrum. The most common polymer substrates used in ECDs
are poly(ethylene terephthalate) (PET), and poly(ethylene napthalate (PEN) [76]. Some
key drawbacks for polymer substrates are degradation at high temperatures and high
permeability to both oxygen and water. This limits the temperatures that can be used in the
manufacturing, processing, and use of the ECDs. The barrier properties can be improved
by the addition of commercial flexible barrier films, however, this has an associated cost
[78]. For reflective devices, such as displays and mirrors, only one of the substrates needs
to be transmissive. In this case, non-transparent substrates could be employed for one of
the electrodes such as metal films, paper, and wood composites [24], [79].

1.4.4 Conductive Layers

A conductive layer is required in ECDs to provide electrical contact across the elec-
trochromic film. Transparent conducting oxides (TCOs), typically wide-bandgap semi-
conductor oxides, have been employed in ECDs due to their high optical transparency
and conductivity [80]. Several TCOs have been implemented for display applications
including fluorine-doped tin oxide (FTO), ZnO, and aluminum-doped zinc oxide (AZO),
however the most widely used is indium-doped tin oxide (ITO) due to its high optical
transparency (> 80 %) and low sheet resistance (< 10 2 sq’l) [47], [81]. However, the cost
of ITO represents a significant proportion of the overall device cost, and there are risks in
the supply chain due to the scarcity of indium [82], [83].

There are some alternatives to bypass the need for ITO and other TCOs in elec-
trochromic devices. One method is by utilizing ECPs that have high intrinsic conductivities.
There are several reports of using high-conductivity ECPs to serve as either the primary
electrochromic film or as an underlying layer supporting a secondary electrochromic film
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[84]-[89]. This has been mainly demonstrated with PEDOT derivatives, such as poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), which have conductivities
in the range of 10> S cm™!. However, it has also been shown to work in small-area devices
using ECPs with conductivities in the range of 0.1 - 1 S cm™ [47]. The key drawback here
is that the switching can be sluggish and non-uniform due to the voltage drop across the
polymer film. As the ECP switches between its two states, a visual propagation front can
be seen separating the high-conductivity and low-conductivity regions. This is sometimes
referred to as a curtain effect and becomes more severe with increasing size of the working
area. Other alternatives to TCOs are printed metal meshes, and carbon-based materials

such as nanotubes and graphene [90]-[92].

1.4.5 Charge Storage Materials

As a redox reaction takes place to change the oxidation state of the electrochromic material
on the working electrode, a simultaneous complementary redox reaction or capacitive
charge storage mechanism must take place on the counter electrode. The material that
undergoes this complimentary charge balancing reaction is the charge storage material.
Several reports have shown the importance of a suitable charge storage material for long-
term device stability [93]-[95]. The charge storage material should present long-term redox
switching stability and should match the redox capacity of the electrochromic coloration
reaction.

For transmissive devices, the charge storage material should either be transparent
(such as minimally coloring changing polymers (MCCPs)) or have a complementary color
transition (such as a cathodically coloring ECPs) to not compromise the overall optical
output of the device. For reflective or non-transmissive devices the optical properties of
the charge storage materials are not necessarily visible to the user so non-transmissive
materials can be employed.

There are mixed reports on the use of ITO as a charge storage material for elec-
trochromic devices. ITO does have some reversible redox capacity and several researchers
have proposed and used it as a charge-balancing material in electrochromic devices [96].
However, prolonged cycling or exposure to low reductive potentials can lead to cathodic
decomposition [95], [97], [98]. This is typically characterized by yellowing, browning, or
the formation of a reflective coating in conjunction with an increase in sheet resistance

and a decrease in redox capacity.

1.4.6 Electrolytes

The electrolytes used in electrochemical devices fulfill several purposes. Critically, they
must provide ionic conductivity between the electrodes: neutralizing the local charge build-
up at the electrode during redox processes. Electrolytes must be electrically insulating
to avoid internal leakage between the electrodes. For some applications, electrolytes can

also be used to provide spatial separation between the electrodes. The required chemical
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and physical properties of the electrolyte depend on the specific application, nature of the
electrochemical processes, electrode materials, and operating conditions. While electrolyte
research has been heavily focused in the areas of battery and energy storage applications,
many of the concepts and developments can be applied in the field of electrochromics.
The following criteria are often used to evaluate the performance of an electrolyte: ionic
conductivity, thermal stability, electrochemical stability, optical properties, mechanical
properties, processability, cost, and toxicity.

Classical liquid electrolytes consist of dissociated ions (from salts, acids, or bases) in
a solvent. Li* ions have been a very popular choice for electrochromic applications, but
numerous other cations can be used, such as K*, Na*, and H* [99]. The best ion transport
is achieved with solvents that have low viscosity, high dielectric constants, and are polar.
The solvent should be able to complex at least one of the ions to achieve sufficient ionic
transport. Figure 1.14 depicts the solvation of a Li* salt in an appropriately dissociating

solvent.

Anion”

f /

Free Solvent Co-ordinated Solvent

Figure 1.14: Schematic depicting the dissociation and co-ordination of a lithium salt in an
electrolyte. Adapted from ref. [100].

Aqueous electrolytes present very high ionic conductivities (~0.8 S cm ™! for aq. ~30
wt% Li;SO4 [101]). However, they are limited by their narrow voltage window. Therefore,
high-dielectric aprotic organic solvents have been used to increase the stable voltage
window of electrolytes. Cyclic organic carbonates such as ethylene carbonate (EC), and

propylene carbonate (PC) have seen widespread use as they can easily dissolve lithium
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salts and present good ionic conductivities (1.4 x 102 S cm ™! for 1 M LiClOy in 1:1 EC/PC
[102]). However, liquid electrolytes are often cited for safety concerns related to the
flammability of organic solvents, limited mechanical support, and their inherent risk of
leaking [103]. Thus, new classes of electrolytes such as solid polymer electrolytes, polymer
gel electrolytes, ionic liquids, and composite electrolytes have been developed. Figure

1.15 gives a schematic representation of several classes of electrolytes.

o o ® ®10o
o ® @\ /0 o
@ @ : @ @@

liquid gel polymer dry polymer
electrolyte electrolyte electrolyte

® O ®
@@@8 5
@O ®O ©

ionic liquid polyelectrolyte composite polymer
electrolyte

Figure 1.15: Types of electrolyte.

Solid polymer electrolytes (SPEs) replace the solvent used in liquid electrolyte with
a solvating polymer. They present several advantages over liquid electrolytes such as
reduced volatility, no possibility for leaks, and depending on the polymer they can be
flexible, and have shock resistance. The solvating polymer should have sufficient donor
power to complex the cations, enough flexibility to facilitate their movement, and an
appropriate distance between the co-ordinating centers to allow hopping motion to take
place [104]. Polyethylene-oxide (PEO) and its co-polymers have been widely studied in this
regard. The ionic transport takes place primarily in the amorphous regions of the polymer,
so strategies to improve the ionic conductivity have targeted reducing crystallinity and
lowering the T, [105]. However, the conductivities of SPEs are several orders of magnitude
lower than liquid electrolytes (3.35 x 10 S cm ! for 15:85 LiClO4 in PEO [106]).

GPEs are a three-phase system composed of a polymer network, inorganic salt, and
low molecular weight solvent. They combine the properties of liquid electrolytes and dry
polymer electrolytes. The polymer host imbues the material with mechanical stability and
can limit the issue of leakage [107], [108]. Since the ions are transported primarily through
the liquid phase they present higher ionic conductivities than dry polymer electrolytes.
This also expands the number of polymers that can be used as a matrix since they do not
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need to have the same electrical properties as those used in SPEs. In addition to PEO, other
polymers such as polyvinylidene fluoride (PVdF), polypropylene-oxide (PPO), polyvinyl
alcohol (PVA), polymethyl methacrylate (PMMA), and co-polymers have been used. The
chemical structures of these polymers are shown in Figure 1.16.

}i/h HO{/VOL; HO{J\/ O}H

n
PVdF PEO PPO
OH
£t n
n O (@)
|
PVA PMMA

Figure 1.16: Some common polymers used for GPEs.

Cross-linked polymer networks can be generated by polymerizing chains with acrylates
or vinyl monomers in addition to ultra violet (UV) photo-initiators. UV-cross linked
polymer matrices are also interesting from a manufacturing perspective. The electrolyte
can be coated or printed as a non-cured ink, and then gain mechanical stability after

cross-linked under a UV lamp at a later stage in the manufacturing process.

Other interesting materials that have been developed and used for high-performance
electrolytes are ionic liquids and polyelectrolytes. Ionic liquids are salts in the liquid phase
at room temperature (T, < 100 °C). They are attractive due to their non-flammability,
chemical stability, and thermal stability [109], [110]. Polyelectrolytes, or single ion conduc-
tors, are polymer salts where one of the ionic species is chemically fixed to the polymer
backbone. The charge-balancing ion is not chemically fixed to the polymer and free to
move. Polyelectrolytes are particularly useful for applications where either the cationic or
anionic species may have unwanted interactions with the electrodes [104], [111], [112].

Composite electrolytes refer to a class of electrolyte where inorganic filler materials
have been added. This includes active fillers, which are themselves ion conductors, or
passive materials in the form of inert oxides, such as TiO,, SiO,, and Al,O3 [113]-[115].
Their inclusion has the ability to improve room-temperature conductivity, mechanical
stability, and electrolyte-electrode interface stability [115]. For electrochromic devices,
ceramic fillers can also be used to change the optical properties of the layer, such as
making it diffusely reflective and opaque. Although different classes of electrolytes have
been addressed separately here, novel electrolytes can combine many of these materials
as well as additives and rheology modifiers to tailor them for specific manufacturing
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environments and applications.

1.4.7 Other Materials

In addition to the functional materials described above, additional structural layers and
materials may be required for complex devices. This includes dielectrics, conductors,

graphical layers, adhesives, and sealants.

1.5 Metrics for Evaluating Electrochromic Device Performance

1.5.1 Color

The perceived color of a material depends on the interplay between a light source, the
objectbeing viewed, and also the viewer. Light can interact with matter in a variety of ways,
including absorption, reflection, scattering, and transmission, see Figure 1.17a. Depending
on the nature of the material, these interactions contribute in different proportions. For an
ECD the final color output will be the cumulative effect of how light is absorbed, reflected,
scattered, and transmitted by each layer and interface in the stack.

Human vision can detect light in the range of approximately 380 - 780 nm. The longest
wavelengths in this range are seen as red, and the shortest wavelengths in this range are
seen as blue. The color of an ECP is the result of the absorption of light in the visible
spectrum. If an ECP is illuminated with white light that spans the visible spectrum, then
the observed color will be the complimentary color of what is absorbed, see Figure 1.17b.
So, an ECP that absorbs blue light (435 nm - 480 nm) will appear yellow, and an ECP that
absorbs orange light (595 nm - 650 nm) will appear blue.

(a) (b)

Wavelength (nm) Color Absorbed  Color Perceived

. 650-780 _ blue-green
" Scattered 595-650 orange Jecnole
Nincident v 560-595 yellow-green
~
Absorbed 500-560 geen
490-500 blue-green
Reflected Wﬂed 480-490 green-blue orange
435-480 . bue yellow
v 380-435 _ yellow-green

Figure 1.17: (a) Schematic showing the interactions of light with and object, and (b)
depiction of the colors absorbed and the colors perceived for wavelengths of light in the
visible spectrum.
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Color systems allow us to quantify color perception systematically. The CIELAB 1976
L*a*b* color space is a widely adopted system in color sciences and in electrochromic
research [116], [117]. It is represented in Figure 1.18. The L* value represents the lightness
of the color. This ranges from black to white and is on a limited scale of 0 to 100. The
a* and b* values both represent chromaticity, and there are no limits to their values. A
positive a* value corresponds to red, a negative a* value corresponds to green, a positive
b* value corresponds to yellow, and a negative b* value corresponds to blue.

L*=100

+ b*

-a* — ——> +3a*

- b*

N < —

Figure 1.18: Representation of the CIELAB color space.

The terms commonly used to define the color states of transparent-colored ECP are
bleached and colored. The bleached state is when the electrochromic material exhibits a low
absorbance in the visible range, and the colored state is the state when the electrochromic
material exhibits a high absorbance in the visible range.

1.5.1.1 Contrast

The contrast of an ECD defines the difference between its optical states. Several values
can be used to describe the contrast of an ECD. Equation 1.1, Equation 1.2, and Equation
1.3 describe the contrast as the difference between the bleached and the colored states of

and ECD for measurements in absorbance mode, transmittance mode, and reflectance
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mode respectively. These are measured at a single wavelength, often the wavelength that

corresponds to the maximum absorption of the colored state.

AA) = Acolored - Ableached (11)
ATy = Tpieached — T colored (1-2)
AR) = Rbleached - Rcolored (13)

However, instead of reporting the contrast at only one wavelength, it is also possible
to report the photopic contrast of and ECD. This value of contrast evaluates the contrast
across a broader portion of the visible spectrum and also considers the sensitivity of the
human eye at different wavelengths. This measure is useful for evaluating color states
with broad absorption bands (such as black), rather than color states with narrow peaks.

The photopic contrast in transmittance mode can be calculated as follows:

- [ TSV (D)d(A)
ATpho’roplc = /- S(/\)V(A)d(ﬂ) (1-4)

where, T(A) is the transmittance spectrum of the device, S(A) is the normalized

emmittance of the light source, and V(1) is the normalized spectral sensitivity of the
human eye. The normalized photopic response of the eye, based on the CIE standard is
shown in Figure 1.19 [118]. The peak of human photopic vision is around 555 nm.
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Figure 1.19: Normalized spectral response of the human eye according to the CIE V(A)
function.

The contrast of an ECD can also be defined in the CIELAB color space. The CIELAB
color space is approximately uniform [119]. This means that the perceptual difference
between two colors in CIELAB values should be represented by the Euclidean distance
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between them. Thus, the contrast of an ECD can also be defined by the AE according to
Equation 1.5. (L] — L) is the difference between the L values of the two optical states,
(a] — a3) is the difference between the a values of the two optical states, and (b] — b3) is the
difference between the b values of the two optical states.

AEe = \J(Ly = Ly + (2} — a)* + (8} — by)? (1.5)

1.5.2 Switching Speed

The switching speed of an electrochromic device describes how quickly it can change
between its optical states. A common method to report the switching speed for an
electrochromic device is to calculate the time that it takes to reach a defined percentage
(commonly 60 %, 66 %, 80 %, 90 %, or 95 %) of the maximum contrast. However, the
percentage that is reported is not standardized, making it challenging for researchers to
compare the switching speeds in different reports.

To simplify this, Hassab et al. proposed a standardized method to calculate switching
speeds for electrochromic devices [120]. This method consists of applying square-wave
potential steps with variable periods, as shown in Figure 1.20a. From this, a contrast can
be calculated for each pulse length, see Figure 1.20b. (Note that the timings presented in
the figure are a modified version to those used by Hassab et al.).

The data from Figure 1.20c can be fitted with a standard exponential equation, see 1.6,
where ATy is the maximum contrast, and 7 is a time constant. Given ATax and 7, the

switching speed can be calculated for any percentage of a switch.

AT = AT ax(1 — €%) (1.6)
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Figure 1.20: Method for calculating switching speed adapted from ref. [120], including
(a) electrical driving protocol, (b) optical response to driving protocol, and (c) calculated
contrast at each driving pulse length.

1.5.3 Coloration Efficiency

Coloration efficiency (CE) is a measure of the change in optical density (AOD) at a given
wavelength per unit of charge (Q). It is calculated according to Equation 1.7, and AOD
can be calculated according to Equation 1.8. CE is typically reported in the unit of cm? C!.
For ECDs, high coloration efficiencies reduce the energy requirements to switch between

the two optical states.

AOD(M)

CE(A) = 5

(1.7)

AOD = log| Lox ] (1.8)
Tred

1.5.4 Optical Memory

The optical memory is a measure of the persistence of the optical states of an ECD when
the applied voltage is removed. This will determine how frequently a driving pulse will
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have to be applied to the ECD to maintain the desired state. Thus, the CE and optical
memory are key determinants for the overall energy efficiency of an ECD. The former
determines how much energy is consumed per driving pulse, and the latter determines
how often a driving pulse takes place to maintain the desired color state.

1.5.5 Cycling Lifetime

The cycling lifetime of an ECD is the number of times that the device can be switched
between its optical states before it exhibits a defined drop in performance. The performance
can be evaluated using any of the metrics outlined in this section (color, contrast, switching

speed, coloration efficiency, optical memory, etc.).

1.6 In Situ Electropolymerization

1.6.1 Overview

In situ electropolymerization refers to the process of electrodepositing a film inside of an
assembled electrochemical device. This is achieved by adding a monomer precursor to
the electrolyte of a device and then applying a sufficient voltage to deposit a polymer film.
Figure 1.21 shows the structure of a simple in situ polymerized device, where EDOT is

used as a precursor to form PEDOT.

Top Electrode /. ‘
Electrolyte + Monomer _ Bl
Bi-adhesive Spacer A=
Bottom Electrode

/ _Polymer Film

Figure 1.21: Schematic showing the construction and activation of a simple in situ elec-
tropolymerized device with EDOT as the precursor monomer.

The use of in situ electropolymerization to create irreversible visual indicators was
first reported in a 2009 patent from Chromera Inc. [121]. The group of G. A. Sotzing
has also produced a body of work exploring in situ electropolymerization as a simple and

low-waste method to manufacture reversible electrochromic displays. In their work they
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use a series of different monomer precursors to form electrochromic layers in both glass
and PET-based devices [122]-[127]. They report a maximum photopic contrast of 53 %
for glass-ITO devices with 2,2-Dimethyl-3,4-propylenedioxythiophene as the monomer
precursor in a polymer gel with a mixture of propylene carbonate and diethylene carbonate
as plasticizers [127]. Zhao et al. demonstrated in situ electropolymerization to produce

reversible electrochromic devices with a copolymer of EDOT and anthracene [128].

1.6.2 Reversible vs. Irreversible Electrochromic Indicators

In principle, the in situ polymerized device can be used to create both reversible indicators
and irreversible indicators. The key difference is in when the electropolymerization
takes place. For the reversible form, in situ electropolymerization takes place during the
manufacturing process of the indicator. The thickness of the ECP film is controlled by
the voltage and the charge applied during the polymerization process. During use, the
ECP film is switched with a driving voltage that is lower than the electropolymerization
voltage to prevent further film formation. The color change during use comes from the
oxidation and reduction process of the ECP film that was formed. See Figure 1.22a.
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Figure 1.22: Comparison of activation and cycling performed for (a) reversible and (b)
irreversible indicators. Both types of indicator use in situ electropolymerization.

For the irreversible form, the in situ polymerization takes place during the use of the
indicator. The thickness of the ECP film in this case will be substantially thicker than in
a reversible indicator. With increasing film thickness the contrast between the oxidized
and reduced states decreases [129], [130]. The indicator is considered irreversible when
the color states can not be differentiated by the human eye. The color change during use
comes from the formation of the polymer film in the indicator. See Figure 1.22b. It is
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important to note that the term “irreversible” here refers to the perceived optical properties
of the indicator, not to the electrochemical properties of the indicator.

For a reversible indicator the contrast between the oxidized and reduced states of the
ECP film should be maximized, and the contrast between the indicator before activation
and after activation is not important. For an irreversible indicator, the contrast between
the oxidized and the reduced states of the ECP film should be minimized, and the contrast

between the indicator before activation and after activation should be maximized.

1.6.3 Commercial Application for Irreversible Electrochemical Indicators

To understand the unique commercial potential for irreversible electrochromic indicators,
itis necessary to consider what is currently available in the smart label market. A summary
of commercial technologies for smart labels with sensing components is shown in Figure
1.23. A simple smartlabel consists of an indicator that has a direct change in color, intensity,
or diffusion of color in response to a change in environmental conditions. Technologies
have been developed to produce indicators that show response to temperature, impact,
pH, humidity, light, and the presence of gases, chemicals, or biological species [5]-[7],
[131]-[134]. Indicators have the advantage of being simple and low cost. Smart labels
based on indicators are commercially available using both reversible and irreversible
systems [135]-[141].

| SMART Packaging/Labels with Sensing Components
|

. Sensor with Visual .
Indicators . A Sensor with Non-Visual Output
Display/Indicator
Indicator that changes color, intensity || Electronic sensor is integrated with a visual || Electronic sensor isintegrated with a
. or diffusion of color in response to an || display or indicator, i.e. LCD, LED, EPD, or || non-visual information output, i.e. RFID
Description environmental change. ECD. or NFC.
TimeStrip Timestrip (Timestrip Complete, Timestrip Avery Dennison (Smartrac
SpotSee (WarmMark®, TiltWatch®) Neo) Temperature Logger NFC, TT Sensor
. 3BP (Damage-Indicating tempmate.®-il Plus™NFC Tag) e
Commercial Packaging™) Sensitech (TagAlert®) RFID4U (Tagmatiks'™)
Examples Evigence (SmartDot™, FMAT) American Thermal Instruments (Logic360, Molex (Smart Sensing Label)
icate™
Insignia (SafeTag, FreshTag) Endicate™)
Avery Dennison (TT Sensor Plus™ )
- Low-cost - High Accuracy - High Accuracy
- Simple - Customizable thresholds - Customizable thresholds
Advantages - No electronic components - Data processing and storage potential - Data processingand storage potential
- Visual Output - Visual Output
- Low Accuracy - Can require additional electronic - Canrequire additional electronic
Disadvantages | - Requires User to Interpret Color components i.e. power source, components i.e. power source,
@S microprocessor microprocessor
E - High-cost - No visual output

Figure 1.23: Summary of key advantages, and disadvantages of different form factors of
smart labels and packaging. Examples of commercial products for indicators, sensors
with visual displays/indicators, and sensors with non-visual outputs. Reproduced with
permission from [142].
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But, if more precise detection is required it can be advantageous to use an electronic
sensor. This form of monitoring system has a higher cost but can offer greater function-
ality and customization to the user. In this case, the sensor is integrated with a power
source, a micro-processor, and some form of data transmitter, such as RFID [143], [144],
and NFC [144]. A more sophisticated variation of the smart label or packaging could
additionally introduce a dynamic visual indicator or display that would directly convey

critical information to the user without the need for a data reader.

Examples of dynamic visual interfaces that have been employed in smart labels include
light emitting diodes (LEDs) [145]-[148], electrophoretic displays (EPDs) [9], ECDs [47],
or liquid crystal displays (LCDs) [149]. All of these forms of visual indication pose unique
properties, in particular in terms of their bi-stability. LEDs for example, require a constant
current to maintain their emitting state. ECDs are sometimes commercially referred to as
‘semi bi-stable’ [47], [70], [150]. They do not require constant power to maintain a color
state, only periodic pulses, making them relatively low-power. EPDs and some LCDs are
fully bi-stable [151], [152]. This makes them highly power-efficient when the visual output
does not need to be changed frequently.

However, for all of the aforementioned technologies, the visual output is electrically
reversible. For some applications, such as anti-counterfeiting, authenticity labeling, or
tamper-proof packaging, a visual output with a truly permanent color change can be a
key selling point. Thus, it is of interest to develop an irreversible electrochromic indicator
to use as a visual interface for smart labels and packaging. Figure 1.24 shows an example
of an impact-detecting smart label where irreversible functionality would be a unique

selling point.

Figure 1.24: Demonstrator of an irreversible electrochromic indicator as an impact label
to be used for logistics and transportation applications.
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1.7. FRAMEWORK AND LAYOUT OF THE DISSERTATION

1.7 Framework and Layout of the Dissertation

The work presented in this thesis is primarily the result of CHARISMA: a European Union
Horizons 2020 ITN with reference number 814299 [153]. This program supported nine
early stage researchers (ESRs) located at the University of Vienna in Austria, Tampere
University of Technology in Finland, NOVA University of Lisbon in Portugal, Ynvisible
GmbH in Germany, and LCR Hallcrest Ltd in the UK. The overarching goal of the project
is to develop chromogenic displays and labels with irreversible color change for smart

label applications. The work was split into the following industrial research objectives
(IROs):

IRO1 Molecular design and preparation of materials showing irreversible chromogenic

changes for engineering irreversible chromogenic displays.

IRO2 Design and preparation of molecular materials that change their conductive ca-
pabilities when their physical state changes (e.g. melting) following an external
stimulus (e.g., temperature).

IRO3 Development of the power unit and circuitry.

IRO4 Prototyping of the final smart label and development of a business study:.

The work of this dissertation contributes to IRO1, and IRO4. In particular the develop-
ment and engineering of irreversible electrochromic indicators. Electrochromism is the
phenomenon where the color of a material can be changed by the application of a voltage.
Conventionally, the coloration and discoloration processes should be reversible. However,
the work in the CHARISMA project targets electrochromism with only one singular color
transition.

Chapters 2 through 5 of this thesis focus on the development of irreversible elec-
trochromic indicators via in situ electropolymerization. Chapter 2 explores the influence
of a GPE on the in situ electropolymerization of EDOT. This is critical since GPEs are
typically employed in electrochromic devices due to their improved stability and safety
compared to liquid electrolytes. This chapter also characterizes EDOT based irreversible
indicators and analyzes the contribution of different chemical processes to the overall
device coloration.

Chapters 3 and 4 focus on characterizing and improving the performance of irreversible
elecrochromic indicators for commercial applications. In Chapter 3 the electrical and
optical properties are tuned by exploring a range of different monomer precursors. In
Chapter 4 the operating conditions and thermal stability of the irreversible indicators are
addressed.

The culmination of the work in the previous chapters in demonstrated in Chapter 5.
This chapter reports on the integration work that was performed in collaboration with
the other ESRs in the CHARISMA project. This includes characterizing the activation of
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CHAPTER 1. INTRODUCTION

different variations of the irreversible indicators with printed supercapacitors, and then
producing a flexible smart label with printed supercapacitors, and a chemical thermal
sensor.

Chapter 6 moves beyond the scope of the CHARISMA project and describes the de-
velopment of reversible in situ polymerized indicators. More than the previous chapters,
this work focuses on the methods of manufacturing and demonstrates in situ electropoly-
merization in a fully printed electrochromic stack. The electropolymerization process is
further tuned to optimize the cycling lifetime and contrast of the indicators.
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2

INFLUENCE OF A PoLYMERIC GEL ON THE IN
SITU ELECTROPOLYMERIZATION OF

3,4-ETHYLENEDIOXYTHIOPHENE

This chapter has been adapted from the published open-access paper "Howard,
E. L. et al., Influence of a polymeric gel on the in situ electropolymerization of 3,4-
ethylenedioxythiophene and application in irreversible electrochemical indicators, ] Appl
Electrochem, Sep. 2023, doi:10.1007 /s10800-023-01991-z".
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CHAPTER 2. INFLUENCE OF A POLYMERIC GEL ON THE IN SITU
ELECTROPOLYMERIZATION OF 3,4-ETHYLENEDIOXYTHIOPHENE

2.1 Background and Motivation

In contrast to conventional ECDs which produce a reversible color change in response
to an applied voltage, irreversible electrochromic indicators generate a single permanent
color change in response to an applied voltage. This format of irreversible electrochromic
indicator is envisioned for use in a broad range of applications including healthcare, food
packaging, logistics, and authenticity labeling. One approach to developing irreversible
electrochemical indicators is via in situ electropolymerization. These indicators are pro-
duced by solubilizing monomers in the electrolyte of a vertical device structure. The
indicator is activated by applying a sufficient potential to electropolymerize the species
in situ. If the monomers absorb in the ultraviolet region and the polymer absorbs in
the visible region, the result is a transparent to colored optical transformation. With
increasing electrochromic film thickness the contrast between the oxidized and reduced
states decreases [129], [130]. The indicator is considered irreversible when the color states
cannot be differentiated by the human eye. The use of in situ electropolymerization to
create irreversible visual indicators was first reported in a 2009 patent from Chromera Inc.
[121].

The properties of electropolymerized films are dependent on a range of environmental
factors, including the nature and concentration of the monomer, solvent, and salt, as
well as the substrate and the electrical perturbation (i.e., potentiostatic, potentiodynamic,
galvanostatic) [49]-[59]. Generally, the deposition proceeds via oxidation of monomers
at the electrode surface and subsequent oligomerizations, building up a high-density
oligomeric region. Once the high-density oligomeric region is established in front of the
electrode surface, film formation proceeds via nucleation and growth processes [60].

One of the key differences between conventional electropolymerization and in situ
electropolymerization, is that in situ electropolymerization is likely to be performed in a
GPE rather than in a liquid electrolyte. This is because GPEs have improved stability and
safety compared to liquid electrolyte, and are thus more suitable for use in commercial
devices. However, there are a limited number of studies exploring how a GPE influences
the electropedosition process. Sotzing et al. found that the in situ electropolymerization of
poly(2,2-dimethyl-3,4-propylenedioxythiophene) (PProDOT-Me,) the photopic contrast
could be optimized by modifying the composition of binary plasticizer mixtures, and both
the photopic contrast and polymerization charge density could be modified by tuning the
cross-linking density of a poly(ethylene glycol) dimethacrylate gel network [125], [127].
Interestingly in another report of in situ electropolymerization, Zhao et al. produced a
copolymer with EDOT and an anthracene derivative in a device using a poly(ethylene-
glycol) (PEG) gel electrolyte and found that they could form a polymer in situ that they
could not form in a solution of just the plasticizer, proposing that the in situ format may
assist the film deposition process [154].

Thus, the goal of this chapter is to further investigate how a polymer gel matrix

influences the polymer electrodeposition process and to characterize this effect for in
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2.2. RESULTS AND DISCUSSION

situ polymerized irreversible electrochemical indicators. This is initially studied in a
3-electrode electrochemical cell set-up using a platinum disk working electrode and then
tested in flexible indicators with ITO coated PET substrates. EDOT was selected as the
monomer precursor for this study. It is colourless in solution, broadly commercially
available and has a low oxidation potential arising the electron donating nature of its
alkoxy substituents [155]. This, along with its solubility in the binary EC and PC mixture
used in our electrolyte, make it a promising candidate for irreversible electrochemical
indicators [156]. Further, the polymer PEDOT presents good stability in air and at higher
temperatures, which is key to develop indicators that can be used in a broad range of
environmental conditions [157], [158]. UV cross-linkable EO-PO-AGE terpolymer Zeospan
8030, the structure shown in Figure 2.1, was selected for the gel electrolyte as it has been
used industrially for the production of electrochromic devices [159]. The terpolymer
composition is 91% ethylene oxide, 6% allyl glycol ether and has Ty of —57 °C, density of
1.16 g cm 3, and Tp, of 40 °C [160], [161]. The abbreviation ‘PC:EC:LiClO4 + 10 % ZEO’
is used for the gel electrolyte, and the abbreviation ‘PC:EC:LiClO," is used for the liquid

electrolyte.
/{”\/O#*\roivh[o}\
o

Figure 2.1: Chemical structure of EO-PO-AGE Zeospan 8030 polymer.

2.2 Results and Discussion

2.2.1 3-Electrode Cell

We used both potentiodynamic and potentiostatic techniques to investigate the electrode-
position of PEDOT in the liquid and gel electrolytes. Cyclic voltammetry (CV) is a
potentiodynamic method where the potential of the working electrode is ramped linearly
over time. The current response in a CV can be used to determine the oxidation potential
of the monomer, the formation of a polymer film, and the electrochemical behavior of the
deposited film.

The first scan of the CV response of electropolymerization of 25 mM EDOT in liquid
and gel electrolyte are shown in Figure 2.2a. A rapid increase in the current density,
ascribed to the initial oxidation and cross-coupling reactions of the monomer, occurs at
a lower potential (0.7 V vs. Ag/Ag") in the gel electrolyte than in the liquid electrolyte
(0.8 Vvs. Ag/Ag™"). The same CV protocol was conducted in monomer free electrolytes
to investigate the electrochemical response of the electrolyte, the first scan is shown in
Figure 2.2b. For the gel electrolyte, a 0.14 mA cm™ peak is observed at 0.62 V vs. Ag/Ag™.
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The same peak is observed in the gel electrolyte with monomer and is attributed to the
polarization of the gel matrix.
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Figure 2.2: First scan on of a CV in liquid and gel electrolytes (a) with 25 mM EDOT
monomer, and (b) without EDOT monomer. Scan rate is 0.05 V sl

Scans 1-10 of the same CV experiment are shown for electropolymerization in liquid
and gel electrolyte are shown in Figure 2.3a and Figure 2.3b. The appearance of broad
oxidation and reduction peaks below the oxidation potential of the monomer indicates
thata polymer film is deposited from both samples. In the liquid electrolyte, the increase in
current density for the polymer’s cathodic redox peak (~0.090 mA cm) is greater than in
the gel electrolyte (~0.054 mA cm2) for consecutive scans. The increase in cathodic redox
charge density for each cycle is a measure of the increase in the number of rechargeable
redox sites, suggesting that more polymer film is formed from the liquid electrolyte after
10 cycles than from the gel electrolyte.
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Figure 2.3: Scans 1-10 of CV in (a) liquid and (b) gel electrolyte with 25 mM EDOT. Scan
rate is 0.05 V s

Potentiostatic techniques can be used to investigate the nature of the deposition process

during electropolymerization. The electrical protocol and an experimental current-time

transient for the deposition of EDOT using the potential step method is shown in Figure

2.4. The following regions are observed:

A-B:

The pre-conditioning potential is applied (less than the oxidation potential of the
monomer). A sharp peak is observed due to the charging of the double layer
capacitance.

B-C: The film forming potential is applied. Oxidation of monomers begins at the electrode

C-D:

surface. Generation of soluble oligomers occurs, forming a high density oligomeric
region in front of the electrode surface. This region is characterized by a diffusion

1/2

controlled j ~t™/“ relationship. The time at the current minimum is referred to as

the induction time (7).

After the induction time, nucleation and growth on the electrode surface produce
an increase in the current density. A maximum (t(jmax), jmax), and decrease in the
current density is indicative of nuclei overlap, reducing the effective surface area,
and/or the transition to a diffusion-controlled process [58], [59].

D: Subsequent current density steps or peaks suggest a multi-step or layer-by-layer elec-

trodeposition process [162].
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Figure 2.4: Electrical protocol for potential step method, and current-time transient of 25
mM EDOT in liquid electrolyte at 800 mV applied potential.

Figure 2.5a and Figure 2.5b show the current time transients during the film forming
region for films formed over a range of potentials in the liquid and gel electrolyte. The
general features of the deposition of EDOT in liquid electrolyte in this study are consistent
with those previously reported in the literature [59], [162]. After 300 s in the gel electrolyte,
a visible polymer film is deposited on the electrode at potentials above 640 mV, whereas
in liquid electrolyte a visible polymer film is only deposited at potentials above 720 mV.
This amounts to a 80 mV reduction in the potential required for film formation. In the
liquid electrolyte, above 790 mV the transients show a second peak in the current density,
suggesting a multi-step deposition process. However, in the gel electrolyte, even at high
potentials, the process remains single step and the current density gradually decreases to

a low current density plateau.

Figure 2.6a shows the total charge consumed by the samples over the 300 s interval.
There is a clear cross-over point where at potentials less than 770 mV more charge is
consumed in the samples with the gel electrolyte, whereas at potential greater than 770
mV more charge is consumed in the samples with the liquid electrolyte. Although we can
not exclude that other side reactions may contribute to this charge, it suggests that more
polymer is formed from the gel electrolyte at lower potentials. The crossover point in the
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Figure 2.5: Current-time transients for electropolymerization of 25 mM EDOT in (a) liquid,
and (b) gel electrolyte over a range of potentials. The interval between transients is 10 mV.
Dashed line indicators that no visible polymer is formed on the electrode surface.

charge consumption shifts to higher potentials for shorter time periods, see Appendix
A.2. Additionally, at the same potentials, a rapid increase in current density to the
plateau (t(jmax), jmax) Occurs faster in the gel electrolyte than in the liquid electrolyte, see
Figure 2.6b. This could indicate that initial polymer deposition and transfer to diffusion-
controlled processes occurs faster in the gel electrolyte compared with the liquid electrolyte.
Overall, the results from the 3- electrode cell suggest that the gel matrix produces faster
polymerization rate at lower potentials and short time periods compared to the liquid
electrolyte.

A hypothesis for the observations concerns the nature of monomer and oligomer
diffusion. In a liquid phase, species are free to migrate in all directions, whereas in a
gel phase the migration of species is limited by a 3-dimensional polymer matrix. As the
relative ratio between the size of the migrating species to the pore size of the gel increases,
movement is limited by steric hinderance and may require uncoiling or reptation [163].

This phenomenon is commonly exploited in gel electrophoresis.

In the context of the current study, the mobility of monomers and oligomers through
the gel matrix is expected to decrease with growing chain length. Compared to monomeric
species which may diffuse to and from the electrode surface, oligomers formed near the
electrode surface would encounter more steric hinderance limiting diffusion back to the
bulk. This potential trapping effect of oligomers near the electrode surface may facilitate
the formation of the high-density oligomeric region, which is critical for the early stages
of the deposition.
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Figure 2.6: (a) Charge consumption at 300 s for electropolymerization of 25 mM EDOT in
liquid and gel electrolytes, and (b) T(jmax) vs. applied potential at 300 s for electropoly-
merization of 25 mM EDOT in liquid and gel electrolytes.

2.2.2 Irreversible Electrochemical Indicator

PET-ITO based irreversible electrochemical indicators were constructed to determine
whether the trends identified in the three-electrode cell were also observed in a device
format. Triplicates of liquid and gel electrolyte indicators were activated over the range
of potentials from 2.3 — 3.2 V. The indicators were activated by applying a sufficient
potential to electropolymerize the monomers in situ. The transmittance of the indicators
was measured at 555 nm, the peak of human photopic vision, over the duration of the
activation. Figure 2.7 shows the results of this experiment for selected periods. After 300
s of activation at the specified potential, 0 V is applied for 5 s to short-circuit the device.
The decrease in the transmittance when the indicator is short-circuited is attributed to the
electrochemical reduction of the PEDOT film on the working electrode. The transmittance
of the indicator when it is short-circuited is important to consider since the indicators will
drift to this color state when the activation potential is removed.

For all potentials measured, the gel electrolyte indicators measure a higher change
in transmittance after 300 s of activation. The difference in transmittance is greater at
lower potentials. At 2.3V, the gel electrolyte indicators have a change in transmittance of
40.1% after 300 s, compared 10.9% in the liquid electrolyte indicators, see Figure 2.8a. The
standard deviation between the triplicates was higher in the liquid electrolyte indicators
than in the gel electrolyte indicators. Figure 2.8b shows the coloration efficiency of the
irreversible electrochemical indicators as a function of potential. The coloration efficiency
is higher for the gel electrolyte indicators than the liquid electrolyte indicators at all of the
potentials tested.
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Figure 2.7: Optical transmittance at 555 nm of PET-ITO indicators with in situ electropoly-
merization of 25 mM EDOT in (a) liquid, and (b) gel electrolyte over a range of potentials.
Short-circuit is the transmittance of the indicators after 0 V for 5 seconds following the
300 s activation.
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Figure 2.8: (a) Change in transmittance and (b) coloration efficiency of PET-ITO indicators
with in situ electropolymerization of 25 mM EDOT in liquid and gel electrolyte over a
range of potentials. Coloration efficiency and change in transmittance are measured at
555 nm for 300 s of activation.
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Digital images of liquid and gel electrolyte indicators activated at 2.3, 2.5 and 3.0 V
are shown in Figure 2.9. In addition to faster activation, the indicators with gel electrolyte
show greater visual homogeneity. At 2.3 and 2.5V, the liquid electrolyte indicators have
color change primarily in the center of the working area, as opposed to the gel electrolyte

indicators which have visually uniform color change across the full working area.
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Figure 2.9: Color-corrected digital images of PET-ITO indicators with in situ electropoly-
merization of 25 mM EDOT activated at 2.3, 2.5 and 3.0 V. Images are taken of the pristine
indicator before activation, during activation at 10, 60, 120, 180, and 300 s time points, and
when the indicator is short-circuited after 300 s of activation.

2.2.3 Analysis of Electrodes Post-Activation

After activation, the indicators were delaminated and the working electrodes and counter
electrodes were analyzed separately. The photopic contrast of the working electrode,
counter electrode, and full device for the indicators is shown in Figure 2.10. The overall
color change in the indicators is a combination of the color change on the working and
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counter electrode. In this case, the color change on the counter electrode is attributed to
reduction of the ITO coating on the PET-ITO substrate. While this reaction is considered to
be parasitic in traditional electrochemical devices [97], [164], [165], it improves the change
in transmittance and opacity for these irreversible indicators.

The anomalous increase in the transmittance for the liquid electrolyte indicators in the
range of 2.6-3.0 V and for the gel electrolyte indicators in the range of 2.9-3.2 V is primarily
derived from trends in the transmittance of the ITO reduction on the counter electrode,

see Figure 2.10.
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Figure 2.10: Photopic transmittance of full device, counter electrode, and working electrode
from (a) liquid electrolyte and (b) gel electrolyte devices versus activation potential.
Indicators activated for 300 s, but measurements taken after 1 week at OCP. Measurements
of the working electrode of gel devices include the electrolyte layer, while measurements
of working electrode of liquid indicators do not include the electrolyte layer.

2.3 Conclusion

In this work, we studied the influence of a polymer gel electrolyte on the electropoly-
merization of EDOT and demonstrated the use of in situ polymerization for irreversible
electrochemical indicators. We found that the addition of UV cross-linkable EO-PO-AGE
terpolymer as a gel matrix lowers the overpotential, increases the change in transmittance,
and improves the coloration efficiency for film formation for irreversible electrochemical
indicators. These initial observations indicate the need for further studies investigating the
effect of gels on the electropolymerization process and highlight the potential to optimize
electrolytes specifically for this form of irreversible electrochemical indicator.
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2.4 Materials and Experimental Methods

Electrolyte Composition: EC (99%) and PC (99.5%) were obtained from Sigma Aldrich,
lithium perchlorate (98%) was obtained from Alfa Aesar, photo initiator Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide was obtained from TCI Chemicals, and Zeospan
8030 was obtained from ZEON Chemicals. All chemicals were used as received. A
PC:EC:LiClOy4 ratio of 1:0.47:0.098 was maintained. Liquid electrolytes were mixed in
vials using a roll bar mixer. Gel electrolytes were formulated by incorporation of 9.95
wt% Zeospan 8030 and 0.5 wt% photo initiator to the pre-mixed liquid electrolytes using

a stainless steel blade mixer.

3-Electrode Cell: The working electrode was a Platinum disk electrode (1.8 mm diameter),
which was polished to a mirror-like surface with 0.05 pm alumina slurry and rinsed in
ethanol prior to each experiment. The counter electrode was a platinum mesh flag (1x1
cm?), and the reference electrode was non-aqueous Ag/Ag* in 0.01 M AgNO; and 0.1
M TBAP/ACN filling solution (E;/2 for Fc/Fc*: 0.05 V). For experiments with liquid
electrolyte, the working electrode was immersed directly in the monomer electrolyte
solution. For experiments with gel electrolyte, a 0.1 cm? cylinder of the gel electrolyte
with monomer was cured directly onto the tip of the working electrode with a LOCTITE
500 W mercury vapor bulb for 120 s, and then immersed into a liquid electrolyte solution

with the same monomer concentration, see Figure 2.11.

Indicator Construction: Flexible indicators were fabricated using a vertical device archi-
tecture composed of two 80 Q! PET-ITO electrodes (Eastman, FLEXVUE) and a 220
pm adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm? area
circle. The electrolytes were drop cast and the indicators were manually sealed. For the
gel electrolyte, curing was performed with a LOCTITE 500 W mercury vapor bulb for 120

s. Copper tape was added to improve the electrical contact to the power source.

Electrical and Optical Characterization: Electrochemical experiments were carried out
on an AUTOLAB PGSTAT100N potentiostat. Optical spectroscopy was performed on
a Agilent Cary 300 UV-Vis Spectrophotometer. Digital images were captured with a
IDS Imaging UI-3590CP-C-HQ Camera and color corrected using an x-rite colorchecker
included in frame for each photo. Analysis of individual electrodes after activation was
performed by gently peeling apart the two electrodes, see Figure 2.13. The GPE consis-
tently delaminated onto the electrode with the PEDOT film.
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Figure 2.11: (a) Schematic of 3-electrode cell construction and set-up with gel electrolyte
sample, and (b) a digital image of the working electrode with a cylinder of cured gel
electrolyte.
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Figure 2.12: Schematic of showing the construction of the indicators.
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Working Electrode Counter Electrode

Figure 2.13: Digital images of PET-ITO device separation after in situ electropolymerization
of 25 mM EDOT. Working electrode with PEDOT film and counter electrode with reduced
ITO are identified.
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EXPLORATION OF INDICATOR
FuncTtioNALITY AND COLOR VIA MONOMER

SELECTION AND TUNING

The author was the main responsible for the planning, execution, interpretation,
and discussion of the work presented in this chapter. Portions of Section 3.2.1 in this
chapter were published in the conference paper "Howard, E. L., Pourkheirollah, H. et
al. Integration of Supercapacitors to Trigger in situ Electropolymerization for Irreversible
Visual Indicators. in 2023 IEEE International Conference on Flexible and Printable Sensors
and Systems (FLEPS) 1-4 (2023). doi:10.1109/FLEPS57599.2023.10220370". Section 3.2.2 is
original to this dissertation.
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CHAPTER 3. EXPLORATION OF INDICATOR FUNCTIONALITY AND COLOR
VIA MONOMER SELECTION AND TUNING

3.1 Background and Motivation

To successfully commercialize irreversible electrochromic indicators, it is useful to be able
to tune their electrical and optical properties. From an electrical perspective, lowering
the activation potential (E,) and increasing the CE will make it possible to activate
the irreversible electrochemical indicators with low-voltage, low-current density power
sources. This is critical for smart label applications where the power sources must be
small, thin, compact, and light-weight. From an optical perspective, being able to produce
irreversible electrochemical indicators that form different colors expands the design
opportunities and allows the customer to tailor the color for the specific application.

The E, of an irreversible electrochemical indicator is primarily determined by the
oxidation potential of the monomer system. The CE is primarily determined by the
number of electrons transferred in each cross-linking step (typically in the range of 2.07-
2.60 F mol! per monomer reacting [60]), as well as the length and absorptivity of the
polymer formed. One avenue to improve both of these parameters is by employing longer
oligomers as the precursor monomers of the indicators.

The trends of oligomer series have been studied both experimentally and computa-
tionally for many conjugated systems [39], [166]-[173]. In Section 1.3.1 the evolution of the
band-gap with increasing number of thiophene rings was highlighted, but trends with
conjugation length are observed for other physical and chemical properties of conjugated
systems. Figure 3.1 shows the oxidation potential (Ex), and the maximum absorption

wavelength (Amax) for oligomers with an increasing number of thiophene units.
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Figure 3.1: Oxidation potential (Eox) and maximum absorption wavelength (Amax) for
thiophene oligomers with increasing number of rings. The Ey data is from ref [171] for
oxidation in CH,Cl, /TBAPFg vs. Ag/AgCl. The Amax data for thiophene oligomers is
from ref. [172], and Amax data for polythiophene is from ref. [174].

Thus, starting with longer chain-length oligomers would directly reduce the activation
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3.2. RESULTS AND DISCUSSION

potential of the indicators. However, there is a limitation on the length of precursor that
can be used. With increasing oligomer length, there is also a decrease in the reactivity
of the radical species, a decrease in their stability, a decrease in their solubility, and the
absorption spectrum of the precursor will move into the visible range. These properties

must be carefully balanced to create an indicator with optimal overall performance.

One route to modify the band-gap of conjugated polymers is the formation of copoly-
mers [175], [176]. The electrical and optical properties of the copolymer can present
a mixture of the properties of the corresponding homopolymers and can be tuned by
modifying the ratio for the monomers from each component. Copolymerization via elec-
tropolymerization is carried out by adding two monomers to the electropolymerization
media. The ratio of the monomers in the resultant polymer can be controlled by varying
the feed ratio [175].

EDOT has been a popular choice of co-monomer due to the low oxidation potential,
environmental stability, and conductivity of PEDOT [155], [157], [158]. Successful copoly-
merizations have been reported with edot and several other monomer units, such carbazole
[177], pyrrole [178], napthalene [179], anthracene [128], and pyrene [180]. Many of the
resultant co-polymers exhibit multi-chromism, where the conjugated polymer switches
between multiple color states [181]. The formation of multichromic films in in situ poly-
merized devices would be a simple and economical avenue to expand the color-gamut
that is available for smart label indicators.

This chapter broadly explores how the selection of precursor monomers can be used
to modify the properties of in situ polymerized indicators. Section 3.2.1 explores how the
electrical properties can be tuned by starting with oligomers as the precursor material
instead of a monomer. Section 3.2.2 explores how forming co-polymers with mixtures of
two monomer precursors can be used to finely tune the color of the in situ polymerized
indicators.

3.2 Results and Discussion

3.2.1 Oligomer Approach to Tune Electrical Properties

The monomers EDOT, 2,2’-bis(3,4-ethylenedioxythiophene) (biEDOT), 2,2-bithiophene
(bithiophene), and 2,2:5,2-Terthiophene (terthiophene) were evaluated. BiEDOT is the
dimer of EDOT and bithiophene and terthiophene are the dimer and trimer respectively

of thiophene. The chemical structures of these molecules are shown in Figure 3.2.
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Figure 3.2: Chemical structure of EDOT, biEDOT, bithiophene and terthiophene.

The first scan of CV measurements of the EDOT, biEDOT, bithiophene, and terthio-
phene indicators are shown in Figure 3.3a. The E, of the irreversible electrochemical
indicator can be identified in the CV by the rapid increase in the current density from
monomer oxidation and subsequent cross-linking steps. The E, of EDOT, biEDOT, bithio-
phene, and terthiophene are approximately 2.5V, 2.0 V, 2.6 V, and 2.3 V respectively.
Compared to EDOT, using biEDOT results in a 500 mV decrease in the E, of the indicator,
and compared to bithiophene, using terthiophene results in a 300 mV decrease in the E,
of the indicator.
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Figure 3.3: (a) First forward scan of a CV of indicators at 10 mV s, and (b) change in
optical density at 555 nm as a function of current when activated potentiostatically at 3 V.

The change in optical density as a function of charge during potentiostatic activation
is shown in Figure 3.3b. For a change in optical density of 0.5, the CE of EDOT, biEDOT,
bithiophene, and terthiophene are 9 cm? C1, 24 em? C1, 21 em? C! and 49 cm? C!

respectively. The coloration efficiency for the indicator with the biEDOT precursor is more
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than double the coloration efficiency for the indicator with the EDOT precursor, and the
coloration efficiency of the indicator with the terthiophene precursor is around 2.5 times
the CE of the indicator with the bithiophene precursor. Starting with an oligomer instead
of a monomer means fewer cross-linking steps are required to produce a polymer with
the same number of repeat units. Thus, increasing the overall coloration efficiency of the
process.

Figure 3.4 shows the absorption spectra of indicators with all four monomers before
activation, and after activation. As the conjugation length of the starting species increases,
the absorption spectrum will shift out of the UV region and into the visible region. For
some applications, it could be beneficial to have the starting species absorbing in the
UV region since a transparent to colored visual change may be more visually appealing.
The EDOT, and bithiophene indicators have no absorption in the visible spectrum, and
the inactivated indicators are visually transparent. The terthiophene indicator has some
absorbance in the visible. The biEDOT indicator has a strong absorbance in the visible

range and the inactivated indicator is visibly yellow in color.
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Figure 3.4: Visible absorption spectrum for inactivated (solid line) and activated (dashed
line) indicators with 10 mg ml™' EDOT, BIEDOT, bithiophene, and terthiophene as precur-
sor.

Figure 3.5 shows digital images of indicators with all four monomers before activation,
afteractivation, and after activation when the indicators no longer have an applied potential
and have drifted back to open circuit potential (OCP). The poly(terthiophene) indicators
are orange at OCP, while the poly(bithiophene) indicators are red at OCP. This difference
in the color states between the poly(bithiophene) and poly(terthiophene) indicators is likely
the result of differing distributions of conjugation lengths in the deposited films. There
are conflicting reports on the effect of starting oligomer chain length on the conjugation
length of the polymer film that is formed from electropolymeration. A decrease in the
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overall conjugation length for films formed with longer oligomers has been reported for
oligothiophenes [60], [182], [183], and p — B-disubstituted oligothiophenes [62]. However,
other studies have reported an increase in conjugation length or no effect on the conjugation
length with increasing starting chain length. [184], [185]. The results seen here suggest

that the terthiophene indicator likely reaches a lower degree of polymerization than the

bithiophene indicator.

Pristine Activtated Pristine Activtated Pristine Activtated Pristine Activtated

OoCP OCP OCP

OCP
EDOT BIEDOT Bithiophene Terthiophene

Figure 3.5: Digital images of pristine indicators, activated indicators at activation potential
and activated indicators at OCP for 10 mg ml! EDOT, BIEDOT, bithiophene, and terthio-
phene as precursor.

3.2.2 Co-Polymer Approach to Tune Optical Properties
3.2.2.1 In Situ Electropolymerization of EDOT and Anthracene

There are several reports of the electropolymerization of EDOT-anthracence copolymers
and their analogs. These are summarized in Table. 3.1. The broad color palette achieved
in these studies, as well as the low-cost and broad commercial availability of anthracene,

make it a promising candidate for creating colorful in situ polymerized indicators.

48



3.2. RESULTS AND DISCUSSION

Table 3.1: Previous reports of EDOT-anthracene copolymers

and analogs.

Monomers A max Supporting Colors Ref.
Electrolyte

484 nm BFEE Violet, Light [154]
Yellow, Green,
Blue

505 nm 0.1 M LiClO4 Yellow, Blue, [186]

519 nm in ACN Red, Claret-

544 nm Red, Gray

588 nm

O/_\O
O + U 470 nm BFEE Red, Brown, [187]
s 503 nm Yellow-Green,

507 nm Blue-Green,
Light-Blue,
Dark-Blue

However, the direct copolymerization of EDOT and anthracene is challenging due
to anthracene’s high oxidation potential and the low solubility of the monomer and
its oligomers [187]. Thus, reports of EDOT-anthracene copolymers have either started
with functionalized anthracene derivatives or, utilized BFEE, a strong lewis acid, in the
electropolymerization media to lower the oxidation potential of anthracene [60], [179],
[188]. But, from a commercial perspective having to undertake costly synthesis steps to
functionalize the anthracene is not desirable, and the flammability and acute toxicity of
BFEE should prohibit its use in such a consumer electronic application.

A report from Tao et al., explored the copolymerization of 2,5-bis(anthrancen-9-yl)-
3,4-ethyldioxythiophene with various thiophene and selenophene derivatives. When
they attempt to electropolymerize 2,5-bis(anthrancen-9-yl)-3,4-ethyldioxythiophene in
various electrolytic solutions, including BFEE, ACN, and PC, either no polymer film
is deposited, or the polymer film is not stable on the electrode, excluding the ability
utilize the electrochromic properties of the film. However, when they perform the same
electropolymerization in a solid state device with a PMMA based GPE they can deposit a
polymer film and operate the device [154]. In Chapter 2 the influence of the Zeospan 8030
GPE on the electropolymerization of EDOT was explored. In this case, we found that the
gel lowered the potential required to form a film in an indicator format, and increased the

efficiency of the reaction. Based on these results, it is interesting to explore whether the
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electropolymerization of EDOT and anthracene in an in situ electropolymerized device
with the Zeospan 8030 GPE could yield multichromic films.

PET-ITO devices with EDOT:anthracene in 10:0, 9:1, 8:2, and 6:4 ratios were assembled.
The total concentration of monomer in the electrolyte was maintained at 25 mM. The first
forward scan of a CVs with a scan rate of 50 mV s is shown in Figure 3.6a for all of the
devices. As the proportion of anthracene in the devices increases, the onset of the anodic
current shifts to higher potentials. Three scans of CV were performed in the range of 0 -
3.5V at a scan rate 50 mV s™'. The third scan of the same CV for the devices is shown in
Figure 3.9b. Broad oxidation and reduction peaks are observed in all of the devices and
are indicative of polymer film formation.

To study their spectroelectrochemical behavior, glass-ITO indicators were constructed
with EDOT:anthracene in 10:0, 9:1, 8:2, and 6:4 ratios. The devices were activated potentio-
statically with 3.2 V until 20 mC of charge was consumed. The absorbance spectrum of the
devices before activation, and the spectroelectrochemistry of the devices after activation
are shown in Figure 3.7. For the inactivated devices, the addition of anthracene leads to
increased absorption near the UV range, with a peaks appearing around 358 nm and 378
nm. All of the devices have a change in their absorption spectrum during activation, and
the activated devices present electrochromic behavior, where the absorption can then be
modulated by changing the voltage applied.
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Figure 3.6: (a) First forward scan, and (b) third scan of a CV during in situ electropolymer-
ization of devices of EDOT:Anthracene with PET-ITO substrates. Scan rate is 50 mV s,
and voltage window is from 0 - 3.5 V.

The devices with 10:0, 9:1, and 8:2 exhibit a similar peak around 600 nm. However, an
increasing proportion of anthracene leads to a reduction in the absorption of this peak at
600 nm and a relative increase in the absorption in the 400 - 500 nm range. Digital images
of the glass-ITO devices are shown at varying potentials in Figure 3.8. For the 10:0, 9:1,

50



3.2. RESULTS AND DISCUSSION

and 8:2 devices, the color change is primarily between two hues.

------ Inactivated
—-1.0V
—-08V
—-06V
—-04V
—-0.2V
— 0.0V
—0.2V
— 0.3V
—04V
— 05V
— 06V
—0.7V
— 0.8V
— 09V
— 1.0V
— 11V
—12V
— 1.3V
— 14V
— 15V
— 16V
— 1.7V
— 18V
— 19V
—20V

Absorbance(a.u.)
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Figure 3.7: Spectro electrochemistry of devices of EDOT:Anthracene with Glass-ITO
substrate. Devices have EDOT: Anthracene ratio of (a) 10:0, (b) 9:1, (c) 8:2, and (d) 6:4 and
are activated at 3.2 V until total charge of 20 mC is consumed.

In contrast, the device with a 6:4 feed ratio exhibits clear multichromic behavior, with
the peaks shifting to different wavelengths at different applied potentials and exhibiting
different hues. At lower potentials (-1.0 V), the absorption is broad but with a decrease in
the 700 - 800 nm range, yielding a garnet-red color. With increasing potential this shifts to

dark-orange, amber, light-green, and then turquoise.
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Figure 3.8: Digital Images of devices of EDOT:Anthracene with Glass-ITO Substrate.
Devices activated at 3.2 V until total charge of 20 mC is consumed.

3.2.2.2 In Situ Electropolymerization of EDOT and Pyrene

Pyrene is another promising candidate for co-polymerization with EDOT. Several prior
reports have successfully reported multichromic copolymers based on EDOT, pyrene,
and their analogs. These are summarized in Table 3.2. Unlike anthracene, the successful
copolymerization of pyrene with EDOT has been demonstrated in standard electropoly-
merization media such as ACN and dichloromethane (DCM). Thus, the goal here is simply
to explore whether the electropolymerization of EDOT and pyrene can also be used in an
in situ electropolymerized device to form multichromic indicators.
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Table 3.2: Previous reports of EDOT-pyrene copolymers and

analogs.
Monomers Amax Supporting Colors Ref.
Electrolyte
QOB -
O‘ + Z—§ 384 nm 0.1 MTBAP in Gray-Green, [180]
s 409 nm ACN Green, Dark
427 nm Steel-Blue,

Light  Steel-
Blue, Yellow,
Olive, Orange,
Light-Brown

/ N\
é‘,‘ N 436 nm LiClO;  in NotSpecified [189]
s ACN

464 nm 0.2 M NaClOs Brown, [190]
in 1:1 ACN Grayish-
and DCM Green,
Grayish-Blue,
Steel Blue

The first forward scan of a CVs a scan rate 50 mV s for PET-ITO devices with
EDOT:pyrene in 10:0, 9:1, 8:2, 6:4, and 0:10 ratios are shown in Figure 3.9a. The total
monomer concentration was maintained at 25 mM. The devices with the mixtures of
EDOT and pyrene monomer exhibit a lower onset of anodic current than the devices with
only EDOT and pyrene. This agrees with the observations made by Zhang et al. for EDOT
and pyrene copolymers formed in ACN with TBAP as a supporting electrolyte [180]. In
their study, they suggest that the lowering of the onset of anodic current indicates that

there is an interaction between the two monomers.

The third scan of the same CV for the devices is shown in Figure 3.9b. For the device
with only pyrene, two separate peaks are present around 2.9 V, and 0.5 V. Prior studies in
ACN and 1,2-dichloromethane show that the electroxidation of pyrene does not yield a
polymer, rather only oligomers reaching the maximum of a tetramer [191]. Broad oxidation
and reduction peaks are observed in the device with EDOT and the devices with mixtures
of EDOT and pyrene. This is indicative of polymer film formation.
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Figure 3.9: (a) First forward scan, and (b) third scan of a CV during in situ electropolymer-
ization of devices of EDOT:Pyrene with PET-ITO substrates. Scan rate is 50 mV s, and
voltage window is from 0 - 3.5 V.

Glass-ITO indicators were constructed with EDOT:pyrene in 10:0, 9:1, 8:2, 6:4, 4:6
and 0:10 ratios. The devices were activated potentiostatically with 3.0 V until 20 mC
was consumed. The absorbance spectrum of the devices before activation, and the
spectroelectrochemistry of the devices after activation are shown in Figure 3.10. For the
inactivated devices, the addition of pyrene leads to increased absorption near the UV
range, with a peak appearing around 375 nm. All of the devices have a change in their
absorption spectrum during activation. For devices with EDOT and mixtures of EDOT
and pyrene the devices present electrochromic behavior, where the absorption can then
be modulated by changing the voltage applied, see Figure 3.10 a-e.

The device with EDOT as the starting monomer has a peak with maximum absorption
at 595 nm at -1.0 V. This is characteristic of PEDOT films. As pyrene is added to the
devices, there is a red-shift of the absorption peak at -1.0 V. The maximum absorption
shifts from 595 nm, to 588 nm, to 582 nm, to 567 nm, and then 422 nm for ratios of
10:0, 9:1, 8:2, 6:4, and 4:6 respectively. This observed red-shift suggests that the optical
properties of the device arise from the formation of a co-polymer rather than a blend of
PEDOT and oligomers of pyrene [180]. The pyrene device, Figure 3.10 e, does not exhibit
electrochromism after activation. While the electrochromic behavior of pyrene oligomers
and polypyrene has been previously reported, they are prone to over-oxidation at anodic
potentials [180], [191].
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Figure 3.10: Spectroelectrochemistry of devices of EDOT:Pyrene with Glass-ITO substrate.
Devices have EDOT:Pyrene ratio of (a) 10:0, (b) 9:1, (c) 8:2, (d) 6:4, (e) 4:6, and (f) 0:10 and
are activated at 3 V until total charge of 20 mC is consumed.

Digital images of the glass-ITO devices with 9:1, 8:2, 6:4, and 4:6 ratio of EDOT:pyrene
at different voltages are shown in Figure 3.11. The visual colors observed in the devices
with mixtures of EDOT and pyrene present a broad range of colors. The device with
4:6 ratio presents clear multichromism with a shift from orange, to amber, to yellow to
light-green.
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Figure 3.11: Digital Images of devices of EDOT:Pyrene with Glass-ITO Substrate. Devices
activated at 3.2 V until total charge of 20 mC is consumed.

3.3 Conclusion

Overall, the results described here show that the electrical and optical properties of
irreversible electrochemical indicators can be tuned by the selection of the monomer species.
Using mixtures of monomers as precursors for in situ polymerized devices is a viable
route to create multichromic indicators. The devices with a 6:4 ratio of EDOT:anthracene,
and with a 4:6 ratio of EDOT:pyrene both produced films that exhibited color spanning

several hues in the visible spectrum.

Utilizing oligomers in place of monomers is a simple and straightforward method to
reduce to the activation potential and increase the CE of the indicators. The lowest E,
was observed with biEDOT indicators, requiring only 2.0 V for the electrodeposition. The
highest CE was observed with terthiophene at 49 cm? C''. However, longer chain length
oligomers present lower stability than their monomeric counterparts. Thus, a critical step
to determining the validity of using oligomers would be to evaluate this impact on the
overall stability of the indicator. This topic is explored in depth in Chapter 4.
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3.4 Materials and Experimental Methods

Oligomer Approach to Tune Electrical Properties

Electrolyte Composition: Electrolyte was produced as outlined in 2.4. 10 mg ml?! of
monomer precursor was mixed into the EC:PC:LiClOy solution before adding the Zeospan
8030 polymer.

Indicator Construction: Flexible devices were fabricated using a vertical device architec-
ture composed of two 80 Q0! PET-ITO electrodes (Eastman, FLEXVUE) and a 220 pm
adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm? square. The
electrolyte is cured using a LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape
was added to improve the electrical contact to the power source.

Characterization: CVs of the indicators were performed with an AUTOLAB PGSTAT100N
potentiostat at a scan rate of 10 mV s™!. Potentiostatic activation of the indicators was
performed using the same potentiostat in a Varian Cary 300 UV-Vis Spectrophotometer.
The indicators were activated by applying 3.0 V for 300 s. The optical response was
monitored by measuring the absorbance of the indicator at 555 nm. The baseline for the

optical measurements was air.
Co-Polymer Approach to Tune Optical Properties

Electrolyte Composition: Electrolyte was produced as outlined in 2.4. The monomer
precursor was mixed into the EC:PC:LiClOy solution before adding the Zeospan 8030
polymer. The total concentration of monomer was maintained at 25 mM.

Indicator Construction: Flexible devices were fabricated using a vertical device architec-
ture composed of two 80 Q0! PET-ITO electrodes (Eastman, FLEXVUE) and a 220 pm
adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm? square. The
electrolyte is cured using a LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape was
added to improve the electrical contact to the power source. Glass-ITO devices were fabri-
cated in the same manner, but using 20 Qo! (Techinstro, TIXY001) ITO coated glass slides.

Characterization: CVs were performed on the PET-ITO indicators using an AUTOLAB
PGSTAT100N potentiostat. The glass-ITO devices were activated by applying a fixed
potential on an AUTOLAB PGSTAT100N potentiostat The activation protocol is cut off
when the charge delivered to the system reaches 20 mC. Spectroelectrochemistry was
performed on glass-ITO indicators in a Varian Cary 300 UV-Vis Spectrophotometer in
conjunction with an AUTOLAB PGSTAT100N potentiostat. Spectra were measured from
-1.0 V to + 2.0 V in intervals of 0.1 V. The spectra were measured at each potential after
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the current response had stabilized. A glass-ITO device with a monomer-free electrolyte

was used as a baseline for the measurements.
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OPERATING CONDITIONS AND
ENVIRONMENTAL STABILITY OF

IRREVERSIBLE INDICATORS

The author was the main person responsible for the planning, execution, interpretation,
and discussion of the work presented in this chapter. The data collection for sections 4.2.2
and 4.2.3 was performed together with another collaborator. The work reported in this
chapter is original to this dissertation.
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CHAPTER 4. OPERATING CONDITIONS AND ENVIRONMENTAL STABILITY
OF IRREVERSIBLE INDICATORS

4.1 Background and Motivation

Considering that one of the key target markets for irreversible electrochemical indicators
is logistics monitoring, it is essential that they can function in the diverse environments of
the global supply chain. Cargo ships and containers can experience extreme temperature
conditions depending on various factors such as the season, time of day, transport route,
and weather. A technical report from Xerox Corporation in 2006, measured a maximum
temperature of 57 °C on a container on the route from Japan to Memphis, and a minimum
of -29 °C on the same route [192]. On their website, the Transport Information Service of
Germany reports that even in 25 °C weather, the interior of containers can reach up to 50
°C [193].

The operating temperature for an electronic component refers to the range of tempera-
ture where a device can operate effectively. What is classified as an effective operation may
vary depending on the use cases and specific application of the component. In the case
of irreversible electrochromic indicators, the two key criteria that will be used to evaluate
the performance are the contrast of the activation and the speed of the activation. The rate
of coloration at different temperatures is expected to be primarily influenced by the rate

of the electropolymerization reaction at different temperatures.

There are several reports on the influence of temperature on electropolymerization.
For an electrochemical quartz micro-balance study on the electrodeposition of oligio-p-
phenylene, Kvarnstrom et al. found that an increase in temperature led to an decrease in
the efficiency of the deposition [194]. This is attributed to the solubility of the oligomers
decreasing with decreasing temperature, leading to earlier precipitation on the electrode.
Sabouraud ef al. found that at higher temperatures during the electropolymerization of
pyrrole, more side reactions occurred with the solvent, and the polymer was more prone
to nucleophilic attacks leading to overall more structural defects in the film [195]. Luo et
al., and Seki et al. both report an increase in the current density for the electrodeposition
of EDOT [196], [197].

Another key specification for electronic components is their shelf life or the time
that a component can be stored and remain usable. Environmental factors such as
temperature, moisture, chemicals, mechanical stress, radiation, biological species, or
combinations of these can induce degradation [29]. The overall stability of the irreversible
indicators will be determined by the stability of the individual components (substrate,
electrolyte, precursor monomer, adhesive) as well as their interactions. In previous reports,
limitations in environmental stability of ECDs have been attributed to adverse reactions
with atmospheric oxygen and moisture [76], [78], [198]. It can be challenging to perform
shelf-life testing in real-time at room temperature, as the experiment may last years.
Performing environmental stability tests at higher temperatures can provide key insights
into the degradation processes in shorter periods. This is referred to as accelerated aging.

This chapter aims to measure the operational temperature range and the long-term
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stability of irreversible electrochemical indicators. Their operational temperature is deter-
mined for EDOT based indicators by activating them over a broad range of temperatures
and measuring their performance. The shelf-life of the indicators is determined by storing
indicators at a 60 °C accelerated aging condition for 147 days, and then measuring their
performance at set time points. This was evaluated for EDOT, biEDOT, bithiophene, and
terthiophene based indicators to determine the influence of the monomer precursors on
the stability. Then the same experiment was performed for EDOT indicators with the
addition of different classes of commercial antioxidants and stabilizers in an attempt to

improve the stability of the irreversible indicators.

4.2 Results and Discussion

4.21 Temperature Dependence on Kinetics of EDOT Indicator Activation

In this section, the performance of EDOT based irreversible indicators is evaluated as a
function of temperature. The activation kinetics for EDOT indicators activated between -20
°C and 60 °C are shown in Figure 4.1a, and their current response during the first 100 s of
this activation is shown in Figure 4.1b. Three indicators were tested for each temperature
and exhibited good reproducibility. Overall, the variation in the final transmittance was
less than 5% between the replicas at all temperatures tested.

Transmittance @555 nm (%T)

0 100 200 300 400 0 25 50 75 100
Time (s) Time (s)
—20°C —-10°C —0°C ——10°C ——20 °C
30°C —— 40°C — 50°C —— 60°C

Figure 4.1: (a) Change in transmittance at 555 nm, and (b) current during the activation
of 25 mM EDOT indicators over a range of temperatures. Activation was performed by
applying 3 V for 300 s and then applying 0 V for 120 s. Three indicators were measured at
each temperature from -20 °C to 60 °C in increments of 10 °C.

61



CHAPTER 4. OPERATING CONDITIONS AND ENVIRONMENTAL STABILITY
OF IRREVERSIBLE INDICATORS

The EDOT indicators have faster activation with increasing temperature. At 60 °C the
indicators drop below 10% transmittance in less than 12 s. At 50 °C this takes 16 s, at 40
°C is takes 30 s, at 30 °C this takes around 60 s, and at 20 °C this takes around 130 s. The
indicators activated at 10 °C, 0 °C, -10 °C, and -20 °C do not drop below 10% transmittance
during the 300 s activation period.

Digital images of the same indicators are shown in Figure 4.2. For all of the tem-
peratures, there is no clear difference between the triplicates, again indicating good
reproducibility between devices. All of the indicators activated at 0 °C and higher show
an excellent contrast and appear visually uniform and black. However, the indicators
activated below 0 °C show a poor contrast. At -10 °C the activated indicators are a light

brown color, and at -20 °C the activated indicators are a yellow color.

‘o oieioie 0l0olelie}!
2 : : 511 ¥ :
[0feleje 000 00
-20 -10 0 10 20 30 40 50 60

>

Temperature (°C)

Figure 4.2: Digital images of indicators with 25 mM of EDOT activated over a range of
temperatures. Activation was performed by applying 3 V for 300 s, and then applying 0
V for 120 s. Three indicators were measured at each temperature from -20 °C to 60 °C in
increments of 10 °C.

After activation, the absorption spectra of each indicator were measured. Then the in-
dicators were delaminated and the absorption spectrum of the working electrode (PEDOT
film), and the counter electrode (ITO) were also recorded. The photopic transmittance of
the full device, the working electrode, and the counter electrode is shown in Figure 4.3 at
each temperature.

The indicators activated at 10 °C and higher all reach a final average photopic transmit-
tance of less than 1%. As previously reported in Chapter 2, the overall coloration of the
indicator is a combination of the electropolymerization reaction occurring on the working
electrode, and a reduction reaction occurring on the PET-ITO counter electrode. There
is a decrease in the photopic transmittance of the working electrode as the temperature
during activation increases from -20 °C to 10 °C. This indicates that a thicker PEDOT
film is deposited with increasing temperature. But, above 10 °C this trend plateaus. The

photopic transmittance of the counter electrode decreases for the indicators activated
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at higher temperatures. Images of the counter electrode after activation are shown in
Appendix B.1. At lower temperatures, the electrode presents a light brown discoloration,
and at higher temperatures, the discoloration is opaque and reflective.

The change in optical density in relation to the charge consumed for the activation of
the indicators over the same range of temperatures is shown in Figure 4.4. The relationship
between these two metrics defines the CE of the process. For the first 15 mC of charge
consumed (Figure 4.4b), the indicators activated at lower temperatures have a slightly
higher CE. However, at higher values of charge consumed (Figure 4.4a) this relationship

inverts and the CE is greater for indicators activated at higher temperatures.
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Figure 4.3: Photopic contrast of full device, working electrode, and counter electrode of 25
mM EDOT indicators activated over a range of temperatures. Activation was performed
by applying 3 V for 300 s, and then applying 0 V for 120 s. Three indicators were measured
at each temperature from -20 °C to 60 °C in increments of 10 °C.
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Figure 4.4: Change in optical density vs. charge for 25 mM EDOT indicators activated
over a range of temperatures. Activation was performed by applying 3 V for 300 s, and
then applying 0 V for 120 s. Three indicators were measured at each temperature from
-20 °C to 60 °C in increments of 10 °C.

4.2.2 Influence of Monomer Species on Shelf-Life of Indicators

The environmental stability of irreversible indicators was evaluated by measuring their
performance after prolonged exposure to 60 °C. Four variations of the indicator were
assembled using the precursor monomers explored in Chapter 3, i.e. EDOT, biEDOT,
bithiophene, and terthiophene. Generally, the degradation of the indicators over time was
characterized by discoloration in both the active and inactive areas, as well as a reduction

in the contrast of the indicator during activation.

Figure 4.5 shows digital images of the indicators before and after activation at 0, 14,
28, 62, and 147 days of exposure to the 60 °C. Over this period, all of the indicators show
distinct changes in their visual appearance. Outside of the working area, where there is
only the PET-ITO substrate and the adhesive spacer material, there is a gradual yellowing

that occurs over time.
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Days at 60°C
0 14 28 62 147
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BIEDOT
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Bithiophene
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Figure 4.5: Digital images of inactivated and activated indicators with EDOT, biEDOT,
bithiophene, and terthiophene after exposure in the oven at 60 °C. The activation protocol
was 3V for 300 s, followed by 0 V for 120 s.
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Activated

BIEDOT
Activated

The discoloration in the active area of the inactivated indicators is monitored by
measuring their transmittance. This is shown in Figure 4.6a, for 0, 14, 28, 62, 104, and
147 days of exposure. The bithiophene and the terthiophene indicators show the least
discoloration over time. The bithiophene indicators drop from an average inactivated
transmittance of 86.8 % to 79.8 %, and the terthiophene indicators drop from an average
inactivated transmittance of 86.2 % to 78.4 %. The majority of the loss in inactivated
transmittance for the bithiophene and terthiophene indicators occurs within the first 14
days (4.6% and 5.8% respectively). From day 14 to day 147 they only present an additional

drop in transmittance of 1.8% and 2.0% respectively.

The inactivated transmittance of the EDOT indicators drops from 88.1% to 60.1%. This
28% decrease occurs gradually over the 147-day testing period. The biEDOT indicators

65



CHAPTER 4. OPERATING CONDITIONS AND ENVIRONMENTAL STABILITY
OF IRREVERSIBLE INDICATORS

present the strongest discoloration over time. Already at day 14, the inactivated transmit-
tance drops to 34.3%, and by day 62, this reaches 10 %. In prior studies of EDOT oligomers,
their instability has been identified and attributed to the high reactivity of the terminal
a-positions on the molecules [199]-[201].
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Figure 4.6: Inactivated transmittance (a) and change in transmission during activation
(b) for indicators with EDOT, biEDOT, bithiophene, and terthiophene after exposure in
the oven at 60 °C. The activation protocol was 3 V for 300 s, followed by 0 V for 120 s.
Transmittance is measured at 555 nm.

The change in transmittance during activation for the indicators at 0, 14, 28, 62, 104,
and 147 days of exposure is shown in Figure 4.6b. All of the indicators show a decrease
in the contrast they can achieve during activation after exposure to 60 °C. The biEDOT
indicators show the least contrast during activation at all time points tested. The decrease
in the contrast is a result of the discoloration of the inactivated state of the indicator. The
EDOT and bithiophene indicators also show a significant decrease in the contrast they can
achieve over time, and after 147 days the contrast for both of these indicators reaches zero.
In the digital images of Figure 4.5, we can see that the final color state of the bithiophene
indicators shifts from a red color on day 0 to a yellow color by day 62 of exposure. The
terthiophene indicators present the best performance over time. Before exposure to 60
°C they have an activation contrast of 86.2%, and after 147 days of exposure, have an
activation contrast of 64.2%.
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4.2.3 Influence of Stabilizers on Shelf-Life of Indicators

One approach to improving the stability of organic and polymeric materials is the addition
of antioxidants and stabilizers. Antioxidants are used to inhibit the auto-oxidation and
thermal-oxidative that take place in the presence of oxygen [202]-[204]. There are several
classes of commercial stabilizers. Primary antioxidants interrupt oxidation by reacting
with peroxy, alkoxy, hydroxyl, and alkyl radicals [202]. These are often used in conjunction
with secondary antioxidants which react with the hydroperoxides formed by reactions
with primary antioxidants [202]. Another class of stabilizer is hindered amine light
stabilizer (HALS). While they are conventionally classed as light stabilizers, they have
also shown good performance as long-term thermal stabilizers [202], [205].

Primmary Antioxidants

OH
O
HO O o]
o S0
0]
(0] OH HO O\C13H37
(0] (0]
HO
IRGANOX® 1010 IRGANOX® 1076
Pentaerythritol tetrakis(3,5-di-tert-butyl- Octadecyl-3-(3,5-di-tert-butyl-
4-hydroxyhydrocinnamate) 4-hydroxyphenyl)propionate
Secondary Antioxidants HALS

0 o)
P-Q WO
BTPS IRGAFOS® 1076
Tris(2,4-di-tert-buty)phenyl phosphite Bis(2,2,6,6-tetramethyl-4-piperidinyl)sebacate
Figure 4.7: Chemical structures of the stabilizers used for the long-term stability studies.

Three stabilizer systems were employed for this study. The first system (referred to
as stabilizer 1) consists of bis(2,2,6,6-tetramethyl-4-piperidinyl)sebacate (BTPS), a HALS
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stabilizer. The second system (referred to as stabilizer 2) consists of pentaerythritol
tetrakis(3,5-di-tert-butyl- 4-hydroxyhydrocinnamate) (IRGANOX 1010) as a primary an-
tioxidant in conjunction with tris(2,4-di-tert-buty)phenyl phosphite (IRGAFOS 168) as a
secondary antioxidant. The third system (referred to as stabilizer 3) consists of octadecyl-3-
(3,5-di-tert-butyl- 4-hydroxyphenyl)propionate (IRGANOX 1076) as a primary antioxidant
in conjunction with tris(2,4-di-tert-buty)phenyl phosphite (IRGAFOS 168) as a secondary
antioxidant. The chemical structures of all of these stabilizers are shown in Figure 4.7.
The influence of the stabilizer systems on the stability of the indicators was measured
in the same manner as for the monomers is Section 4.2.2. Figure 4.5 shows digital images
of the indicators before and after activation at 0, 14, 28, 62, and 147 days of exposure to
the 60 °C. Again, all of the indicators show a clear yellowing of the PET-ITO substrate

and the adhesive spacer outside of the working area.

Days at 60°C
0 14 28 62 147
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Figure 4.8: Digitial images of inactivated and activated indictaors with stabilizer systems
1, 2 and 3 after exposure in the oven at 60 °C. The activation protocol was 3 V for 300 s,
followed by 0 V for 120 s.
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The discoloration in the active area of the inactivated indicators was monitored by
measuring their transmittance. This is shown in Figure 4.9a, for 0, 14, 28, 62, 104,
and 147 days of exposure. The addition of the primary and secondary antioxidant
systems (stabilizer 2 and stabilizer 3) has no significant impact on the discoloration of
the inactivated indicators. They show degradation very similar to the EDOT indicators
without added stabilizer. However, the indicators with the HALS (stabilizer 1) show
almost no discoloration in the active area over the 147-day testing period.

The change in transmittance during activation for the indicators at 0, 14, 28, 62, 104,
and 147 days of exposure is shown in Figure 4.6b. In this case, the addition of the
various stabilizer systems to the EDOT indicators yields no significant improvement in

the performance. The indicators with and without stabilizers degrade at a comparable
rate in this regard.
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Figure 4.9: Inactivated transmittance (a) and change in transmission during activation
(b) for 25 mM EDOT with stabilizer systems 1, 2 and 3 after exposure in the oven at 60

°C. The activation protocol was 3 V for 300 s, followed by 0 V for 120 s. Transmittance is
measured at 555 nm.

4.3 Conclusion

This chapter explored the operational temperature range and environmental stability of
irreversible indicators. For EDOT based indicators, activation was observed in the full
temperature range from -20 °C to 60 °C. However, the coloration becomes sluggish with
decreasing temperature, and below 0 °C the indicators did not achieve an opaque final
color state. This introduces some limitations to the environments which this indicator

could be used, for example, it may not be appropriate for smart labels that need to operate
in sub-zero supply chains.

69



CHAPTER 4. OPERATING CONDITIONS AND ENVIRONMENTAL STABILITY
OF IRREVERSIBLE INDICATORS

Furthermore, the shelf-life studies indicate that the long-term stability of the indicators
is heavily influenced by the stability of the monomer precursor. The greatest stability
was seen in the terthiophene indicators, which exhibited minimal loss in performance
after 147 days at 60 °C, while the biEDOT indicators showed strong discoloration within
the first 14 days at the same condition. The addition of commercial antioxidants and
stabilizers showed limited capacity to improve the shelf-life stability of EDOT indicators.
The indicators with the HALS stabilizer maintained the best performance over the 147
days, with almost no discoloration to the inactivated indicator over time. However, after
147 days there was no visible coloration during activation. The primary and secondary
antioxidants exhibited almost no change in performance compared to the stabilizer-free
indicators. If the primary degradation pathway of the system is due to reaction with
atmospheric oxygen and water, a better avenue to improving the stability could be by
utilizing substrates and sealants with improved barrier properties [76], [198], [206], [207].

4.4 Materials and Experimental Methods

Temperature Dependence on Kinetics of EDOT Indicator Activation

Electrolyte Composition: Electrolyte was produced as outlined in 2.4. 25 mM of EDOT
precursor was mixed into the EC:PC:LiClOy solution prior to adding the zeospan 8030

polymer.

Indicator Construction: Flexible devices were fabricated using a vertical device archi-
tecture composed of two 80 Q0! PET-ITO electrodes (Eastman, FLEXVUE) and a 220
pm adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm?. The
electrolyte is cured using a LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape
was added to improve the electrical contact to the power source.

Characterization: All measurements were performed in a Binder MKF056-230V Alter-
nating Climate Chamber. Samples were acclimated in the oven for 10 minutes before
each measurement. Optical spectroscopy was performed on an Agilent Cary 300 UV-Vis
Spectrophotometer. Optical fibers were inserted through the ports on the sides of the
chamber and fixed to a probe holder designed for measuring films. The activation of the
indicators was measured by following the transmittance at 555 nm, the peak of human
photopic vision. Potentiostatic device activation of 3 V for 300 s was performed with an
AUTOLAB PGSTAT100N potentiostat. The cables of the potentiostat were contacted via a
port on the side of the chamber. The set-up for this measurement in shown in

Influence of Stabilizers and Monomers of Shelf-Life of Indicators
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Figure 4.10: Experimental set-up for measuring indicator activation kinetics at different
temperatures inside a climate chamber. The optical fibers are connected to a spectropho-
tometer.

Electrolyte Composition: Electrolyte was produced as outlined in Section 2.4. 10 mg
ml ! monomer precursor was mixed into the PC:EC:LiClOy4 solution prior to adding the
zeospan 8030 polymer.The three stabilizer systems were 0.5 wt% Bis(2,2,6,6-tetramethyl-4-
piperidinyl)sebacate (BTPS) (referred to as stabilizer 1), 0.1 wt% Pentaerythritol tetrakis(3,5-
di-tert-butyl-4-hydroxyhydrocinnamate) (IRGANOX 1010) + 0.02 wt% Tris(2,4-di-tert-
butyl)phenyl phosphite (IRGAFOS 168) (referred to as stabilizer system 2), and 0.1 wt%
Octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) (IRGANOX 1076) + 0.02 wt%
Tris(2,4-di-tert-butyl)phenyl phosphite (IRGAFOS 168) (referred to as stabilizer system 3).
The stabilizers were mixed by adding them to vials of electrolyte and leaving them on the

roll mixer overnight.

Indicator Construction: Flexible devices were fabricated using a vertical device archi-
tecture composed of two 80 QO PET-ITO electrodes (Eastman, FLEXVUE) and a 220
pm adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm?. The
electrolyte is cured using a LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape

was added to improve the electrical contact to the power source.

Accelerated Aging: All of the samples were stored in a Binder DIN 12800 oven over a
four-month time period. The samples were held in specialized 3D printed plastic holders,
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see Figure 4.11, to maintain even spacing between the indicators in the oven. The tem-
perature and humidity of the oven were monitored by an Amprobe TR200-A data logger.
The average temperature in the oven over the first 28 days of the experiment was 59.9 °C
with a standard deviation of 1.0 °C. The average humidity in the oven over the first 28
days of the experiment was 13.6 % relative humidity (RH) with a standard deviation of
9.4 % RH. A plot of the temperature and humidity in the oven over the first 28 days with
10-minute sampling periods is in Appendix B.2.

Characterization: Optical spectroscopy was performed on an Agilent Cary 300 UV-Vis
Spectrophotometer. The activation of the indicators was measured by following the
transmittance at 555 nm, the peak of human photopic vision. Potentiostatic measurements
were performed with an AUTOLAB PGSTAT100N potentiostat. Digital images of the
indicators were taken before and after the indicators were activated.

Figure 4.11: Indicators in a 3D printed sample holder for environmental stability testing.
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5

INTEGRATION OF IRREVERSIBLE INDICATORS

INTO A FLEXIBLE SMART LABEL

This chapter is based on a manuscript that is in preparation. The work in this chapter
is a collaboration with the Institute of Organic Chemistry at the University of Vienna, the
Faculty of Information Technology and Communication Sciences at Tampere University,
the Faculdade de Ciencias e Tecnologia at the Universidade NOVA de Lisboa, LCR
Hallcrest, and Ynvisible in the context of the CHARISMA European Project.

The author was jointly responsible for the planning, and execution of the experimental
work. The supercapacitors were independently developed and produced by collaborators
at Tampere University. The thermal sensor was independently developed by collaborators
at Universidade NOVA de Lisboa, and LCR Hallcrest. The substrates were provided by
Ynvisible Production.

Portions of Section 5.2 integrating the irreversible electrochemical indicators with
supercapacitors were published in the conference paper "Howard, E. L., Pourkheirollah,
H. et al. Integration of Supercapacitors to Trigger In-Situ Electropolymerization for
Irreversible Visual Indicators. in 2023 IEEE International Conference on Flexible and Printable
Sensors and Systems (FLEPS) 1-4 (2023). doi:10.1109/FLEPS57599.2023.10220370".
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5.1 Background and Motivation

The cold chain refers to the channel that moves temperature-sensitive products from
production to the end-user. Careful uninterrupted cold-chain management is crucial
for transporting a broad range of goods that are either heat-sensitive, cold-sensitive, or
both. Examples of goods that may be transported under cold chain management include
chemicals, pharmaceuticals, vaccines, biological samples, horticultural products, food,
and beverages. For food products, improper storage can not only lead to a drop in quality
but also increase risks for contamination and food safety [208], [209]. Improper storage
of vaccine products can lead to a decrease in effectiveness, putting human health at risk
[210].

Thus, temperature tracking is a central component of managing cold-chain products.
IoT and intelligent sensing platforms, such as smart labels and packaging, are well-
positioned to address this. There has been a focus by researchers to develop smart elements,
such as sensors, power sources, RFID tags, and displays, that can be manufactured onto
common substrates in a low-cost, high-volume manner [209]. Several research reports
have demonstrated printed smart labels with RFID and NFC carriers [211]-[213]. One
example of a printed smart label was demonstrated by Thin Film Electronics ASA for
temperature detection which also includes a visual display element [214].

Irreversible electrochromic indicators have unique market potential in this area of
smart labels for cold chain applications. Having a visual interface means that users can
assess the quality of the product directly on the item. Further, the permanence of the
activated color state removes any reliance on the electronics after the temperature has
been breached. To produce a working prototype of a flexible smart label utilizing the
irreversible indicator, it needs to be integrated with a power source and a temperature
sensor on a flexible substrate. These elements need to be able to provide sufficient voltage
and power at the correct temperature threshold to trigger the in situ electropolymerization
reaction.

The incorporation of an energy storage module into a smart label allows them to
function over a prolonged period without reliance on external power grids. Over the past
decade, researchers have become increasingly interested in SCs, an alternative to batteries
for electrical energy storage [215]. The benefits of SCs over conventional rechargeable
batteries include high power density, lightweight, long cycle life, low internal resistance,
short charge/discharge times, wide temperature range of operation, recyclability, and a
low environmental impact [215]-[222]. While previous studies [223] have demonstrated
reversible switching of electrochromic displays using SCs, electropolymerization requires
a significantly greater voltage and charge than reversible redox switching of the corre-
sponding polymer.

One method to develop sensors that produce a change in electrical conductivity in
response to temperature is by using first-order liquid-solid phase transitions in percolated
composite materials [224]. For example, Zheng et al. demonstrated two orders of magnitude
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change in electrical conductivity at 18 °C for suspensions of graphene in hexadecane [225].
In this case, the increase in conductivity when the temperature drops below 18 °C
is the result of the agglomeration of the graphene sheets along the grain boundaries
during the phase change. Other reports of composite materials with solid-liquid phase
conductivity transitions have been reported with other nanoparticles including copper
nanowires, carbon nanotubes, graphite nanofibers, and carbon black [226]-[230]. In this
study, we employ a thermal sensor developed by Behera et al. composed of carboxylic acid
functionalized multi-wall carbon nanotubes in a mixture of hexadecane and 1-hexadecanol
[231]. They report an electrical conductivity switching ratio of ~ 108 upon a decreasing
temperature ramp in the range of 11 °C to 15 °C.

This chapter explores the integration of the irreversible electrochromic indicators
with the other flexible electronic components developed by partners in the European
Union Horizons 2020 ITN CHARISMA (reference number 814299) project. In Section
5.2.1 the activation of indicators with printed SCs is characterized. This is performed for
EDOT, biEDOT, bithiophene, and terthiophene indicators. Then, in Section 5.2.2 a flexible
smart label is demonstrated with a chemical thermal sensor, printed supercapacitors, and
the indicators on a PET substrate with a screen-printed silver circuit. Smart labels are

assembled and characterized using both EDOT and terthiophene irreversible indicators.

5.2 Results and Discussion

5.2.1 Activation of Irreversible Indicators with Printed Supercapacitors

The electrical properties of EDOT, biEDOT, bithiophene, and terthiophene indicators,
calculated in Section 3.2.1, are summarized in Table. 5.1.

Table 5.1: Key electrical properties of irreversible electrochem-
ical indicators based on different monomer systems.

Monomer System Activation Potential ~Coloration Efficiency
V) (cm? C1)

EDOT 25 9

biEDOT 2.0 24

bithiophene 2.6 21

terthiophene 2.3 49

The electrical properties of the printed aqueous SCs are summarized in Table. 5.2. The
initial voltage is the potential measured across the SCs after they have been fully charged,
and the capacitance is the ratio between the charge transferred between the electrodes to
the potential between them. The equivalent series resistance is the resistive component
of the system. In an ideal capacitor, this should be zero. As the number of SCs in series
increases, the initial voltage increases, and the overall capacitance decreases.
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Table 5.2: Key electrical properties of printed supercapacitors
connected in series.

Number of SCs  Initial Voltage Overall Capacitance Equivalent Series Resistance

V) (mF) (Q)
1 12 170 7.5
2 24 85 15
3 3.55 60 22

All four indicator systems were activated using both two and three SCs connected
in series. The transmittance across the indicators and the voltage across the SCs were
recorded simultaneously. The results are shown in Figure 5.1. When the SCs are connected
in series with the indicators, if the initial voltage of the SC is greater than the E, of the
indicators then the in situ-polymerization will begin. The film forming process will
proceed as the SC module discharges until the voltage of the module drops below the E,
of the indicator. At this point, the potential is too low to oxidize further monomers within
the indicator and feed the electropolymerization reaction.

While both two and three SCs in series have a high enough initial voltage to begin the
activation with the EDOT, since the CE of EDOT is so low, 9 cm? C, three SCs in series
are required to fully activate the indicator with A T>80 %. When only two SCs are used, a
AT of only 55 % is achieved. Bithiophene likewise shows full activation with three SCs,
but only a A T of 33 % when two SCs are used. Both biEDOT and terthiophene can be
fully activated with both two and three SCs in series.

For all the monomer systems tested, faster activation is observed with three SCs than
with two SCs, as the speed is dependent on the voltage. The transmittance data for
activation with a 3 V coin-cell battery is also shown in Figure 5.1, as this would be an
alternative to SCs in a label.
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Figure 5.1: Transmittance of indicators during activation with 2 SCs, 3 SCs and a 3 V
coin-cell battery for (a) EDOT, (b) biEDOT, (c) bithiophene, and (d) terthiophene. Right
y-axis shows the voltage of the SCs during activation.
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5.2.2 Integration of Irreversible Indicators into a SMART Label with
Chemical Thermal Sensor and Supercapacitors on Flexible Substrate

The smart label was produced by connecting the indicator, SCs and the thermal sensor
on a PET substrate with a printed silver circuit. The design of the silver circuit is shown
in Figure 5.2a and the layout of the components on the substrate is shown in Figure 5.2b.
Both the sensor and the SCs consist of offset conductive substrates and have their electrical
contacts in opposing planes. Two segments of the silver circuit were printed on the front
side of the substrate, and one segment of the silver substrate was printed on the back side
of the substrate with cuts located around the pads. Thus, both the sensor and the SCs
were connected with one electrode on the front side, and one electrode on the back side
of the substrate.

(a) (b)

Sensor )
(7 e 1 Indicator

Supercapacitors

120 mm

170 mm _’T ________________

[l Silver on Back ] Silver on Front D PETD Cut

(c)

COLD-CHAIN SMART LABEL

If "@" visible contents
may be damaged

CHARISMA

Figure 5.2: (a) Layout of the printed silver circuit and cust on the substrate, (b) layout of
the components on the smart labels, and (c) design for the graphical vinyl overlay on the
smart label.

The circuit was assembled with three SCs, and all of the elements are connected in
series. A graphical design, see Figure 5.2c, was inkjet printed onto a vinyl sticker and then
laminated on the front side of the label with a circle cut out in the location of the indicator.
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A white piece of paper was mounted behind the label so the inactive indicator appears
visually white. The full label was loaded into a climate chamber and then exposed to
a decreasing temperature ramp from 30 °C to 0 °C. For a smart label assembled with
an EDOT indicator, the voltage across the sensor, SCs, and the indicator during the
temperature ramp are shown in Figure 5.3a. The reflectance of the EDOT indicator during

the same ramp is shown in Figure 5.3b.
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Figure 5.3: (a)Voltages across the sensor, EDOT indicator and SCs, and (b) simultaneous
change in reflectance of EDOT indicator when the assembled smart label is exposed to
a -2.5 °C min’! ramp rate from 30 °C to 0 °C. Smart label is acclimated at 30 °C for 15
minutes before the start of the ramp. Reflectance is measured at 555 nm.

Previous reports from Behera et al. show that the sensor is in its transition state between

6.5 °C and 12.5 °C. In the smart label, a slight decrease in the voltage across the sensor
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can be seen around 15 °C, which becomes a sharp decrease in the voltage around 5 °C. As
the voltage across the sensor decreases, the voltage across the indicator increases, and a
decrease in the reflectance of the indicator is observed. It takes around 18 minutes from
when the sharp voltage drop across the sensor is observed until the indicator reaches a
reflectance of less than 10%. Digital images of the smart label in the oven before and after
the temperature range are shown in Figure 5.4, with insets of the indicator at a range of
time points.

30°Cto0°C
2.5°C min™

(b)

30°C 20 °C 15°C 10 °C 5°C

0°C 0°C 0°C 0°C

» 5min 10min 15 min

Figure 5.4: (a) Digital images of an assembled smart label inside the climate chamber as
it is exposed to a -2.5 °C min™! ramp rate from 30 °C to 0 °C, and (b) images of indicator
at various time points during the ramp. Smart label is acclimated at 30 °C for 15 minutes
before the start of the ramp. The indicator in the smart label with EDOT monomer in
printable electrolyte.

If we compare the rate of activation for the EDOT indicator with three SCsin the
integrated circuit to the EDOT indicator activated with three SCs outside of the integrated
circuit (Section 5.2.1) we can see that it is substantially slower (20 minutes compared to
1 minute). Even in its more conductive state, the sensor has a resistance in the kilo-ohm
range. Since the indicator and the sensor are in series with the SCs, the load is split between
the two active elements. When the temperature threshold is reached, the resistance of
the sensor decreases, and the voltage shifts to the indicator. However, this process is not
instantaneous. The voltage across the indicator never reaches 3 V.

For a smart label assembled with an terthiophene indicator, the voltage across the
sensor, SCs, and the indicator during the temperature ramp are shown in Figure 5.5a. The
reflectance of the terthiophene indicator during the same ramp is shown in Figure 5.5b.
The activation of smart label with terthiophene indicator occurs faster than the activation
of the smart label with the with the EDOT indicator. In this case, the indicator drops to a

80



5.3. CONCLUSION

reflectance of less than 10 %R within three minutes.
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Figure 5.5: (a)Voltages across the sensor, terthiophene indicator and supercapacitors, and
(b) simultaneous change in reflectance of terthiophene indicator when the assembled
smart label is exposed to a -2.5 °C min™! ramp rate from 30 °C to 0 °C. Smart label is
acclimated at 30 °C for 15 minutes prior to the start of the ramp. Reflectance is measured
at 555 nm.

5.3 Conclusion

Overall, this study finds that irreversible indicators based on in situ polymerization can
be effectively activated by printed SCs - showing potential for use in the emerging smart
label market. The contrast and the activation speed can be modified by the selection of

the monomer precursor used in the indicator, as well as the number of SCs connected
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in series. BIEDOT and terthiophene based indicators are particularly promising systems
due to their low E,, and high CE during electropolymerization. Ultimately a flexible
smart label, assembled with the same printed SCs and a thermal sensor, was successful
in activating both EDOT and terthiophene during a negative temperature ramp. Key
limitations to the smart label prototype in its current state are the large size, and the time
required to fully activate the irreversible indicator. Further developments would also
require improvements to the mechanical durability and environmental stability of the full

system.

5.4 Materials and Experimental Methods

Activation of Irreversible Indicators with Printed Supercapacitors

Indicator Electrolyte Composition: A transparent GPE electrolyte was produced as out-
lined in 2.4. 10 mg ml! of monomer precursor was mixed into the EC:PC:LiCIO4 solution

prior to adding the polymer gel.

Indicator Construction: Flexible devices were fabricated using a vertical device architec-
ture composed of two 80 Q0! PET-ITO electrodes (Eastman, FLEXVUE) and a 220 pm
adhesive spacer material (Nitto Denko, D9605). The working area is a 1 cm? square. The
electrolyte was cured using a LOCTITE 500 W mercury vapor bulb for 120 s. Copper tape
was added to improve the electrical contact to the power source.

Supercapacitor Construction: Printed SCs were prepared by the partners at Tampere Uni-
versity of Technology. A double-sided flexible Al/PET substrate was coated with graphite
ink (Acheson Electrodag PF-407C) as a current collector on the PET side, while the Al
layer served only as a barrier. In order to form an electrode layer, activated carbon ink
(Kuraray YP-80F) was applied on the current collector layer using an in-house formulation
containing chitosan as a binder. The two layers were achieved using laboratory-scale
doctor blade coaters. Afterwards, NaCl:H,O aqueous electrolyte and a paper separator
were added, and the two electrodes were then heat sealed upside down with an annealed
adhesive material to form an SC of the electrochemical double-layer capacitor type. The
full methodology and characterization of the printed SCs can be found in ref. [232]-[235].

Characterization: The SCs were charged prior to each test by applying 1.2 V across the
component for 2 hours. The, the SCs were connected in series using wooden clip to
maintain contact between the anode and cathode electrodes. The voltage of the SCs
was measured using a FLUKE® 115 handheld multimeter digital CAT III 600 V display
(counts): 6000. The indicators were mounted in an Agilent Cary 300 UV-Vis spectropho-
tometer, where is baseline for the measurement was air. The SCs and indicator were then

connected in series using alligator clips, and then the transmittance across the indicator
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and the voltage across the SCs were recorded simultaneously. The measurements with
the coin cell battery were performed in the same manner, except a 3 V coin cell battery

was connected in series with the indicator instead of the SCs.

Integration of Irreversible Indicators into a SMART Label with Chemical Thermal

Sensor and Supercapacitors on Flexible Substrate

Indicator Electrolyte Composition: A transparent GPE electrolyte was produced as out-
lined in Section 2.4. 10 mg ml! of monomer precursor were mixed into the PC:EC:LiCIO;4

solution prior to adding the polymer gel.

Indicator Construction: The indicators were constructed using the same printed sub-
strates detailed in Chapter 6. A 220 pm adhesive spacer material (Nitto Denko, D9605)
with a 1 cm? square working area was added. The electrolyte and precursor mixture were
added by drop casting, and then the second substrate was placed and top and sealed with
light manual pressure. The electrolyte was cured using a LOCTITE 500 W mercury vapor
bulb for 120 s.

Thermal Sensor Construction: The thermal sensors were prepared by the partners at LCR
Hallcrest. The full methodology and characterization of the thermal sensor can be found
in ref. [231].

Printed Substrate Construction: The silver printed substrate was prepared in an indus-
trial setting (Ynvisible S.A.) using a THIEME LAB1000 sheet-to-sheet screen-printer and
according to Ynvisible Industrial Standards and Protocols. The silver was printed on the
front of the substrate and cured, and then the substrate was flipped and the silver was
printed on the back and cured. The substrates were cut using an Aristomat TL 1310 cutting

machine.

Smart Label Assembly: The SCs were charged before each test by applying 1.2 V across
the component for 2 hours. The components were connected to the contact pads of the
substrate using a double-sided conductive adhesive tape from Laird Performance Materi-
als (DT03B0254R0200). The graphical overlay was printed using an inkjet printer onto a
vinyl sticker sheet and then adhered to the back-side of the substrate.

Characterization: The assembled smart labels were placed inside a Binder MKF056-230V
Alternating Climate Chamber. The reflectance of the indicator was measured using an
Agilent Cary 300 UV-Vis Spectrophotometer with an optical fibre coupler connected to a
hand-held UV-Vis reflectance probe with an Ocean fiber optics reflectance probe holder.
An image of the optical fiber and the probe holder are shown in Figure 5.6. A labsphere
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certified diffuse reflectance standard was used as the baseline for the measurements. Re-
flectance was measured at 555 nm. The voltage across the indicator and the thermal sensor
were measured using a Fluke 115 True RMS Multimeter and a Testboy Digital Multimeter.

Figure 5.6: Image of optical fiber and probe holder for reflectance measurements. The
image is taken while making a blank with the reflectance reference.
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FurLy PRINTED IN SITU POLYMERIZED

REVERSIBLE INDICATORS

This chapter is based on a manuscript that is in preparation. The work is a result of
a collaboration with the Institute of Organic Chemistry at the University of Vienna, the
Faculdade de Ciencias e Tecnologia at the Universidade NOVA de Lisboa and Ynvisble. The
author contributed to the planning, execution, interpretation, discussion, and preparation
of this work. The electrolyte ink used was primarily developed by other collaborators at
Ynvisble and the University of Vienna.
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6.1 Background and Motivation

In the previous chapters in situ electropolymerization has been considered for use in
irreversible electrochromic indicators, this chapter focuses on the use of in situ elec-
tropolymerization for reversible electrochromic indicators. Electrochromic indicators and
displays have emerged as a promising candidate to serve as visual interfaces for smart
label technologies due to their low-power consumption, and flexible form factor [24], [47],
[70]-[73], [142]. However, broad commercialization of electrochromic devices ECDs in
smart labels is limited by their high cost compared to non-visual data transmitters such
as radio-frequency identification RFID, and near-field communication NFC [209]. Thus,
further developments are necessary to lower the manufacturing cost of electrochromic
indicators without compromising key operational parameters such as contrast, switching
speed, and cycling lifetime.

To this end, in situ electropolymerization has been proposed as a simple method to
produce electrochromic displays. In situ electropolymerization refers to the process of
electrochemically depositing a polymer inside a solid-state device [122]. The concept was
introduced by the group of Sotzing, and they have reported using a range of different
monomer precursors to form the active electrochromic layers in both glass and PET based
devices [122]-[127]. They achieve a maximum photopic contrast of 53 % for glass-ITO
devices with 2,2-Dimethyl-3,4-propylenedioxythiophene as the monomer precursor [127].
However, a key limitation for in situ polymerized ECDs is their low cycling lifetime due to
the continued deposition of unreacted monomer on the electrodes. In one report, this was
improved by modifying a ProDOT monomer with an acrylate group [123]. The unreacted
monomers were UV-crosslinked to the gel electrolyte after the electrochromic film was
formed to prevent ongoing electrodeposition on the counter electrode during use. This
yielded a lifetime of 10 k cycles with a loss of photopic contrast of only 3%.

Another approach to lowering the manufacturing cost of ECDs is implementing high-
volume industrial manufacturing processes, such as screen printing [24], [70], [71]. To the
best of our knowledge, there are no reports of using screen printing in conjunction with in
situ electropolymerization. Combining these two techniques would be beneficial since it
can reduce the number of layers that need to be printed during the device assembly process:
directly cutting down the production time. Figure 6.1a outlines the manufacturing steps
for an ECD using only printing. In this example, there are seven printed layers: silver
conductors on both electrodes, an electrolyte layer, a spacer or dielectric separator, an
electrochromic layer, and a charge storage layer (in this case, a second electrochromic
layer). Figure 6.1b outlines the manufacturing steps for the same ECD using both printing
and in situ electropolymerization. In this case, two fewer layers need to be printed.

In this work, we employ screen printing in conjunction with in situ electropolymer-
ization to optimize the manufacturing of electrochromic indicators. EDOT is used as the
precursor monomer to form electrochromic PEDOT films. The thickness of the films is

controlled by limiting the charge during the reaction. We use a diffusely reflective, opaque
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Figure 6.1: Comparison of manufacturing steps for producing an electrochromic indicator
using (a) printing, and (b) printing and in situ electropolymerization.

electrolyte ink, which is a variation of the electrolyte ink previously reported by Leite et
al. [236]. One of the key advantages of using an opaque electrolyte, is that an additional
electrochromic layer can be deposited on the counter electrode of the device to act as a
charge storage material without compromising the overall device contrast (as would be
the case with a transparent electrolyte). In this study, we manufacture several variations
of electrochromic indicator with different thicknesses of electrochromic film, and with
and without a charge storage layer. Then, the performance of the indicators is evaluated
based on their optical contrast, switching speed, and cycling lifetime.

6.2 Results and Discussion

6.2.1 Indicator Printing and Construction

The indicators were printed on two separate ITO coated PET substrates and then laminated.
The silver, dielectric, and adhesive layers of the indicator were prepared in an industrial
setting (Ynvisible S.A.) according to Ynvisible Industrial Standards and Protocols using
a THIEME LAB1000 sheet-to-sheet screen-printer. The first substrate was prepared by

printing silver paths followed by a layer of adhesive. The second substrate was prepared
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by printing silver paths, followed by a layer of dielectric ink. The electrolyte layer was
added to the second substrate using a benchtop A4 screen printer with a 100/40 screen.
Then, the two substrates were laminated using a weighted roller, and the electrolyte was
UV-cured (LOCTITE® UVALOC 97035 with a 1000 W Mercury doped lamp, 1600 m]J
s!). The individual indicators were separated from the sheets using a cutting machine.
An image of the screen printing environment, the electrolyte ink after printing, and the
configuration of the stack are shown in Figure 6.2.
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Figure 6.2: (a) Image of industrial screen printer used to print silver, dielectric, and adhesive
layers. (b) Design for all the printed layers of the indicator. (c) Image of electrolyte and
monomer layer immediately after printing.

6.2.2 Activation of Indicators

The term ‘activation’ is used here to describe the in situ electropolymerization process
used to form the electrochromic layers. Two variations of the indicator were manufactured
for this study: asymmetrical indicators, and symmetrical indicators. For the asymmetrical
indicators, a PEDOT layer is only formed on the working electrode. For the symmetrical

indicators, an additional electropolymerization step with a reversed polarity was added
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so that PEDOT is formed on both the working electrode and the counter electrode. The
difference between the two variations of the indicator is highlighted in Figure 6.3a.
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Figure 6.3: (a) Schematic illustrating the difference between the symmetrical and asym-
metrical indicators, and (b) reflectance of working electrode of asymmetrical indicators
during activation with 3V. Data is shown for indicators activated until they reach 2, 4, 6,
8, and 10 mC.

It was more challenging to obtain a homogenous polymer film on the counter electrode
than on the working electrode. We tested multiple voltages and found that the most
uniform counter electrode films were formed using — 4.0 V see Appendix C.1. Thus, the
indicators are activated with 3.0 V on the working electrode, and then — 4.0 V on the
counter electrode (for symmetrical indicators). The indicators are always viewed and
evaluated from the side of the working electrode.

The change in reflectance for asymmetrical indicators during activation is shown in
Figure 6.3b. As the charge applied increases, a lower reflectance is reached, indicating
that more PEDOT was deposited. The time to form the film ranges from less than 2 s for
the 2 mC film to around 15 s for the 10 mC film.

89



CHAPTER 6. FULLY PRINTED IN SITU POLYMERIZED REVERSIBLE
INDICATORS

6.2.3 Contrast and Switching Time of Indicators

After activation, the contrast and switching time of the indicators were measured using the
protocol described in the materials and methods section. Figure 6.4a shows the contrast of
the asymmetrical indicators. The results are an average of three indicators, and the voltage
used for the switching time protocol was + 1.5 V. As the amount of charge used during the
activation increases, there is a decrease in both the minimum and maximum reflectance
values. The highest contrast is achieved in indicators formed with 6 mC of charge. Figure
6.4b shows the contrast of the symmetrical indicators. They show a similar trend to the
asymmetrical indicators with a maximum contrast occurring at 6 mC. However, at higher
activation charges (8 and 10 mC) some yellowing/browning is observed on the working
electrode after activation. This suggests there is a limit to how much PEDOT we can form
on the counter electrode without damaging the ITO-PEDOT on the working electrode.
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Figure 6.4: Contrast, as measured in A Reflectance at 600 nm, for asymmetrical indicators
activated with 2, 4, 6, 8 and 10 mC. Color-corrected digital images of their bleached and
colored states are above the plot. (b) Contrast, as measured in A Reflectance at 600 nm, for
symmetrical indicators activated with 2, 4, 6, 8 and 10 mC. Color-corrected digital images
of their bleached and colored states are above the plot. Indicators switched with +1.5 V
and data is shown for 0.5, 1, 2, 3, 5, 10, and 20 s pulses.

The switching speed for the 6 mC symmetrical and 6 mC asymmetrical indicators are
shown in Figure 6.5 for driving voltages of + 1.2 V and + 1.5 V. Three key differences in
their switching time and contrast are observed:
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¢ The symmetrical indicators have a lower overall contrast (34.7 A%R for symmetrical
indicators for 20 s at + 1.5 V, compared to 36.4 A%R for asymmetrical indicators for
20 s at + 1.5 V). While not visible to the human eye, the electrolyte is not completely
opaque (see Appendix C.2). Thus, for the symmetrical indicators, there is a slight
contribution of the counter electrode PEDOT film to the color of the indicator as
observed from the working electrode. To increase the electrolyte reflectiveness, more
TiO; could be added to the formulation, but this would change the rheology and
reduce the printability.

¢ The symmetrical indicators exhibit faster switching at both + 1.2 and + 1.5 V. With a
0.5 s pulse length, the symmetrical indicators have a 13.2 % higher contrast at + 1.2
V, and 4.4 % higher contrast at + 1.5 V.

e At + 1.2V, the symmetrical indicators show significantly higher contrast across all

pulse lengths.
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Figure 6.5: A Reflectance at different pulse lengths for 6 mC asymmetrical and symmetrical
indicators switched with +1.2 Vand + 1.5 V.

The difference in the switching times and contrast between the symmetrical and
asymmetrical indicators originates from the nature of the charge storage material used.
The charge storage material is critical to determining the overall performance of an ECD
[93], [95]. Asaredoxreaction takes place to change the oxidation state of the electrochromic
film on the working electrode, a simultaneous complementary redox reaction must take
place on the counter electrode.

For the symmetrical indicators a second PEDOT films acts as the charge storage
material, whereas for the asymmetrical indicators ITO acts as the charge storage material.
Electropolymerized PEDOT films can exhibit coloration efficiencies up to 180-190 cm? C1
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[237], [238], which gives rise to redox capacities in the range of 1-10 mC cm? depending
on the film thickness and contrast. In studies of ITO in PC solutions, Bressers and
Meulenkamp report an initial charge density for ITO films during cycling of 4 mC cm!,
however this rapidly decreases over 2 k cycles to around 1 mC cm™ [165].

Thus, for the asymmetrical indicators the device is likely to have an unbalanced
configuration, where the overall charge passing through the device will be limited by
the redox capacity of the ITO. Unbalanced configurations where there is excess charge
capacity on the electrochromic layer can result in higher switching voltages and can induce
additional reactions at the electrode or in the electrolyte [93], [94]. In ITO, this is often
characterized by yellowing or browning and a loss in conductivity due to irreversible
reduction [94], [97], [98], [142], [165]. So, while ITO may be a suitable charge storage
material for proof-of-concept devices, or when a long cycling lifetime is not required, it is
not ideal for applications where long-term stability and performance are a criterion. In
the case of the symmetrical indicators, the configuration should be fully balanced since
the same material is used on both electrodes and they are polymerized with the same

amount of charge.

6.2.4 Lifetime Cycling of Indicators

The previous sections in this study have focused on the activation and then the performance
of the indicators after only a brief pre-cycling protocol. However, commercial applications
can require that indicators undergo tens of thousands to hundreds of thousands of cycles.
Thus, it is critical to understand how the performance of the indicators evolves during
use.

Symmetrical and asymmetrical indicators activated with 2, 4 and 6 mC were cycled
for 100 k. The driving protocol consists of + 1.2 V pulses with 1 s at each polarity. The
contrast (measured in AE), the minimum L* value, and the maximum L* value during
this cycling period are shown in Figure 6.6. Almost all of the indicators exhibit an
overall increase contrast over 100 k cycles. For example, the 2 mC symmetrical and 2
mC asymmetrical indicators have an increase in contrast of 5.2 and 6.5 AE respectively.
The increase in contrast is attributed to the continued electrodeposition of PEDOT on the
working electrode during the cycling process. This can be observed via the decrease in
the minimum and maximum L* values (which indicates a darkening of both the colored
and the bleached states over time) and also in the color-corrected digital images of the
indicators shown in Figure 6.7a.

The extent to which the color states drift over time is dependent on the initial thickness
of the PEDOT film. For example, the 2 mC symmetrical and asymmetrical indicators
show a decrease in their maximum L* values of 9.01 and 8.20 respectively, whereas the 6
mC symmetrical and asymmetrical indicators only decrease by 0.38 and 4.67 respectively.
Another key difference between the indicators based on their initial film thickness is the
reproducibility between the triplicates. For the 2 mC indicators, the triplicates have a
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Figure 6.6: AE for triplicates of asymmetrical and symmetrical indicators activated with (a)
2mC, (b)4mC, and (c) 6 mC over 100 k cycles of + 1.2 V applied in 1 s pulses. Minimum and
maximum L* values for the same triplicates of asymmetrical and symmetrical indicators
activated with (d) 2 mC, (e) 4 mC and (f) 6 mC over 100 k cycles of + 1.2 V applied in 1 s
pulses.
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standard deviation of 0.52 AE for the symmetrical variation, and 0.31 AE for the asym-
metrical variation. These values are significantly higher for the 6 mC indicators, which
have a standard deviation of 2.15 AE for the symmetrical variation, and 5.27 AE for the
asymmetrical variation. Thus, regarding the starting PEDOT thickness, there is a trade-off
between the stability of the color states and the reproducibility of the indicators during
cycling. The 2 mC indicators show good reproducibility but have a visible drift in their
color states. On the other hand, the 6 mC indicators have a negligible drift in their color
state but have poor reproducibility.

(@) Working Electrode
Asymmetrical | Symmetrical
Number of Cyc/es
20k 50k 100k 20k 50k 100k

(b) Counter Electrode

Asymmetrical| Symmetrical
Number of Cycles
0k 100 k 0 k 100 k

. ||

Figure 6.7: Digital images of the (a) working electrode and the (b) counter electrode sides
of the indicators over 100 k cycles. Cycling was performed at + 1.2 V in 1 s pulses.

2mC

Oxidized Reduced

4 mC
State of Working Electrode

Oxidized Reduced

6 mC

Oxidized Reduced

6mC|4mC[2mC

In addition to the ongoing deposition of PEDOT on the working electrode, there is
also ongoing deposition of PEDOT on the counter electrode during cycling. This can
be seen in the digital images of the counter electrode, in Figure 6.7b, before and after
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the 100 k cycling period. The result of this is that over time the asymmetrical indicators
(which begin with only ITO on the counter electrode) turn into symmetrical indicators
(which have PEDOT on the counter electrode). This effect is most apparent in the 2 mC
asymmetrical indicators where there is an increase in contrast of 5.14 AE between the first
time point measured at less than 1 k cycles, to the second time point measured at 3.6 k
cycles. Using symmetrical indicators from the start avoids this abrupt change in their
performance during the early stages of use.

Cycling results for the same set of indicators over 100 k cycles with a driving protocol
of £ 1.5V with 1 s at each polarity are in Appendix C.3. As expected, with a higher driving
voltage all of the indicators have a higher AE, but the minimum and the maximum L*
values drift more significantly over time as the ongoing polymerization reaction is more
severeat+1.5V.

6.2.5 Use-Case Prototypes of Indicators

Graphical overlays printed by inkjet were designed to highlight envisioned use-case
scenarios for these indicators. Digital images of these prototypes are shown in Figure
6.8. Due to their low-cost manufacturing method, slim profile, fast switching, and long
cycling lifetime, they are well suited for integration into visual smart labels. In this case,
the indicators are used in smart warning labels, where they could flash on and off to alert

the user if there is a problem.

Temperature Warni Freeze Wartiing
Label L Label

1t @ flashing, It @ fashing, 1f @ flashing,
contents may be dammaged contents may be dammaged contents may be dammaged
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Figure 6.8: Digital images of 2 mC symmetrical indicators with smart label covers demon-
strating use cases for impact, high temperature, and freeze warning labels. Indicators are
switching with + 1.5 V in 0.5 s pulses.
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6.3 Conclusion

We have successfully reported fully printed electrochromic indicators incorporating an
in situ electropolymerization technique. To the best of our knowledge, this is the first
report on these two techniques being used in conjunction. The proposed method of
manufacturing is simple and cost-efficient — only requiring five printed layers — and the
final properties of the indicator can be optimized by modifying the voltage and charge
used to electrodeposit the electrochromic films. We demonstrate the production of two
variations of indicators: symmetrical and asymmetrical. The key difference between
them is that symmetrical indicators have PEDOT films electropolymerized on both the
working electrode and the counter electrode, whereas the asymmetrical indicators only
have a PEDOT film electrodeposited on the working electrode. The use of PEDOT as a
charge storage material in the symmetrical indicators lowers the operational voltage and
increases the switching speed compared to asymmetrical indicators: further highlighting
the importance of balanced electrode configurations in ECDs. In this case, is only possible
to produce symmetrical indicators due to the diffusely reflective and opaque nature of
the printable electrolyte, which blocks the complementary color transitions of the PEDOT
film on the counter electrode from the view of the user.

Compared to previous reports of in situ electropolymerized devices, we can achieve
a significantly longer cycling lifetime: up to 100 k cycles. This is again attributed to
the opaque nature of the electrolyte. Here continued electrodeposition of the unreacted
EDOT monomers during cycling results in an increase in contrast rather than a decrease
in contrast as previously reported for in situ electropolymerized devices [123]. The long
cycling lifetime and low-cost proposition of the manufactured indicators make them a
promising candidate for use in smart label applications. However, a present limitation of
this method of manufacturing is that they have only one pixel. To create displays with
more segments, one would either need to pattern the conductive substrate into multiple
electrically isolated regions that can be electropolymerized separately or use an array with
several indicators.

6.4 Materials and Experimental Methods

Electrolyte Composition: The electrolyte used is a modified version of what was reported
in [236]. The printable electrolyte (pQSPEv2) was formulated by adding 47.08 wt% ti-
tanium dioxide (TiOy; ~ 200 nm, rutile pigment with 2.30 % Al,O3 surface treatment),
to a mixing solution of PC:EC:LiClOy (0.57:0.26:0.18) with 2.02 wt% of a hyperbranched
polyester nanoparticle stabilization agent. The slurry was mixed at high shear rate (1000
rpm) using an overhead stirrer with a dispersing blade for 10 minutes, after which 11.98
wt% glycerol propoxylate-(1PO/OH)-triacrylate (GPTA) was added. After 10 min of
mixing, 18.26 wt% PVdF (molecular weight (MW) ~ 534,000 by gel permeation chro-

matography) was slowly added to the slurry while continuing stirring the formulation
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at 1000 rpm. High shear rate mixing was maintained for 24 hours. Finally, 0.50 wt% Ir-

gacure 819 photoinitiator and 2.00 wt% EDOT monomer were added and mixed for 2 hours.

Indicator Activation | In Situ Electropolymerization: In situ electropolymerization was
performed using a Metrohm Autolab PGSTAT100 potentiostat by controlling the charge
consumed while monitoring film formation on the working electrode at 600 nm. The
reflectance of the indicator was measured using an Agilent Cary 300 UV-Vis Spectropho-
tometer with an optical fiber coupler connected to a hand-held UV-Vis reflectance probe
with an Ocean fiber optics reflectance probe holder. An image of this set-up is shown in
Figure 5.6. A labsphere-certified diffuse reflectance standard was used as the baseline for
the measurements. Each indicator was preconditioned by cycling with +1.0 Vin 1 s pulses

for 8 minutes before any further tests.

Switching Time Analysis: The switching time of the indicators was measured using an
adaptation of the electrical pulse method proposed by Hassab et al. [120]. The switching
time was evaluated at 1.5V, and 1.2 V using an electrical protocol containing successive
cathodic and anodic pulses with increasing periods. Pulse lengths of 0.5s,1s,2s,and 3
s were repeated 10 times. Pulse lengths of 5 s and 10 s were repeated 5 times. The final
pulse length of 20 s was repeated twice.

Cycling Analysis: Indicator cycling lifetimes were evaluated by monitoring the color states
of the indicators over 100 k cycles. Cycling was performed with both £1.2 V and +1.5V (1
s pulse on each electrode). Digital images were captured inside a custom-made cycling
chamber with an IDS Imaging UI-3590CP-C-HQ Camera and then color-corrected using
an x-rite color checker in the frame of each image to output. The colors were converted
from RGB to the CIE L*a*b* color space and then the contrast AE was calculated according
to Equation 1.5.
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7

GENERAL CONCLUSION AND FUTURE

OuTLOOK

The concept of irreversible electrochromic indicators via in situ electropolymerization is still
relatively novel. While there are some industrial references in the form of patents and press
releases for such devices, there is little scientific literature exploring this topic. The work
presented in this dissertation takes several steps to advance the concept and application
of in situ electropolymerized irreversible electrochromic indicators. This includes a brief
discussion on their definition and market potential, a study on the properties of film
formation inside of solid-state GPE devices, improvements to the electrical, optical, and
environmental stability of the indicators, and the production of a final proof-of-concept

smart label.

In an initial investigation, a comparative study on the electrodeposition of EDOT in a
UV cross-linkable EO-PO-AGE terpolymer GPE and a liquid electrolyte was performed.
This work confirmed some observations that have been reported in previous reports
of in situ electropolymerization: namely that the use of a GPE not only influences the
electrodeposition but can assist in film formation. In this study, this was embodied by a
reduction in the overpotential required to deposit the polymer film and an increase in the
efficiency of the process. Potential step methods performed in a 3-electrode cell showed
a distinctive difference between the current-time transients obtained in the gel media
compared to the liquid media for the deposition process. Further, the activation kinetics
and CE of EDOT based indications were characterized over a broad range of applied
potentials. By delaminating and analyzing the electrodes of the device after activation,
it was shown that the reduction reaction on the PET-ITO counter electrode constitutes a

significant proportion of the overall color change.

Modifications to the electrical and optical properties of the indicators were achieved by
careful selection of the monomer precursor species. Multichromic films were demonstrated
in indicators by using mixtures of EDOT and pyrene, as well as EDOT and anthracene.
This approach yielded a broad range of colors, including green, yellow, orange, and red.
From an electronic perspective, utilizing long-length oligomers as the starting species can
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directly lower the E, and increase the CE. This was effectively demonstrated for EDOT,
and its dimer biEDOT, as well as for the dimer and trimer of thiophene, bithiophene and
terthiophene. However, there is a trade-off between some of the desired properties. For
example, while biEDOT indicators present the lowest E, from all the monomers tested, it
proved to be unstable over time and when exposed to heat.

Thus, one of the key areas identified for further improvement of the irreversible
indicators is their environmental stability. For all of the indicators tested, long-term
exposure to 60 °C resulted in a gradual yellowing of both the active area and the inactive
area. The best performance was seen with terthiophene-based indicators, although they
still exhibited a decrease in both their inactivated transmittance and their contrast after a
147-day exposure period. Testing with commercial antioxidants and stabilizers in EDOT
indicators showed limited improvement. It is recommended that future developments to
improve the commercial viability of this format of irreversible indicator focus on improving
barrier properties and thermal stability of the substrates and encapsulants used.

A demonstration of the application of irreversible electrochromic indicators was made
by assembling a smart label with printed SCs and a chemical thermal sensor. This label was
successful in activating both EDOT and terthiophene during a negative temperature ramp.
The results of this study are promising, but also highlight the need for improvements to
all of the components used. Key limitations to the smart label prototype in its current state
are its large size, and the time required to fully activate the irreversible indicator. Further
advancements should also target the mechanical durability and environmental stability
of the full system.

While the primary goal of this dissertation was the development of irreversible elec-
trochromic indicators, many of the findings around in situ electropolymerization can
also be applied to the manufacturing of reversible electrochromic indicators. The final
embodiment of this dissertation focused on developing fully-printed electrochromic indi-
cators, utilizing in situ electropolymerization as a simplified technique for depositing the
electrochromic and charge storage films. Ultimately the indicators were able to perform
100,000 cycles of reversible switching with minimal degradation to their performance,
highlighting the viability of in situ electropolymerization for commercial electrochromic
device manufacturing. This work is a critical contribution to the field of electrochromics

since the manufacturing of fully printable displays remains an ongoing challenge.
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Figure A.1: Digital images of (a) non color corrected, and (b) color corrected irreversible
electrochemical indicator with a color checker.
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Figure A.2: T(jmax) vs. applied potential at (a) 60 s, and (b) 120 s for electropolymerization
of 25 mM EDOT in liquid and gel electrolytes.
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Figure B.1: Digital images of counter electrode from 25 mM EDOT devices activated at (a)
-20 °C, (b) 20 °C, and (c) 50 °C.
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Figure B.2: Temperature and humidity of oven during the first 28 days of the long-term
stability testing.
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Figure C.1: Images of the counter electrode. of indicators activated at 3.0 V with 6 mC on
the working electrode, and then 6 mC on the counter electrode at the specified voltage.
The smoothest counter electrode films are observed when - 4.0 V is used.
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Figure C.2: QSPEv2 electrolyte transmittance spectra. The electrolyte is not 100 % reflective

with 20 - 30 % of the light in the 450 — 800 nm range passing through the electrolyte film.
Below 450 nm, the amount of light passing through increases.
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Figure C.3: AE for triplicates of asymmetrical and symmetrical indicators activated with (a)
2mC, (b)4mC, and (c) 6 mC over 100 k cycles of + 1.5 V applied in 1 s pulses. Minimum and
maximum L values for the same triplicates of asymmetrical and symmetrical indicators
activated with (d) 2 mC, (e) 4 mC, and (f) 6 mC over 100 k cycles of + 1.5 V applied in 1 s
pulses.
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