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Abstract

Abstract

Naphthalene diimides (NDIs) are a class of small organic molecules that exhibit
electrochromic (EC) behaviour, undergoing strong, reversible colour changes in response to
an applied electrical potential due to the formation of a radical anion. By modifying the NDI
structure with different substituents, the optical and physical properties of the material can
be tuned. Incorporating amino acid groups yields water-soluble NDIs with favourable
electronic and EC properties, enabling device fabrication without the use of harmful organic
solvents. However, their application has largely been limited to solution-based devices,
which restricts broader implementation, making the development of solid-state NDI films a

desirable goal.

We synthesised a series of water-soluble NDI derivatives with different amino acid
substituents and studied how the side chains influenced solubility, self-assembly, and radical
anion formation. As pH-dependent self-assembly is known to affect the performance of our
materials, cyclic voltammetry (CV) and UV-vis absorption spectroscopy were used to assess
the electronic and EC properties of the materials in solution and to identify the optimal pH
for device construction. The NDIs were then combined with hyaluronic acid and processed
into EC films wusing doctor blade coating, which were evaluated using CV,
chronoamperometry, and absorption spectroscopy. Two of the films showed particularly
strong performance, undergoing reversible colour changes upon reduction, and were selected
for further investigation. To overcome the limitations of conventional spectroscopic methods,
computer vision analysis software was used to monitor the EC response of the films in situ,

offering a valuable advancement in the study of EC materials.

Next, we optimised the NDI films by altering the parameters of film construction. Four
variables were investigated: solution formulation, film thickness, annealing time, and
substrate resistivity. Each parameter was systematically adjusted and the behaviour of the
film was then evaluated using CV, chronoamperometry, and absorption spectroscopy to
assess redox behaviour. Nanoindentation was used to measure mechanical properties. The
optimised films were used to construct flexible EC devices, which were tested following
bending. Following this approach, we successfully produced films that underwent a
reversible transparent-to-black colour change and remained mechanically robust after

multiple bending cycles. Notably, these improvements were achieved without additional
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synthesis or film additives, offering a cost-effective and streamlined approach to film

optimisation.

Finally, we explored the effect of different alkali metal counterions on the EC and
mechanical properties of the NDI films. NDI solutions were prepared using various alkali
hydroxides, and their self-assembly was investigated using small-angle neutron scattering.
The choice of counterion was found to directly influence aggregation, with absorbance
measurements indicating that these aggregates persisted into the solid state. Using CV,
chronoamperometry, and absorption spectroscopy, we demonstrated that counterion
selection significantly impacted the electronic and EC properties of the films, with larger
counterions generally yielding improved performance, such as faster redox rates and greater
colour changes. Mechanical properties were again evaluated via nanoindentation, where the
choice of counterion was found to impact elasticity. These findings further highlight the
tunability of amino acid-functionalised NDIs and support the continued development of

high-performance, flexible EC devices.

Overall, this work demonstrates the potential of amino acid-appended NDI films for use in
EC devices. We emphasise the tunability of our materials, with small alterations to film
parameters allowing us to achieve films with properties similar to those of existing EC
materials, while also maintaining processability in water. The work described herein presents
an environmentally friendly and commercially viable approach to film construction, which

we hope will guide future EC device development.
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Chapter 1: Introduction

1.1 Electrochromism

Chromogenic materials undergo a reversible colour change in response to the application of
an external stimulus.!? These materials have been commercially implemented in a variety
of devices and technologies where a controllable change in colour is desirable, including

10-14 and sensors.!>!7 This change can be

electronic displays,*® textiles,”” smart windows,
brought about by several possible stimuli: temperature variations (thermochromism);'® light
exposure (photochromism); mechanical pressure (piezochromism);!® electrical potentials
(electrochromism), changes to solvent (solvatochromism),?° pH (halochromism),?! binding
with ions (ionochromism),??> or due to the presence of specific chemical agents
(chemochromism).?> The stimulus causes a change to the electronic, physical,

1,>* altering the optical properties of the

conformational, or crystal structure of the materia
material in such a way that a noticeable colour change can be observed.?* More specifically,
the material undergoes a change in ultraviolet-visible-near infrared (UV-vis-NIR) of the
electromagnetic (EM) spectrum, giving rise to a change in colour that is detectible by eye.?®
For a reversible chromic response, when the stimulus is removed, or its effects reversed, the
material regains its initial properties resulting in restoration of the original colour.
Electrochromic materials (ECMs) have advantages over other chromic materials as an

electrical potential can easily be applied, giving precise control over the colour change than

when other stimuli,?” such as temperature or pH, are utilised.

Electrochromism is the phenomenon by which a reduction-oxidation (redox) reaction results
in a colour change.?® Reduction and oxidation refer to the process by which a material gains
or loses valence electrons, respectively, compared to its ground state resulting in a change to
its oxidation state (excited state).?” For ECMs, the application of an external electrical
potential causes a change to its oxidation state, which in turn alters its optical properties.?8-3°
Upon performing redox chemistry, these materials can go from one coloured state to a
differently coloured state, such as from a colourless to a coloured state. In these instances,
the material absorbs weakly within the visible region prior the application of the electrical
potential, resulting in a colourless material.’'3 By performing the necessary redox
chemistry, the material then absorbs within the visible region, resulting in the colourless-to-
coloured transition. Alternatively, ECMs can go from one colour to a different colour, caused
by two distinct absorption profiles within the visible region before and after it undergoes a
change in oxidation state.**% For polyelectrochromic materials it is possible to

electrochemically access more than two oxidation states.>*3
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1.2 Applications of Electrochromic Materials

ECMs have found use in a wide array of technologies and devices, with the nature of their
colour change influencing where they are ultimately implemented. For example,

36-39 where a

electrochromic devices (ECDs) have been extensively used in smart windows,
transparent-to-dark transition is desirable. As the building and construction industries
account for almost one-third of global energy consumption, with large amounts of energy
being expended on heating, ventilation and air conditioning (HVAC), energy-efficient
buildings are an integral part of achieving carbon neutrality.*® Smart windows operate by
regulating the amount of light and heat that can enter a building by adjusting their optical
transmissive properties, regulating the internal temperature and lowering HVAC energy
consumption while also providing comfort for individuals inside.***? Electrochromic (EC)
smart windows function by applying an electrical potential, changing the opacity of the ECM
as the oxidation state of the material is altered. Guo ef al. described the formation of titanium
oxide-based electrochromic smart windows that undergo a colourless-to-dark transition upon
the application of an external voltage (Figure 1.1).** EC smart windows based around
transition metal oxidises have found commercial successes,**** however ECDs based around
electroactive polymers and small organic molecules have also been used in device
construction.*> The different categories of ECMs, and their corresponding advantages and
limitations, will be discussed later in this chapter. Beyond energy-saving applications, smart
windows can also be utilised in the formation of privacy glass and anti-glare

technologies.741:45:46

(a)

i A'V_‘: R -.“'ﬂ'
Figure 1.1. Images of TiO2x nanocrystal film in the (a) bright, (b) cool and (c¢) dark states.

The bright, cool and dark state is achieved via the application of 3.5 V, 1.8 V and 1.5V,
respectively. Adapted from Guo et al. (published under CC BY).*?
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ECMs have also found use in electronic displays, offering an alternative to traditionally used
light emitting displays, such as light-emitting diodes (LEDs),*’ quantum-dot light-emitting
diodes (QLEDs),*® and liquid crystal displays (LCDs).* Due to the unique advantages
afforded by ECMs, EC displays are growing in popularity. Whereas light-emitting displays
function via chemical luminescence,’® wherein energy is released as photons that are
detectible by eye, EC displays function using the subtractive colour mode.? While improving
outdoor readability, EC displays are also more eye friendly as they avoid the radiation of
strong blue LED light,>>-! the extensive use of which has been shown to cause damage to
the eye. Furthermore, EC displays also show flexibility,* foldability,”! and compatibility
with a variety of substrates including glass,>® paper,* plastic,’® and textiles,’® all of which
mean that EC displays show great promise for use in portable wearable optoelectronic
devices. EC displays also exhibit lower energy consumption than other displays due to their
optical memory,> wherein the material can maintain a coloured state for an amount of time
after the electrical bias is removed, meaning a constant energy supply is often not required.
Zhang et al. reported the development of transparent zinc-sodium vanadium oxide (Zn-SVO)
ECDs (Figure 1.2).°" These devices feature the ability to operate the two electrodes
independently of each other, allowing for the utilisation of two EC layers, which can exist
in the same or differently coloured states. Using this approach, they were able to create
displays that could be reversibly switched between several coloured states while maintaining

high optical transparency and energy efficiency.

(a) ‘ (b) Sonee T ' N Onge (eovances) ()
50 — L‘;':':- Sel-colourabon
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Figure 1.2. (a) A schematic illustration of Zn-SVO EC display. (b) Schematic representation

of colour overlay effect via combination of colour at the upper and lower electrode. (c¢) The
transmittance of the display under different coloured states. (d) Photographs taken of display
while in the different coloured states. Adapted from Zhang et al. (published under CC-BY).>’
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Despite the advantages of EC displays, they possess higher performance requirements than
other ECDs in other applications such as in smart windows, sensors, and privacy glass. For
example, when used for display purposes, it is vital that the ECD shows very fast response
times, long-device lifetimes, and particularly high levels of optical contrast as to provide a
comfortable reading experience®. As it has been found difficult to reliably meet such

requirements, the wide-scale applicability of EC displays remains limited.

EC materials have also found use in sensing applications. A chemical sensor is defined as a
device or instrument that can respond to a particular analyte in a specific and reversible
way,”® causing the generation of a measurable analytical output,®® such as an electrical signal,
that can be used to determine the presence, concentration, or quantity of the analyte.
Electrochemical sensor technology is a vital component of modern analytic chemistry, and
offers many advantages over traditionally used analytic methods, including low-costs, ease
of operation, portability, sensitivity and selectivity.®® EC sensors function by visually
changing colour in response to an analyte, thereby giving quantifiable information to the
user by eye.’'®? EC sensors offer two key advantages over traditionally used chemical
sensors. As they can easily be powered by simple voltage sources and provide a direct optical
output on sensor performance, this allows for the both the simplification of the
electrochemical instrumentation while also minimising energy consumption.®*** Many
electroactive compounds that have been traditionally used in the construction of
electrochemical sensors, such as organic-conductive polymers and metal oxides, show
chromic behaviour and could therefore be adapted to function as EC sensors.5¢7 Current
applications of EC sensors include gas detection and the monitoring of biological process

for healthcare purposes,®>8-6?

such as evaluating pH and glucose levels. Despite the promise
of EC sensors, implementation of such devices remains limited due to the necessity of
spectroelectrochemical (SEC) techniques in the development of such materials,’® however
the wide-scale adoption of SEC techniques remains limited due to the increased difficulty of
operation and higher instrument costs.®* Pellitero et al. described the construction of
quantitative self-powered biosensor based on the dye Prussian blue.”! Self-powered sensors
can generate their own energy from the sample itself or from its surroundings. Such devices
commonly depend on silicon-based electronics;’>’*> however their broad implementation is
limited by cost and complexity of construction.”! Using EC materials, one can simplify

device construction and negate the use of silicon-based electronics. To this end, the authors

constructed a glucose-biosensor horizontally coupled to the Prussian blue display, designed
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as a distance-meter that is directly proportional to the glucose concentration of the sample.
Vertical-based displays, wherein the anode and cathode face each other,”* require a
spectrophotometer to quantify the concentration of the analyte as the colour change occurs
simultaneously across the entire surface area. The device described by the authors
circumvents this issue by avoiding overlap between the anode and the cathode, allowing the
device to function as a visual colorimeter. The operating principal of this device is
represented graphically in Figure 1.3. As the concentration of the analyte increases over time,
the charge that is consumed at the cathode increases, causing a progressive colour change
(caused by the reduction of Prussian blue into Prussian white) across the surface of the
electrode, following the path of least resistance. This colour change can be monitored by eye,
from which the user can directly observe the concentration of the analyte present. This is a
breakthrough in the development of self-powered sensors and demonstrates the applicability

of EC materials beyond colour changing windows and displays.

C) [ A
( Transparent electrode —\—
Electrolyte

Biosensor (anode)

. {External circuit___}——

J Transparent electrode

Electrolyte Electrochromic material (cathode) |

Biosensor (anode)

{ {"External circuit

Transparent electrode

A
—\r—
Electrolyte Electrochromic material (ca,lhj_
AA AAA AAA——AAA AAA

Biosensor (anode)

{___External circuit __}—

Figure 1.3. An EC Prussian blue-based biosensor and its operating principal. (a and b)
Photographs of device. (¢) Schematic representation of the device. Adapted from Pellitero et

al. (published under CC-BY-NC)."!

1.3 Electrochromic Materials

1.3.1 Metal-Based Devices

Transitional metal oxides (TMOs) have traditionally received much attention in the
development of ECDs due to their excellent chemical and physical properties.*> Oxides of
tungsten, titanium, iridium, nickel, and molybdenum show desirable EC behaviour,”>""
among others. Tungsten trioxide (WO3) is one of the most widely used and extensively

6
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studied ECMs on account of its fast-switching times, strong colouration and cyclic
stability,*” and has found commercial success in information displays,?' sensors,*? and smart
window technologies.®*> By applying a small negative potential, these materials undergo a
colourless-to-dark transition, corresponding to a change in the transmission profile (Figure
1.4).3* When an oxidising potential is applied, the material can reform its initial colour.
However, despite the evident EC behaviour of TMOs, there are several drawbacks to their
applicability in future device construction. Firstly, it has been found to be difficult to develop
a TMO-based device that simultaneously shows both high-colouration efficiencies and fast
response times while also retaining good flexibility.®> This is important when considering
the applicability of colour-changing devices in flexible and wearable electronics; if the
material lacks sufficient mechanical properties to be subjected to mechanical bending, for
example, this will limit its real-world applications. Next, as solution processability allows
for more simplified device construction through large-scale printing,®® it is desirable that the
ECM is processable in solvents that are neither environmentally harmful nor dangerous.
Water is the preferred solvent in this regard as it is non-toxic, abundant, easily accessible,
and is a more sustainable resource than commercially used organic solvents. Many TMOs
are insoluble in water, and their use is therefore undesirable.’” Finally, the mining of
transition metals is environmentally damaging and unsustainable.®® For these reasons it is

desirable to utilise other materials for ECDs.
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1.3.2 Organic Electrochromic Materials

Organic compounds offer several advantages over traditionally used TMOs when developing
ECDs. Organic compounds can be generated from renewable feedstocks and are often less

toxic than transition metals.®® Additionally, organic ECMs can often be easily synthesised
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and offer tunability of their physical and electronic properties via modification of their
chemical structure.?®%® However, such materials can offer poor durability and lifetimes,”
and as such their development and research remains limited,”' preventing their large-scale
implementation into commercial devices. When considering the durability of a device two
aspects must be considered, the electrochemical reversibility of the materials and the long-
term durability of the device.”! While many organic EC materials meet the acceptable
requirement of electrochemical reversibility (<10* redox cycles),”>”* the lifetimes of the
materials are often poor once assembled into a device.”! As such, contemporary research has
focused on the development of organic electrochromic materials (OECMs) that show
desirable durability and calendar life comparable to that of metal-based devices. Gu et al.
showed the development of organic electrochromic devices (OECSs) based on in-situ
photocurable materials.”! The authors successfully designed several EC materials with each
comprised of a p-phenylenediamine-substituted rhodamine derivative groups (RhNNEs) and
methacrylate groups, with the former acting as the EC component of the molecule and the
latter functioning as the active polymerisable units. When used in conjunction with
comonomers, crosslinkers and a photoinitiator, the authors were able to successfully prepare
a stable network polymer film on the surface of the electrodes using UV photopolymerising
and photocrosslinking reactions. These films showed very promising behaviour including
strong adhesion with the electrode, good stability, and long calendar lifetimes, as did the
related ECDs. However, the material was only soluble in organic solvents, namely
dichloromethane (DCM). As discussed previously, the use of organic solvents is problematic
when considering the manufacturing and implementation of these devices on a large scale.
Indeed, many other comparable state-of-the-art devices also show solution processability in

organic solvents.”*?> Development of water-soluble OECMs therefore remains vital.

RhNNE-B RhNNE-M RANNE-G

A,
&

-’

2

RhNNEs

=" \ \
=l "H "l

R1=R3=N(p-butylphenyl),, Ro=H

RhNNE-M 0 ‘
Ry=Ry=N(Et), Ry=H " = |
o
) Ry=R5=OCH3, R,=H |
el 55
RhNNE-G

R;=CH3, R;=phenylamino, 40

Rs=N(n-Bu),
Wavelength (nm)

Figure 1.5: (a) The chemical structure of RhNNEs. (b) The transmittance spectra and

Pl

&

ol
o 2
5

PCET*baged
’/”O’Wsm
Z I
Ep
&

electrocpy

T (%)

In situ 25

photocuring 40 60 750 4% 60 730 4% 60 750 40 &0 750

corresponding photographs of RhNNEs-based ECDs in their colourless and coloured state.
Adapted from Chem, 9, C. Gu, S. Wang, J. He, Y.-M. Zhang and S. X.-A. Zhang, “High-
durability organic electrochromic devices based on in-situ-photocurable electrochromic

materials”, pp. 2841-2854, Copyright 2023, with permission from Elsevier.”!



Chapter 1: Introduction

1.3.2.1 Electrochromic Conjugated Polymers

Conductive conjugated polymers have emerged as a promising alternative to traditionally
used inorganic-based materials due to their ease of synthesis, tuneable electronic properties,
flexibility, scalability, and low power consumption and production costs.”®*° here are several
main classes of EC polymers, including poly(thiophenes), poly(anilines), poly(fluorenes),
and poly(pyrroles), among others. (Figure 1.6a-¢).!°>"1% EC polymers have found use in

thin-film transistors, OLEDs, smart windows, stealth coatings, optical shutters, camouflage,

105-111

and as biological probes, among other examples.

() (b) (©)
W\
S ) ﬁ n

Figure 1.6. Chemical structure of the EC polymers (a) poly(thiophene), (b) poly(aniline),

N
H n

(¢) poly(fluorene), and (d) poly(pyrrole).

EC polymers have been found to have long lifetimes, stable oxidation states, high levels of
optical contrast, and the ability to undergo a great number of switching cycles.! Unlike
conventional organic compounds, EC polymers can facilitate the flow of charge, resulting in
efficient EC switching.”® Moreover, on account of their flexibility they can be utilised in
bendable and wearable devices like smart watches or health monitors and can be easily
applied to uneven surfaces.!%!2!113 Fyrthermore the chemical structure can be modified to
easily access materials with different optical properties, allowing synthetic tunability of
colour.”® Additionally, EC copolymers can be formed, wherein there is more than one type
of EC monomer unit present within the polymer chain.!'*!!> By changing the ratio of the
monomer units within the polymer, a wide array of colour can be accessed. Christiansen et
al. showed a series of terpolymers based on repeating units of a dialkylthiophene, 3,4-
propylenedioxythiophene, and dimers of 3,4-ethylenedioxythiophene.!!® By controlling the
monomer ratio, the authors were able to generate EC polymers of a variety of colours (Figure
1.7). There are some limitations associated with EC polymers and their wide-scale
implementation, namely the difficulty in processing and the requirement for organic solvents.
Despite much work being done into the development of water-soluble EC polymers, organic
solvents are often required. While the colour of the polymer can be synthetically tuned, it is
extremely difficult to predict if the modified monomer structure will be able to polymerise.

Additional variables like dispersity and batch-to-batch variation are similarly difficult to

9
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control, resulting in inconsistent EC performance.!!!'8 Additionally, many EC polymers
have a coloured initial state and a coloured final state. This is not ideal for applications like
smart windows or glass, where a transparent initial state is desirable. Many EC polymers
also show limited long-term stability, environmental sensitivity, low-conductivity, and slow

switching speeds.!!"”

X\ -y. "L 7 s /2
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40000008

Figure 1.7. The repeat structure of a random copolymer containing dialkylthiophene (orange

monomer unit), 3,4-propylenedioxythiophene (purple monomer wunit) and 3,4-
ethylenedioxythiophene (blue monomer unit), showing the ratio of monomer ratios required
to produce different colours in the neutral state while maintaining a transmissive oxidised
state. Adapted with permission from D. T. Christiansen, S. Ohtani, Y. Chujo, A. L. Tomlinson
and J. R. Reynolds, Chem. Mater., 2019, 31, 6841-6849. Copyright 2019 American

Chemical Society.!!®

Poly(thiophene) derivatives have gained particular interest in the development of ECDs due
to its high electrical conductivity, stability, tunability, and solution processability.'?*"12* Of
these derivatives, poly(3,4ethylenedioxythiophene) (PEDOT) has found the most success in
ECD construction. The EDOT monomer has two alkoxy substituents in the 3 and 4 positions
of the thiophene ring. As a result, the electron donating oxygens can stabilise both the free
radicals and positive charges formed within the polymer backbone following oxidation.!'?°
PEDOT therefore shows a high degree of stability in the doped state and excellent
conductivity. While PEDOT is poorly soluble in water, by combining it with the anionic

surfactant poly(styrene sulfonate) (PSS) it can be successfully dispersed in aqueous media.”®

10



Chapter 1: Introduction

PSS also functions as a counterion, balancing the charge formed by the PEDOT during
oxidation (Figure 1.8a).'”* PEDOT: PSS is arguably the most successful EC material on
account of its excellent electrical conductivity, which can be further improved by secondary
doping or solvent treatment, versatility of use, and its film forming properties.'?>"'?” Upon
oxidation, PEDOT:PSS changes from lightly coloured material (Figure 1.8b).!?® Despite its
promising EC behaviour, PEDOT:PSS does show some limitations including mechanical
failure under stress and large batch-to-batch variability in electronic and physical
properties.!'®12° Additionally, on account of the labile protons on the sulfonic acid groups of

the PSS, the solution becomes acidic which can result in device damage and failure.
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Figure 1.8. (a) The chemical structure of PEDOT:PSS. (b) The transmittance of

PEDOT:PSS film in the neutral (dark blue line) and oxidised state (light blue line). The insert

images show the film in the different oxidation states. Adapted from Lavasseur ef al.

(published under CC BY).!3°

1.3.2.2 Small Organic Molecules

In recent years, small organic molecules have gained popularity as promising candidates for
the development of ECDs, offering several advantages compared to conductive polymers
and inorganic compounds. Small organic molecules often show a high degree of optical
contrast, simple synthetic routes, low-toxicity, highly tuneable physical and electronic
properties, and low costs.>!3! Examples of EC small molecules include derivatives of
viologens,'*? naphthalene diimides (NDIs),'** anthraquinones,'** tetrathiafulvalenes,'* and

bipyridines (Figure 1.9).'%
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Figure 1.9. Chemical structure of (a) viologens, (b) naphthalene diimides (NDIs), (c)

anthraquinones, (d) tetrathiafulvalenes, and (e) bipyridines.

Viologens, also called 4,4'-bipyridinium salts, are among the most widely studied classes of
organic EC materials and have been utilised in a wide array of technologies including in
smart windows, colour-changing displays, textiles, and biological sensors.!*”13® Viologens
exhibit three reversible redox states. Upon the application of an electrical potential,
viologens can reversibly switch between the dicationic (V?"), radical cationic (V") and
neutral state via gain or loss of electrons (Figure 1.10). The radical cationic species is
typically well stabilised in the solution or gel phase and remains soluble in organic
solvents.!*? The dicationic state is typically colourless or yellowish in colour, while the
radical cationic state can be violet, blue, red, or green.!*”!3° The neutral state is commonly
also colourless or yellowish in colour. By modifying the nitrogen substituent (R1 and R2)

one can access materials with a wide array of physical, electronic, and optical properties.'*’
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Figure 1.10. The chemical structure of viologen in the dicationic (left), radical cationic

(middle) and neutral (right) state.

Ling et al. described the formation of an air-stable and high-optical contrast solution state
ECD based on the novel viologen derivative DPB (Figure 1.11a).!*? The thiophene moiety
was added to stabilise the radical cation formed following the first electrochemical reduction
and to narrow the band gap of the © -to- ©* transition, causing a significant bathochromic
shift relative to viologen-based materials prepared without thiophene. The device exhibited

a high level of optical contrast and a strong magenta colour in the reduced state following
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reduction (Figure 1.11b). The device was stable upon redox cycling, showing only a small
drop in optical contrast after 5000 seconds of constant switching between the dicationic and
radical cationic state (Figure 1.11c). Importantly, the device performed well under normal
air atmosphere owing to the stability of the radical cationic species. Despite the promising
EC behaviour displayed by DPB, and other viologen-based materials, there are several
limitations to their large-scale commercial implementation. Viologens often display poor
solubility in aqueous solutions following reduction,'#’ thereby requiring flammable and
environmentally harmful organic solvents in device construction. Additionally, viologens are
known to be highly toxic and their use can result in damage to both human health and the
environment.®*137 While the appeal of small organic EC molecules like viologens is apparent

b

identifying a material that is both water soluble and biologically safe is desirable.
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Figure 1.11. (a) Chemical structure of DPB. (b) Photographs taken of tltl(: solution in the
dicationic (left) and radical cationic (right) state. (¢) The transmittance of the DPB device at
517 nm over 5000 seconds of constant redox cycling. Adapted from Journal of
Electroanalytical Chemistry, 851, H. Ling, X. Wu, K. Li, F. Su, Y. Tian, D. Luo, Y. J. Liu
and X. W. Sun, “Air-stable, high contrast solution-phase electrochromic device based on an

A-D-A viologen derivative”, 113447, Copyright 2019, with permission from Elsevier.!*

NDIs are a class of aromatic planar molecules, characterised by their chemical robustness,
low-toxicity, electron deficiency, thermal and oxidative stability, and the ability to undergo

reversible redox reactions,'#!:14?

and in recent years have found use in photovoltaics, optical
devices, solar cells, light emitting diodes, and ECDs.%%!33:142143 Dye to the high electron
affinity and extended m-system displayed by NDIs, the radical anion is well stabilised and
therefore forms readily. This reduced species is generated by electron transfer or photo-

induced electron transfer. The radical anion absorbs strongly with in visible and near infrared
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region of the electromagnetic (EM) spectrum, thereby resulting in the compound being
strongly coloured.'** Conversely, NDIs in the neutral state show strongest absorption in the
UV region of the EM spectrum and as such are often colourless. NDIs therefore show strong
EC behaviour, making them viable candidate in the development of ECDs. Importantly NDIs,
like other rylene dyes, are capable of self-assembling in solution, which can have a
significant effect on the electronic and EC properties of the material.!**!4* This is discussed

further later in this Chapter.
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Figure 1.12. NDI in the neutral I(left), radical anion (Iﬁiddle) and dianionic (right) state.

The chemical structure of the NDI can be easily modified to produce materials with a variety
of optical, physical, and electronic properties. This structure can be changed via
functionalisation of the naphthalene core, which typically leads to a drastic change in the
absorption profile.!*>!4>1%¢ Quinn et al. showed that functionalisation of the naphthalene
core with morpholine substituents resulted in a significant change in the visible region of
EM spectrum.'* The monobromo-NDI showed a light-yellow colour when dissolved in
chloroform with the colour changing from pink (monosubstituted) to blue (disubstituted) to
purple (tetrasubstituted) upon successive additions of the morpholine moieties. This is
consistent with other studies performed on core substituted NDIs, with the incorporation of
electron donating groups like amines having a significant effect on the optical properties of
the material. The electronic properties of the solutions were also affected by the addition of
the morpholine units. As the number of electron donating groups increased there was a
systemic shift of the reduction potential to more negative values. However, modification of
the NDI core is often synthetically challenging, involving multi-step synthesis and harsh
conditions, limiting their commercial appeal.'*’!*® Furthermore, core-functionalised NDIs
are also typically produced in low yields,'* limiting their wide-scale implementation into
ECDs. Previous work has shown that functionalisation of the NDI core can significantly
impact the EC properties of the material, with some derivatives losing the ability to form the

radical anion, either photo- or electrochemically.'*’
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Figure 1.13. The chemical structure of the mono- (a), di- (b), v:r:rl g:g:ra (¢) morpholine
substituted NDI. (d) Images take of the different NDIs in chloroform showing (left to right)
the monobromo-NDI and the mono-, di- and tetra morpholine substituted NDI. (e) The UV-
vis absorption spectra of the mono- (), di- (—), and tetra (—) morpholine substituted NDI.

Adapted with permission from Quinn et al, copyright 2017 John Wiley & Sons, Inc.!#°

While functionalisation of the NDI core is often synthetically challenging, substitution at the
imide position can more easily and readily be utilised to alter the properties of the material.
Indeed, this approach has been extensively utilised to manipulate the optical properties, the
solubility, and the aggregation of the NDI. 33141142144 Ag previously discussed, achieving
water solubility is a key requirement in the development of future EC materials. One such
approach used by our group involves functionalisation of the NDI at the imide position with
amino acid groups like valine (NDI-V) (Figure 1.14a).!**!* The carboxylic acid groups of
the amino acids can be easily deprotonated, rendering the NDI water soluble. Deprotonation
of the carboxylic acid be achieved by increasing the pH of the solution via the addition of an
aqueous base like sodium hydroxide (NaOH), thereby forming the corresponding charged
carboxylate group and increasing its solubility in water. This allows for production of NDI-
based devices without the need for organic solvents. Additionally, amino acid-appended
NDIs have been shown to have strong EC behaviour, capable of reversibly forming a large
amount of the radical anion and undergoing a colourless-to-dark transition (Figure 1.14b).!**

For this reason, amino acid-appended NDIs have emerged as a promising candidate in the

development of future ECDs.
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Figure 1.14. (a) The chemical structure of NDI-V. (b) Photographs of NDI-V solution prior
to the application of an electrical potential (left) and after application of -2.5 V for 10 seconds.

Adapted from Randle et al. (published under CC BY).!#

1.4 Micellar Dispersions and Films

1.4.1 Micellar Dispersions

The field of supramolecular chemistry is focused on the design and construction of large and
complex supramolecules formed from smaller building blocks, which are held together
through non-covalent intermolecular interactions.!>® These interactions are weaker than
covalent bonds, and examples include Van der Waals forces, dipole-dipole interactions, m -
to- 7 interactions, and hydrogen bonding.!*! Self-assembly is the process by a disordered
system consisting of relatively small and simple subunits with complementary
functionalities interact in solution due to intermolecular interactions, resulting in the
formation of large, complex and thermodynamically stable supramolecular structures.'>%!%?
Self-assembly can occur spontaneously or in response to a trigger, like pH.">*!%% Different
types of structures can form during self-assembly, with the nature of the structure being
dependent upon the molecule, the nature of the interactions, and the environmental
conditions. These structures can vary drastically in complexity and length scales and
ultimately determines the properties and function of the resulting assembly.'>> A variety of
aggregate shapes can be formed including spheres, cylinders, fibrous structures, lamellar
aggregates, and amorphous structures, among others.!**!>* Self-assembled structures are
untilled across a wide array of technologies including in nanoelectronics, drug-delivery

systems, sensors, solar cells, and environmental remediation.'>>!%

Micelles are a category of self-assembled colloidal structures that form when amphiphilic
molecules aggregate in a solvent, typically water.!®® Amphiphilic molecules contain both

hydrophobic and hydrophilic regions that repel and attract water, respectively.'®! A typical
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micelle is usually roughly spherical in shape, but it can also form ellipsoidal, cylindrical, or
bilayer structures.'®> The hydrophobic effect is the driving-force for the formation of
micelles,'® wherein the hydrophobic regions of the molecule seek to minimise their contact
with water by clustering together in the interior of the micelle while the hydrophilic regions
interact with the aqueous environment, thereby leading to the formation of stable micellar
structures.'%* Thermodynamically, this process is allowed due to a decrease in free energy,
in-part due to an increase in entropy caused by the disordering of water molecules as the
hydrophobic surfaces aggregate.!®* The enthalpy of the system decreases due to the

expulsion of water molecules from the hydrophobic environment,'®®

allowing them to
interact more easily with the bulk water. Enthalpy is decreased further due to favourable
interactions between the hydrophilic regions of amphiphile and water, as well as the
interactions between the amphiphiles themselves.!®® This combination of increased entropy
and decreased enthalpy makes micelle formation a thermodynamically favourable process.
The formation, size, and shape of the micelle can be changed by altering the composition of
the solvent, such as through the addition of co-solvents, which alters the balance of

hydrophobic and hydrophilic interactions.!¢” This approach allows for control the self-

assembly process and tuneability of micellular properties.

NDIs can self-assemble in solution to form worm-like micelles which can be referred to as
supramolecular polymers.!3*144168 This assembly is driven by n-to-m stacking, allowing the
NDI to form complex supramolecular structures. By altering the structure of the NDI through
chemical functionalisation at the imide position or at the aromatic core, it is possible to fine-
tune the nature of these assemblies, such as their size or shape.!*!"" For the purposes of
creating EC devices, the nature of these assemblies can determine the functionality of the
material. Wagalgave et al. showed supramolecular helical structures formed via the self-
assembly of NDIs functionalised with bile acid derivatives.'®” The self-assembly of the
material was directed using solvophobic effects, with the introduction of hydrophobic
substituents resulting in the formation of super-helical structures in water. NDI-deoxycholic
acid (NDI-DCA) (Figure 1.15a) was found to be highly soluble in tetrahydrofuran (THF),
and sparingly soluble in water. To encourage self-assembly, a solvent system of THF and
water was used. UV-vis absorption and fluorescence spectroscopy was used to investigate
the aggregation of the compound in solutions with varying ratios of water to THF to water
(Figure 1.15b and c). In THF alone, NDI-DCA displayed two intense peaks at 360 nm and

380 nm, characteristic of m-to-n" transitions of the NDI core. As the ratio of water to THF
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was increased (0-80%), the absorption peaks decreased in intensity. At 90% water, the peaks
at 360 nm and 380 nm were shifted by 10 nm to 370 nm and 390 nm, respectively. This
indicated that the NDI was self-assembling via n-to-m stacking, affecting the electronic
transitions of the NDI core. Similarly, the fluorescence emission bands of the NDI decreased
with increasing ratios of water to THF, before entirely diminishing at 90% water. This was
theorised to be the result of the strong m-to-m stacking interactions quenching the =
conjugated core electronic relaxation transitions, thereby confirming that the increase in
water was inducing self-assembly of the NDI. This study demonstrates the tuneability of
NDI self-assembly, enabling the formation of complex supramolecular structures, while also

emphasising the impact of hydrophobicity on aggregation in water.
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Figure 1.15: (a) The chemical structure of NDI-DCA. (b) The UV-vis absorption spectra of

NDI-DCA in THF upon the addition of water (0-90%). (¢) The fluorescence spectra of NDI-

DCA in THF upon the addition of water (0-90%) with Aex = 350 nm. Adapted from

Wagalgave et al. (published under CC BY).!¢’

NDIs, as supramolecular polymers, have demonstrated considerable potential in
ECDs. 133144171172 While these materials often exhibit promising EC behaviour, achieving
tenable electronic, optical, and physical properties typically requires complex and time-
consuming modifications to the NDI structure, limiting the commercial appeal and
widespread implementation of these materials in ECDs. An alternative approach involves

modifying the supramolecular assemblies formed by a single NDI derivative in solution,
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providing a more accessible and cost-efficient route for fine-tuning their EC properties.
Previous studies have highlighted that the aggregation behaviour of NDIs significantly

influences both their electronic properties and the colour of the material.'**

Developing a method to control the aggregation of NDIs in solution offers a promising
strategy to optimise device performance using a single compound. Randle ef al. investigated
the self-assembly of amino acid appended NDIs in water.!** As previously discussed,
appending the NDI structure with an amino acid group renders the NDI water-soluble, but it
also serves to provide a means of controlling the aggregation of the NDI in solution. More
specifically, it was shown that by changing the pH of the solution can drive the self-assembly
of the NDI due to protonation of the carboxylic acid groups (Figure 1.16a). The molecule
was found to have two apparent pK, values at pH 6.8 and 9.7. The apparent pKa, is the
experimentally measured pH at which the concentrations of the protonated and unprotonated
forms of a particular moiety (i.e., the carboxylic acid groups) are equal.!”® The material was
therefore tested at pH 6, 9, and 12, as the molecule would be in different protonation states
(protonated, singly deprotonated, and doubly deprotonated, respectively). Between pH 6 and
9, there was a change in the ratio of the peaks at 365 nm and 385 nm, indicating a change in
the molecular packing of the aggregates (Figure 1.16b). At pH 12, a broad peak was observed,
suggesting a significant change in aggregation. This change in aggregation resulted from
differences in electrostatic repulsion and solubility, depending on the level of protonation of
the carboxylic acid moieties. Small angle neutron scattering (SANS) measurements of NDI-
GF (glycine-phenylalanine) and of other amino acid-appended NDIs, indicated that at pH 6
and 9 the NDI formed worm-like micelles in solution, while at pH 12 fewer or less-well-
structured aggregates were observed. The aggregates present were found to have a
significant impact on the chromic behaviour of the NDI. Figure 1.16¢c shows the absorption
of a solution of NDI appended with the amino acid phenylalanine (NDI-F) following
electrochemical reduction. The amount of the reduced species formed by the NDI changes
significantly with pH, with the pH 6 solution forming significantly more radical anion that
the solution prepared at pH 12. The author concluded that the aggregates formed at lower
pH were able to better stabilise the radical anion than the structures formed at pH 12. These
results emphasise the importance of self-assembly on the performance of EC small organic
molecules and presents an approach for optimising the performance of amino acid-appended

NDIs without additional modification to the chemical structure.
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Figure 1.16.(a) Cartoon showing how the aggregation of an amino acid-appended NDI can
change in water depending upon the degree of protonation. (b) The UV-vis absorption
spectrum of NDI-GF solution at pH 6 (—), pH 9 (—), and pH 12 (—). (¢) The reduced
absorption spectra of NDI-F solution at pH 6 (—), pH 9 (—), and pH 12 (—). Insert images
showing the corresponding colouration in the reduced state. Adapted from Randle ef al.

(published under CC BY).!#

1.4.2 Supramolecular Films

A film can be defined as a material layer ranging in thickness from a few nanometres to
several millimetres, with the film itself built upon a solid layer called the substrate.!’*
Supramolecular films are prepared by dispersing the chosen compound in a solvent. The
material can then self-assemble in solution. The solution is then deposited onto the substrate
and the solvent is removed, leaving behind a solid layer of the assembled material.!¢7-17>-177
In this process, the solvent serves to facilitate the self-assembly of molecules into organised
structures. This approach is widely used for preparing supramolecular films, as it allows for
precise control over the composition of the film and structure. However, the formation of

these assemblies can be influenced by factors such as choice of solvent, concentration of the
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monomer, annealing temperature, and deposition method, meaning that careful optimisation
of the drying conditions is necessary to achieve the desired film properties. Unlike solution-
based devices, films are not susceptible to leakage. They typically exhibit a high level of
mechanical strength and durability, which makes them ideal for use in flexible devices.!”®!7

Supramolecular films have found use in a wide-array of applications, including fire-resistant

81 77

coatings,'®" organic electronics,'®' smart-windows,'”” and humidity and gas detection

sensors, !3%183

As previously discussed, Wagalgave et al. showed the self-assembly of a bile-acid
functionalised NDI in water.'®” To further probe the structures formed by NDI-DCA, circular
dichroism (CD) spectroscopy was used. There was no apparent CD signal from NDI-DCA
in pure THF, however upon addition of water (30%) the NDI showed a strong bisignate
Cotton effect (CE) with two negative signals at 360 nm and 380 nm, consistent with the
absorption peaks (Figure 1.17a). The CE is the phenomenon by which a chiral molecule
exhibits different absorbance of light depending on the polarisation of light passing through.
At 75% and 80% water, there is a significant increase in CD signal intensity, suggesting that
the NDI is forming chiral helical super-structures. Scanning electron microscopy (SEM)
images showed that the NDI-DCA film deposited from a 70% water in THF solution showed
right-handed helical structures (Figure 1.17b). At higher ratios of water, the structures were
found to bundle, resulting in the formation of complex rings. The results of this experiment
highlights how supramolecular structures formed in solution can persist into the solid state
(Figure 1.17c¢). By altering the nature of the assemblies in solution, one can then fine-tune

to properties of the material as a film.
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Figure 1.17: (a) The CD spectra of NDI-DCA at several ratios of water in THF. (b) SEM
and (¢) TEM images of NDI-DCA from 70% and 75% water in THF solution, respectively.
Adapted from Wagalgave et al. (published under CC BY).!¢’
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1.5 Device Architecture

1.5.1 Solution-Based Devices

ECDs can be constructed in several different ways. The first is as a fully solution-based
device. In this set-up, a solution containing both the EC material and the electrolyte is
deposited into the device. An electrolyte is the component of an electrochemical set-up that
facilitates the movement of ions and so polar solvents are often used for this purpose.'84
Aqueous electrolytes can display high ionic conductivity allowing for fast switching times
while also being inexpensive, environmentally safe, and non-toxic.2®!% However, aqueous
devices show a limited voltage stability range due to the electrolysis of water and often show
poor long-term stability due to corrosion or degradation.!®® The advantages of organic based
devices include volage stability,'®> however as previously discussed organic solvents can be

environmentally harmful and toxic, and their operation presents health and safety concerns.®®

A common set-up for a solution-based device includes using a “sandwich” construction,
wherein the solution containing the EC material and the electrolyte is deposited between two
pieces of conductive glass, separated by a spacer (Figure 1.18).14+187-18% The glass substrate
itself is typically coated with a transparent conductive oxide (TCO), such as fluorine-doped
tin oxide (FTO) or indium tin oxide (ITO). While solution-state ECMs have been reported

144

to have desirable properties like fast switching speeds and high optical contrasts, ™ their use

presents several limitations that could potentially impact their ability to be manufactured and

190,191 which could

implemented on a large scale. They are susceptible to cracks and leaks,
potentially present a hazard. Similarly, if the device is not airtight it can lead to evaporation
of the solution. Finally, the size and shape of the device is also limited by the shape of the
conductive glass. Devices in different shapes can therefore not be readily constructed. For
these reasons, it is preferable to find alternative device types in which to implement the EC

materials.
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Counter electrode
Glass substrate

(2)

Glass substrate

Working electrode

NEUTRAL REDUCED
Figure 1.18. (a) A cartoon showing a schematic of a fully solution state ECD. (b) Example

of a solution state amino-acid appended NDI-based device in the neutral and reduced state.

Reproduced from Randle et al. (published under CC BY).!#

1.5.2 Film-Based Devices

Finally, devices can be constructed using a solid-state EC material. The solution containing
the EC material is deposited directly onto the TCO glass, after which point the solvent is
evaporated. Using this film, two possible device architectures can be employed. The first
involves suspending the film-coated glass directly into an electrolytic liquid or gel (Figure
1.19a).19271% Due to the high degree of ionic conductivity of electrolytic solutions on account
of their fast ion movement and low resistance to ions, this can result in fast switching times.
As with gel-based devices, EC films can also be patterned.'> A second approach involves
the creation a fully solid-state ECD.!""19¢17 A general schematic of a solid-state ECD is
shown in Figure 1.19b. In a solid-state ECD, an electron transport layer (ETL) is first
deposited onto the FTO glass, onto which the EC film is then deposited. The ETL allows the
efficient flow of electrons from the external circuit to the electrochromic material (ECM).!®
A solid-state ion transport layer (i.e., the electrolyte) is deposited directly onto the EC film
to facilitate the movement of ions between the ECM and the counter electrode. While not
required in every device,!” an electron-blocking layer (EBL) is often positioned between
the EC film and the ion transport layer. The EBL prevents the flow of electrons from the film
to the counter electrode and is employed in instances where the ion transport layer lacks
sufficient electron-blocking properties.?” Finally, an ion-storage layer is placed between the
ion-transporting layer and the top FTO electrode, which stores ions and releases them into

the ECM during redox processes, facilitating the colour change and maintaining charge
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balance.’”! Conductive salts are integrated into the ion-transport layer to improve the
conductivity of the device.!”! Due to the necessity of several distinct components with
different functionalities, the fabrication of functional solid-state devices is extremely
difficult, limiting commercial appeal. Additionally, these layers should remain transparent
and colourless as to not prevent the colour change undergone by the ECM from being visible.
While solid-state devices pose no risk of drying and are therefore more stable and well-suited
to long term use, the ionic conductivity of such devices is often poorer than compared to
when a solution state-electrolyte is utilised due to lower ion mobility throughout the solid

structure.?%? For these reasons, a solution state electrolyte is favourable.

Counter electrode

Working electrode
Counter electrode

(a) (b) Glass substrate
TCO

lon transport layer
EC Electron blocking layer

film __Electrochromic film

Electron transport layer
TCO
. Glass substrate
-~

TCO-coated Electrolytic
glass substrate solution

Working electrode

Figure 1.19. Cartoons showing the schematic of an (a) EC film with a liquid electrolyte and
(b) a fully solid-state ECD.

1.5.2.1 Film Deposition Methods

How the film is deposited onto the substrate is extremely important as thickness and
uniformity of the material will affect performance of the device. Spray coating is a
commonly used film deposition method, wherein a precursor solution is atomised using and
sprayed onto a heated substrate.’”> Atomisation of the NDI solution could also affect the
aggregation of the NDI molecules and, consequently, its EC performance. Vacuum
deposition methods, such as sputtering and evaporation, are also widely utilised. Sputtering
is a physical vapour deposition (PVD) technique in which ions are accelerated in a vacuum
towards a target material, causing atoms to be ejected from the target and deposited onto the
substrate.?** Evaporation deposition works by heating the material to a point where it
evaporates and forms a vapour, which then condenses onto the cooler substrate surface,
forming a thin film.?°> While both techniques allow for precise control over film thickness

and uniformity, these processes can disrupt the aggregation of materials like NDI, which is
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crucial for its EC properties. Therefore, these vacuum methods would likely be unsuitable
for NDI-based devices. Additionally, vacuum deposition methods tend to have lower
throughput and are challenging to scale for large-area production. Alternatively, roll-to-roll
printing is an efficient and cost-effective method for film production, where a flexible
substrate is unwound from one roll, passed through various coating and curing steps, and
then rewound into another roll.2° This technique is compatible with water-based
precursors.?’® Despite its high throughput and ability to produce films at a larger scale, roll-
to-roll printing requires access to complex and expensive instrumentation. Furthermore, due
to the continuous nature of the process, precise control over film thickness and uniformity

can be challenging, both of which are critical for ECD construction.

As an alternative to the aforementioned techniques, solution-based deposition methods can
be used. Spin coating is a commonly used method for applying thin films onto substrates.
First, the material is dispersed in a chosen solvent, which is then applied to the substrate's
surface before being spun at high speed.?’” The centrifugal force generated during spinning
evenly distributes the solution across the substrate. During spinning, the volatile solvent
evaporates, leaving behind the less volatile components on the substrate surface.??® This
process is represented graphically in Figure 1.20. The final thickness of the deposited layer
is determined by the rotation speed and the solution’s viscosity.?’’ Despite being ubiquitous
in the development of thin films, this method is not ideal for producing environmentally
friendly EC films due to its low efficiency, with up to 98% of the material being wasted
during the process.?”® Furthermore, it is challenging to use non-volatile solvents like water,
which do not evaporate as easily. Given the environmental and health concerns associated

with volatile solvents, spin coating is not the most suitable approach for our application.

Solution deposition Spinning Curing

m c- /_\ -0 Annealed film
Substrate

Spin coater

Figure 1.20. Cartoon showing the operating principal of spin coating.

Drop casting is one of the simplest techniques for depositing material onto a substrate. The
process involves dropping a solution onto the substrate, followed by the evaporation of the

solvent, which results in the formation of a thin film.?!%?!! Despite its simplicity, this method
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presents several challenges. Using this approach, it is difficult to achieve a desired film
thickness or a uniform coating across the entire substrate. To prepare a film of specific
dimensions, a stencil can be used (Figure 1.21).2!? This technique is also difficult to scale up
to an extent that would be applicable for use in large scale processing and device formation.
Alternatively, dip coating can be utilised. As with drop casting, dip coating is a very simple
method of film construction, and involves immersed in a liquid precursor solution which is
then withdrawn and allowed to dry.>!*> While the thickness and uniformity of the film can be
optimised by controlling the speed at which the film is withdrawn from the precursor
solution, this approach is also poorly scalable and is therefore unsuitable for device

construction.

Solution deposition Curing Stencil removed

T - N )

Substratc
Figure 1.21. Cartoon showing the operating principal of drop casting.

Doctor blade coating is a film deposition technique that involves positioning a blade at a
fixed distance from the substrate surface.>!* This distance can be adjusted to achieve a
desired film thickness. The solution is applied in front of the blade, which then moves
parallel to the substrate surface, creating a uniform wet film across the entire length of the
substrate (Figure 1.22). The film and substrate are subsequently heated to an appropriate
temperature, allowing the solvent to evaporate and complete the film formation. Doctor
blade coating is an ideal method for preparing thin films due to its ability to produce films

with precise thickness, minimal waste, and compatibility with aqueous solutions.?!

Solution deposition Casting Curing

Solution
Annealed film

Figure 1.22. Cartoon showing the operating principal of doctor blade coating.
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1.5.2.2 Supporting Polymers

Films prepared using small-organic molecules often possess poor mechanical properties,
being brittle and prone to breakage, resulting in device failure.?'? It is often necessary to
utilise a polymer additive in the formation of films to give the material sufficient mechanical
robustness. This is especially important in the development of flexible ECDs, where the film
will be subjected to multiple bending cycles. Furthermore, the addition of a polymer can be
used to modify the viscosity of the casting solution to make it compatible with the coating
techniques described above. Synthetic polymers are commonly used in the construction of
chromic films, including poly(vinyl alcohol),?'® poly(vinylpyrrolidone),?!” poly(methyl
methacrylate),?!® and poly(dimethylsiloxane),?! among other examples. However, the use
of and disposal of synthetic polymers presents environmental risks.??’ Furthermore, many
synthetic polymers are not soluble in water. Identifying a naturally occurring, water-soluble
polymer is therefore desirable. Hyaluronic acid (HA) a naturally occurring linear
polysaccharide that is comprised of -1,4-linked d-glucuronic acid N-acetyl-d-glucosamine
disaccharide units, and has been previously utilised in the formation of polymeric films.?*!~
223 The structure of HA is shown in Figure 1.23. HA possesses several qualities that makes
it beneficial for use in EC thin films. As it is biocompatible and non-toxic, it poses no risk
to human health or the environment. As HA is a highly hydrophilic and water-soluble

compound, it can be used without the need of organic solvents.??’

OH OH
(0]
OH NH
o~
- < n

Figure 1.23. The chemical structure of HA.

1.6 Methods For Characterising Electrochromic Devices

1.6.1 Quantifying the Electrochromic Response

Spectroscopic methods are commonly used to measure the response of EC materials.
Spectroscopy can be defined as the study of the interaction between a material and EM

radiation.??* Concerning materials that change colour, absorption spectroscopy is one of the
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most popular methods for quantifying the EC response.>* Absorption spectroscopy
measures the absorbance of a beam of light as it passes through a material.?> UV-vis
absorption spectroscopy focuses on the absorbance of light in the UV region (200 nm to 400
nm), and the visible region (400 nm to 800 nm) of the EM spectrum; a change in colour of
an EC material is detectable by eye when the application of an external potential alters the
electronic structure of the material, causing a change in the absorbance in the visible
region.*> For example, NDIs typically show no absorbance within the visible region in the
neutral state, and as a result are colourless by eye.!**!* Photo- or electrochemical reduction
results in the formation of the radical anion, which absorbs strongly within the visible region,
resulting in a colourless-to-dark colour change. Gamez ef al. showed the absorption profile

).226 Upon

of a core-functionalised NDI derivative in various oxidation states (Figure 1.24
increasing the electrical potential in the negative direction, several absorption peaks
progressively developed within the visible region at 478, 612, 674 and 747 nm. Peaks at
these wavelengths are characteristic of the radical anion. Upon further reduction the radical
peaks diminish, and new absorption bands appear at 419, 548, and 595 nm, characteristic of
the dianionic species. This study demonstrates the applicability of absorption spectroscopy

when measuring NDI-based materials.

380

NDI-1— NDI-1"— NDI-1%
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—— T T
300 350 400 450 500 550 600 650 700 750 800
Wavelength / nm
Figure 1.24. The in-situ UV-vis absorption spectrum of a core-functionalised NDI upon
electrochemical reduction. The black, red, and blue scans represent the absorption peaks
corresponding to the neutral, radical anion, and dianionic state, respectively. Reproduced

from Gamez et al. (published under CC BY).?%¢

28



Chapter 1: Introduction

1.6.2 Electrochemistry

Electrochemistry is the study of electron movement in a redox reaction at the
solution/electrode interface.??”-??® Cyclic voltammetry (CV) is an electrochemistry technique
used to investigate the redox processes of molecular species.??>*** In a CV experiment, the
voltage of the system is increased linearly over time, and the current generated within the
cell is measured.??! Unlike linear sweep voltammetry (LSV) where the voltage is only
increased in one direction (i.e. more positive or more negative), when performing a CV
measurement the voltage is then swept in the opposite direction thereby retuning to the initial
potential.>*? By cycling the voltage of the working electrode within this potential range, this
results in the successive reduction and oxidation of the electroactive species in the solution

or absorbed onto the electrode surface.?*?

Silvia et al. showed the CV measurement of a pyridine-appended naphthalene diimide (NDI-
py) in dimethyl sulfoxide (DMSO) (Figure 1.25).23* At the initial voltage there is no current
at the working electrode. As the voltage sweeps in the negative direction (i.e. right-to-left),
the working electrode reaches a potential sufficient to generate the radical anion near the
working electrode surface, generating a cathodic current which increases sharply as the
surface concentration of the neutral species is depleted.?** The current increases further as
more of the neutral species diffuses to the electrode surface, before peaking at -0.54 V. As
the voltage becomes more negative, there is a loss of neutral species around the diffusion
area of the working electrode resulting in a decrease in current. As the voltage becomes more
negative the dianion can form, resulting in a current peak at -0.94 V, before falling again.
The voltage is swept in the opposite direction (i.e. left-to-right) until the voltage is sufficient
to oxidise the dianion to the radical anion, resulting in the formation of an anodic current
that peaks at -0.84 V. A final oxidation occurs as the neutral species is reformed, with the

anodic current peaking at -0.44 V.
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Figure 1.25. The CV measurement of NDI-py in 0.1 M TBAHFP, DMSO solution, showing
the reversible formation of the radical anion and dianion. Reproduced from Silvia et al., with

permission from Springer Nature.?**

The peaks identified from CV measurements indicate the potentials at which a particular
redox reaction is most efficient; going beyond this voltage could result in unwanted side
reactions. For example, going beyond the first reduction peak of an NDI derivative to a more
negative potential could result in the formation of the disfavoured dianion.
Chronoamperometry can be used to form the radical anion of the NDI and bring about the
associated colour change. Chronoamperometry is a electrochemical technique wherein the
voltage of the working electrode is stepped to from an initial value to a final one, and the
current generated at the working electrode is measured over time.*>>23¢ The voltage is chosen
from the CV measurement. For EC materials, applying this voltage brings about the

associated colour change.?*’

1.6.3 Characterising Supramolecular Aggregates

As discussed above the EC behaviour of supramolecular polymers is affected by their
aggregation, it is important to identify appropriate methods for characterising the aggregates
formed by the NDI across multiple length scales. UV-vis absorption spectroscopy provides
information on the molecular packing of the NDI aggregates.!**?3%23% For example,
absorption spectroscopy can indicate the presence of H-type or J-type aggregates. These

aggregates types form when small organic molecules self-assemble in solution, and are
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dependent upon the relative alignment of the transition dipole moment of the molecules.?*°
J-type aggregates form when the molecules stack in a head-to-tail arrangement, while H-
type aggregates occur when the molecules stack face-to-face. H-type aggregates cause a
blue-shift in the absorption spectrum, meaning the absorption maximum shifts to longer
wavelengths. Conversely, J-type aggregates lead to a red-shift in the absorption spectrum,
causing the absorption maximum to be shifted to longer-wavelengths. As studies of other
self-assembled rylenes have shown that the type of aggregation directly effects the
conductivity and optoelectronic properties of the compound,?*! absorption spectroscopy is
therefore a powerful technique for rationalising the behaviour of self-assembled EC
materials. While absorption spectroscopy allows us to characterise aggregates on the
smallest length scale, is not suitable for fibre characterisation or determining the shape of

the aggregates.

Imaging techniques provide information about structures on the largest length scales,
allowing one to observe things like alignment, entanglement, and crosslinking of fibres or
the presence of defects.?*? Optical microscopy in not typically used in the study of self-
assembled aggregates as the structures need to be very large to be successfully visualised.
Alternatively TEM,*** SEM,*** and atomic force microscopy (AFM) can be utilised,?*
which are capable of providing information on morphology, fibre size and thickness, and
porosity. These approaches require the sample to be dried down into the solid state, meaning
measurements could be unrepresentative of the material in solution.?*¢>** Moreover, these
techniques would only provide information regarding the surface properties of the film,
which may not reflect the bulk properties of the material.>*® Finally, imaging techniques
often require the use of a stain to visualise structures, which could alter properties of the

aggregates.?>%%!

Small-angle neutron scattering (SANS) is a scattering technique used for probing the
structure of aggregates, fibres, and polymers in solution,?? providing information about the
morphology, size, and shape of these structures. In a SANS experiment a collimated neutron
beam is directed at a sample. The neutrons are scattered due to their interaction with
structures within the sample that have size scales comparable to or larger than the wavelength
of the neutrons..?>*>?>* The resulting intensity of the scattered beam is measured as a function
of the angle.?** By fitting the data obtained by SANS measurements to theoretical models,

one is able to determine the shape, size, and properties of the supramolecular structure.?>>2>
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The angles investigated using SANS (0.1-10 ©) are much smaller than that of traditional X-

253,257

ray diffraction experiments, allowing for the analysis of fine-structure that would be

otherwise be undetectable, typically in the range of 1 to 1000 nm.>*

SANS has been used to study nanoscale systems, including in the characterisation of
nanostructures and nanocomposites, 2%’ the analysis of soft-material,?®! structural
biology,?®? and the study of supramolecular assemblies. Indeed, SANS is routinely utilised
to study the self-assembly of small organic molecules.?>*?6>2%¢ As previously discussed,
SANS has been used to probe the morphology of amino-acid appended NDIs in solution,
which typically fit to cylindrical based models.!** It was found that the differences in the
morphology of the aggregates, as identified through SANS experiments, had a significant
impact on the EC properties of material. SANS is therefore a powerful technique in the
development of self-assembled ECMs. Despite the promise, SANS presents challenges when
probing the morphology of aggregates formed within films. More specifically, SANS
operates by exploiting the difference in contrast between the scattering of neutrons from the
sample and the surrounding medium. In solution, this contrast is achieved by using a solvent
with a significantly different neutron scattering length density (SLD) than the sample,
providing sufficient contrast for analysis.>>* However, when measuring films, the contrast
between the sample and the surrounding medium (i.e. the substrate or air) is often poor,
making analysis more challenging. A possible approach to achieving sufficient contrast is
deuterating the material, which can then be dispersed in water and cast into a film, providing
the necessary contrast for SANS measurements.?%> However, deuteration of the material can
increase both cost and experimental complexity. Previous studies have shown that the
structures formed by NDIs in solution can persist into the solid-state.'®” Using SANS to
probe the morphology of the NDI aggregates in solution is therefore a powerful technique
for rationalising the EC properties of NDI films.

1.6.4 Mechanical Properties

As previously discussed, EC materials based on small organic molecules show promise for
use in flexible colour changing devices, like smartwatches and biomedical sensors. To be
applicable for use in real-world device construction, it is important that the material is
mechanically robust enough to withstand strain and bending. The bulk mechanical properties
of solution- or gel-based materials are typically measured using rheological methods.?¢®

However, this approach is unsuitable for the testing of solid-state films. Instead,
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nanoindentation can be used. Nanoindentation is a characterisation technique used to probe
the local elastic behaviour and hardness of a material’s nano or microstructure, and functions
by penetrating the surface of the material with an indenter tip, and measuring the response
of the material to the deformation.?¢”-2*® This technique is typically used to observe the
mechanical properties of solid-state samples, however gels can also be measured.2%26°

Nanoindentation has been used to measure biomaterials like organs and bone,?’”° cement
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materials,?%” metal and ceramic coatings,?’!*’? hydrogels,?’>*’* and polymer films.
In a typical nanoindentation experiment, an indenter tip is forced into a sample (mechanical
loading), creating an indentation, before being retracted from the sample (mechanical
unloading). During this process, the indentation software records the load applied to the
sample and the penetration depth of the tip, producing a force-displacement curve. Using
these values and the indentation curve, the mechanical properties of the material, such as the
elastic modulus (E*) and indentation hardness (Hit), can be determined. E* is a measure of
the material’s elastic stiffness, while Hir is a measure of the sample’s resistance to localized
plastic deformation under load.?’® Nanoindentation can be applied to hard materials (E* >
10 gigapascals (GPa)), soft materials (E* = 0.5 — 10 GPa), and very soft materials (E* < 0.5
GPa). The parameters of the measurement are adjusted depending on the material type, with
harder materials typically requiring higher loads to achieve measurable indentation depths.
Another important consideration is that the maximum indentation depth of the measurement
should not exceed more that 10% of the thickness of the sample to avoid interference of the

substrate.?” There are several ways to measure film thickness, including AFM and surface

profilometry.

1.7 Aims of This Thesis

Amino acid-appended NDIs have been shown to possess desirable EC behaviour in solution,
offering an alternative to traditionally used inorganic-based devices, conducting polymers,
or other classes of small organic molecules. Importantly, these materials show processability
in water, allowing for the construction of ECDs without the need for environmentally
harmful or toxic organic solvents. While previous work on these materials has focused on
solution and gel state devices, for real-world device construction it is desirable to process
the NDIs into EC thin films. Within the literature several examples can be found of NDI-
based EC films, however such materials typically require environmentally harmful organic

solvents in their construction.
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This thesis aims to identify an approach for generating amino acid-appended NDI films using
only water in their construction and to highlight the tunability of the properties of the
material in the solid state. We aim to synthesise several amino acid-functionalised NDI
derivatives to access materials with a broad range of electronic and EC properties. We will
compare metrics such as radical formation, reversibility, rates of redox reactions, and visual
colour changes in the films to assess their applicability for real-world device construction.
Additionally, we seek to optimise the performance of the films by altering parameters such
as film thickness, NDI and polymer concentration, annealing temperature, and the
introduction of metal additives. We will observe how these modifications affect EC
performance. We also aim to explore the use of these optimised films in flexible electronics
and evaluate their response to mechanical bending. Finally, we wish to identify an alternative
approach for measuring the EC response of the films, aiming to overcome the limitations of
traditionally used spectroscopic techniques. It is hoped that the results from this thesis
exemplify the promise of water-soluble NDI films in the formation of environmentally

friendly ECDs and to guide future device construction.
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2.1 Introduction

Naphthalene diimides (NDIs) are promising candidates for the development of
electrochromic devices (ECDs) due to their ability to undergo rapid and reversible colour
changes upon electrochemical reduction. Modification of the NDI structure can significantly
influence its electrochromic (EC) behaviour, enabling fine-tuning of both optical and
electronic properties. A commonly used strategy involves functionalising the NDI at the
imide position."? Li et al. reported the synthesis of N,N'-di(4-pyridyl)-1,4,5,8-naphthalene
diimide derivatives (Me2DPNDI)-(2]I) (Figure 2.1a) and (benzyl,DPNDI)-(2Br) (Figure
2.1b),?> and demonstrated how the incorporation of pyridinium salts directly affected the
electronic and EC properties of the unfunctionalized parent compound, 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA) (Figure 2.1¢). ECDs fabricated using
(Me;DPNDI)-(2I) and (benzyl.DPNDI)-(2Br) exhibited orange and yellow coloured states,
respectively, in contrast to the green coloured state displayed by NTCDA (Figure 2.1d—e).
Both derivatives also showed significantly enhanced switching stability relative to the
unmodified compound. These findings highlight the critical role of imide substitution in
tailoring and optimising NDI-based materials for EC applications. However, despite the
promising EC performance of these derivatives, their processing required the use of

environmentally harmful organic solvents, thereby limiting their sustainability.

—N* N N +N—
O4H46
O (0]
(:j;EN @_NN@N%) 0.0V
o o
o) o 0.0V -14V
(c) OO ®
(0] o

Figure 2.1. The chemical structure of (a) (Me:DPNDI)-(21), (b) (Benzyl2DPNDI)-(2Br) and
(c) NTCDA. The photographs of bleached (left) and coloured (right) states of ECDs
containing (d) (Me:DPNDI)-(2I), (e) (Benzyl2DPNDI)-(2Br) and (f) NTCDA, under

-14V

applied voltages of 0.0 V and -1.4 V, respectively. Adapted from Li ef al with permission of

Springer Nature; permission conveyed through Copyright Clearance Center, Inc.?

51



Chapter 2: Synthesis and Characterisation of Amino Acid-Appended Naphthalene Diimides

Beyond altering the electronic and EC properties of the NDI, the choice of imide substituent
can also be used to modify the solubility of the resulting compound.® For example,
substituents like long alkyl chains are often selected to reduce the overall polarity of the
molecule,* enabling effective dispersion within organic solvents. To promote dispersion in
aqueous media, groups such as sulfonic acids,’ carboxylic acids,® and quaternary ammonium
salts have previously been employed.” Notably, previous studies by our group have shown
that appending the NDI structure with amino acid groups yields water-soluble compounds
that retain promising EC properties,®’ including fast switching rates, reversibility, and strong
colouration in the reduced state. Following this strategy, NDIs appended with the amino
acids isoleucine (NDI-I), valine (NDI-V), phenylalanine (NDI-F), and the dipeptides
glycine—phenylalanine (NDI-GF) and phenylalanine—phenylalanine (NDI-FF) were
successfully synthesised (Figure 2.2).

NDI-1 NDI-V NDI-F NDI-GF NDI-FF
Figure 2.2. The chemical structure of NDI-I, NDI-V, NDI-F, NDI-GF and NDI-FF. Adapted
from Randle ef al. (published under CC BY).®

As discussed in Chapter 1, deprotonation of the carboxylic acid groups at higher pH values
introduces charged carboxylate groups, increasing both solubility and electrostatic
interactions. These changes impact the self-assembly of the NDIs and leads to the formation
of distinct aggregate structures, which in turn influences the EC properties of the material,
such as the colouration in the reduced state and reversibility.® This allows for tunability and
optimisation of properties without the requirement for additional modification of the NDI
structure, as is the commonly used approach, thereby saving time and resources. However,
the colour change displayed by these compounds is often limited, with all undergoing a
similar transparent-to-dark colour change following the application of a reducing potential.
These results highlight the limitations of this approach when trying to access a wide array of

materials with unique optical properties.
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Alternatively, the NDI can be appended at the core with electron donating groups, which is
a commonly used approach to access different colours.!>»!*1? However, the synthesis of
these materials is often complex, requiring significantly harsher conditions than those used
for amino acid-appended NDIs.!*>!'* Yields are typically low, and the resulting products
frequently exhibit poor solubility in water. Previous studies conducted by our group have
explored the combination of amino acid-appended NDIs with core substitution as a strategy
to access water-soluble materials with unique optical properties. Following this approach,
Walsh et al. described the synthesis of a core substituted NDI-V, which was appended at the
core with isopropylamino groups, yielding (iPrNH:)NDI-V (Figure 2.3a).!° This
modification caused a change in the absorption spectrum of the NDI (Figure 2.3b), resulting
in a vibrant blue compound that retained water solubility. However, the introduction of the
core substituent compromised the material’s EC behaviour, resulting in the loss of its
desirable switching properties and rendering it unsuitable for use in ECDs (Figure 2.3c).
Adding substituents to the NDI core can cause the core to twist due to increased steric
hindrance and electronic repulsion, disrupting planarity and preventing the m—mn stacking
interactions that are essential for self-assembly. Since this self-assembly plays a key role in
determining the material’s electronic and EC properties, core substitution can negatively
affect performance. While alternative combinations of amino acid side chains and core
substituents might still be explored, the findings here suggest that this approach is not
broadly effective for developing water-soluble EC materials. Substitution at the imide
position, which preserves the planarity of the core, remains the more promising strategy for

achieving optimal performance.

>; 12
(a) HN

: O i

YN N
o= ) )
OHO O HO
NH 2
: 300 400 500 600 700 800 900
— Wavelength (nm)

NDI-V,0V NDI-V, -2.7V ("PrNH),NDI-V, 0 to -2.7 V

Figure 2.3. (a) The chemical structure of (iPrNH2)NDI-V. (b) The absorption (solid blue)
and emission (dot blue) profiles for (iPrNH)>NDI-V and absorption (solid black) profile of
NDI-V. (¢) Photographs showing the EC properties of NDI-V and the lack of EC properties

of (iPrNH),NDI-V. Adapted from Walsh et al. (published under CC BY).!°
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Previous studies on amino acid-appended NDIs have primarily focused on amino acids with
hydrophobic side chains.® To retain water solubility while tuning material properties, the side
chains can be varied, while maintaining the carboxylic acid group that supports aqueous
compatibility. Incorporating amino acids or peptides with ionisable side chains can enhance
solubility and influence self-assembly,'> which is critical to the material’s performance. For
example, the amino acid tyrosine possesses a phenol group that deprotonates at high pH to
form the charged phenolate group,'¢ increasing hydrophilicity and potentially altering
aggregation. Furthermore, Goskulwod et al. showed that n-n stacking interactions between
the aromatic NDI cores and the phenyl moieties of the tyrosine side chains also gave rise to
unique self-assembled structures.'®!” Alternatively, using glycine, which lacks a side chain,
may further influence self-assembly by minimising steric effects and allowing for greater
flexibility.!®!” Amino acids containing heteroatoms, such as methionine, can also be
explored. The introduction of sulphur into NDI systems, although typically achieved through
core functionalisation or incorporation of thiophene moieties, has been shown to impact
electronic properties and self-assembly.?®?2 This suggests that sulphur-containing side
chains may offer similar effects. While only a limited range of amino acids has been explored
in the context of NDIs, related work on perylene bisimides (PBIs) shows that amino acids
like tyrosine and methionine do not significantly affect electronic properties but do strongly
influence solubility and self-assembly in aqueous environments.>* Appending the NDI with
previously untested amino acid group with side chains of variable solubilities and steric bulk
presents an approach of accessing materials with unique EC properties while maintaining

water-solubility.

In this chapter, four amino acid-appended NDI derivatives were synthesised using previously
untested amino acids, aiming to develop materials with distinct optical and electronic
properties while evaluating how variations in side chains affect solubility. (Figure 2.4). The
compounds were first evaluated in solution to confirm their EC behaviour and identify the
optimal pH for device construction, as pH-dependent self-assembly is known to influence
EC behaviour. The electronic properties of the solutions were investigated using cyclic
voltammetry (CV) and the EC response following photo- and electrochemical reduction was
monitored using absorption spectroscopy. Once the ideal conditions were established, the
NDIs were combined with HA and processed into EC films using doctor blade coating. As
with the solution studies, the electronic properties of the films were evaluated using CV, and

their EC response (i.e. radical formation, reversibility, rate of reduction/oxidation) were
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monitored using absorption spectroscopy. Overall, these results highlight the potential of
amino acid-appended NDIs for use in ECDs and establishes a protocol to produce EC films

from these materials.

S/ OH
0] ' O
R—N Q N—R R= E¢H zgoH W’ngl/ LLLL‘/\H/OH
(0] o] (@] 0]

0]
NDI-L NDI-M NDI-Y NDI-G

Figure 2.4. The chemical structure of NDI-L, NDI-M, NDI-Y and NDI-G.
2.2 Results and Discussion

NDI was appended with the amino acids L-leucine, .-methionine, 1-tyrosine, and glycine,
yielding NDI-L, NDI-M, NDI-Y, and NDI-G, respectively. NDI-L, NDI-Y, and NDI-G have
been previously reported;?*2° however, they have not been investigated for EC applications.
To the best of our knowledge, NDI-M has not been reported in the literature. The selection
of these amino acids was based on their distinct structural features: leucine has a non-polar
hydrophobic side chain and is branched, methionine contains a side chain with a heteroatom
(sulphur), tyrosine has a polar hydroxyl group, and glycine lacks a side chain entirely. While
it has previously been established that changing the amino acid substituent can influence the
electronic properties of the NDI, no significant changes in the colour of the neutral or
reduced states have been noted with these substitutions. The aim of using these amino acids
was to explore the impact of unique structural properties on the electronic and EC
characteristics of the materials. The synthesis and characterisation of these compounds are
detailed in the experimental section of this Chapter (Section 2.4.1). All target compounds
were successfully synthesised in yields of 57-77 %, with synthetic purity confirmed by both
proton and carbon NMR spectroscopy (Figures 2.20-2.21, 2.24-2.25, 2.28-2.29, and 2.32—
2.33), and their identities further verified by high-resolution mass spectrometry (HRMS)
(Figure 2.22, 2.26, and 2.30). These yields demonstrate that the synthetic procedure is
reliable and suitable for scalable device fabrication. Despite lyophilisation, residual water
was detected in the NMR spectra, likely due to the hygroscopic nature of deuterated dimethyl
sulfoxide (DMSO-ds),?” which can readily absorb atmospheric moisture. For NDI-Y, 2 uL
of trifluoroacetic acid (TFA) was added to the proton NMR sample to shift the water peak

downfield,?® enabling clearer resolution of the aliphatic proton signals.
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2.2.1 Preparation of NDI Solutions

NDI solutions were prepared by dispersing the solid NDI in water via addition of 2 molar
equivalents of NaOH. The addition of base raises the pH of the solution, deprotonating one
or both carboxylic acid groups of the amino acid structure. This results in the formation of
negatively charged carboxylate groups, thereby forming the NDI salt and allowing it to
effectively disperse in water. While previous studies from our group employed a NDI
concentration of 10 mg/mL,%*?’ there is evidence that, once dried into a solid-state film, the
material would be too concentrated for reliable spectroscopic measurements. As a result, the
solutions used here were prepared at a reduced concentration of 5 mg/mL. The effect of NDI
concentration on device performance is explored in greater detail in Chapter 4. The effect of
pH on side chain protonation should be considered, specifically the hydroxyl group on the
tyrosine substituent of NDI-Y, which has a pK, of 10.1.!°® At pH values exceeding this, the
hydroxyl group is expected to deprotonate, forming the charged phenolate group, which
could further influence solubility and self-assembly. This is discussed in more detail in the

following section.

2.2.2 Behaviour in Solution

As discussed in Chapter 1, amino acid-appended NDIs are typically tested at pH 6, pH 9,
and pH 12 due to the existence of an “apparent” pKa. between these values. An “apparent”
pKa 1s the experimentally determined pH at which the concentrations of the protonated and
unprotonated moieties are equal,* this is not the pK, of COOH alone, but of the aggregated
material and is related the clogP of the molecule.’! The clogP is the calculated partition
coefficient that estimates a compound's lipophilicity, or its preference for octanol over water.
Amino acid-appended NDIs typically show two apparent pKa. values corresponding to the
two carboxylic acid groups.® When the pH exceeds an apparent pK, due to the addition of
base, one of the carboxylic acid groups becomes deprotonated. This change in protonation
affects the aggregation of the material due to increased solubility and electrostatic repulsion
between neighbouring NDI molecules. By testing at pH 6, 9, and 12, we have previously
observed the formation of three distinct aggregates with unique EC properties.® It was
necessary to determine the apparent pK, values for NDI-L, NDI-M, NDI-Y, and NDI-G to

better understand their solubility and self-assembly behaviour under different pH conditions.

To determine the apparent pK, values, each solution was initially adjusted to pH 12 using

NaOH, ensuring that both carboxylic acid groups were deprotonated. The pH was then
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gradually lowered by the addition of 10 pL aliquots of 0.1 M aqueous hydrochloric acid
(HCI). After each addition, the solution was allowed to stabilise for 5 minutes before the pH
was recorded (Figure 2.5). This process continued until a pH of 3 was reached, at which
point the NDI had precipitated from solution due to protonation of the carboxylate groups.
The apparent pKa values were identified as the point at which further acid additions no longer
caused a decrease in pH. This buffering behaviour arises from the equilibrium between
protonated and deprotonated species, allowing the system to resist changes in pH.*> Where
no clear plateau was observed, the apparent pK, was taken as the midpoint of the range in
which the pH remained relatively constant despite continued acid addition. Across all
samples, the first apparent pK. was observed between pH 6 and 7. Below this pKa, the NDIs
exist predominantly in their fully protonated state, while above this value they are primarily
in the singly deprotonated form. A second pK, was consistently observed between pH 9 and
10, above which the NDIs exist in the doubly deprotonated state. Increased deprotonation is
expected to enhance solubility and promote electrostatic repulsion, both of which are
predicted to influence the self-assembly behaviour of the NDI in solution and, consequently,
affect the EC and electronic properties of the materials. The pKa values are shown in Table
2.1. Based on these results, subsequent experiments were conducted at pH 6, 9, and 12 to
measure the NDI in three distinct protonation states. It should be noted that these solutions
exhibit relatively weak buffering near their apparent pKa, values compared to amino acid-
functionalised NDIs reported previously by our group.® However, the solutions used in this
study were prepared at a lower concentration than described in the literature, and as buffering
capacity is concentration-dependent,®* this weaker behaviour is to be expected. Notably,
NDI-Y displays a broad buffering region between pH 11 and 10, likely corresponding to the
protonation of the phenolate groups on the tyrosine side chain.'® As a result, more
pronounced changes in aggregation behaviour may be expected between pH 9 and 12

compared to the other compounds.
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Table 2.1. The apparent pKa values of NDI-L, NDI-M, NDI-Y and NDI-G dispersed in water.

All measurements have an error of +0.1.

NDI First pKa Second pKa
NDI-L 6.6 9.6
NDI-M 6.9 9.5
NDI-Y 6.4 9.7
NDI-G 6.5 9.6

To assess the impact of protonation level on aggregation, UV-vis absorption spectroscopy
measurements were performed. The solutions were tested at pH 6, 9, and 12. Below pH 6,
the NDIs precipitated out of solution due to a loss of solubility caused by protonation of both
carboxylic acid groups (Appendix A.2.1). pH 6 was chosen because it was the lowest pH at
which the material remained dispersed while still being below the first apparent pKa. A pH
series was conducted which showed that as the pH was lowered from 12, there was a gradual
change in aggregation as the material transitioned from the doubly to singly deprotonated
state (i.e. through the second pK,), with the aggregation remaining consistent once a pH of
9 had been achieved (Appendix A.2.2-A.2.5). This is reflected in images taken of the
solutions, with the pH 11 and 12 solution appearing visually different. For this reason, a pH
of 12 and 9 were also chosen to be tested. When tested at pH 6 and 9, all solutions show two
distinct So-1 absorbances at 365 nm and 385 nm, as well as a small shoulder at 345 nm, typical
of NDIs (Figure 2.6).>* The absorbance of the pH 6 and pH 9 solutions appear identical for
all compounds, suggesting that the aggregation is unaffected when the NDI goes from the
fully protonated to the singularly deprotonated state. At pH 12, NDI-L (Figure 2.6a) and
NDI-Y (Figure 2.6¢) show the characteristic So.; absorbances, but a large change in the ratio
the peaks at 365 nm and 385 nm, indicating a change in the molecular packing of the
aggregates.’® Additionally, the NDI-Y solution shows an additional absorbance peak at 295
nm at pH 12, suggesting the presence of a differently aggregated structure. The NDI-M
(Figure 2.6b) and NDI-G (Figure 2.6d) solutions at pH 12 show a loss of peaks and instead
display broad absorbance in the region of 320-400 nm, suggesting a significant change in
aggregation. This data aligns with previous results collected by our group,® where solutions
prepared at pH 12 were shown to undergo a change in aggregation, which is driven by an
increase in solubility and electrostatic repulsion caused by the charged carboxylate groups.®
As the EC and electronic properties of the NDI is dependent upon the aggregation, we

therefore theorised that the pH 12 solutions would show different properties. Tauc graphs
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collected on the pH 6 solutions showed that the optical bandgap (Eg) of NDIs remained
consistent (3.07-3.09 eV) suggesting that the side-chain modifications had minimal
influence on the core electronic structure and n—m transition energy of the NDI core
(Appendix A.2.6), as was expected. These Eg values are similar to those of other NDI
systems described within the literature.’®” Full absorbance profiles for the solutions are

shown the Appendix section of this Chapter (Appendix A.2.7-A.2.10).
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Figure 2.6. The normalised absorbance of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-
G solutions prepared at (—) pH 6, (—) pH 9 and pH 12 (—) showing the So.; transitions.

The data is normalised to peak at 365 nm. The full data is shown in the Appendix (Appendix
A.2.7-A.2.10).

The chromic response of the materials was determined using light, as this is very quick to
carry out. This was carried out to confirm that the NDIs could form the reduced species and
to investigate the effect of pH on radical formation. The use of 365 nm light was based on
previous studies demonstrating that this wavelength is sufficient to produce the radical
anion.” The samples were irradiated with the light and changes in their absorption profiles
recorded using UV-vis absorption spectroscopy and with photography. Irradiation was
carried out over a total of 5 minutes, with measurements taken after 10 seconds, 60 seconds,
and 300 seconds. Figure 2.7 shows the absorption profiles of the NDIs following 10 seconds
of irradiation. Although absorption spectra were also collected prior to irradiation, they were
excluded from the main figure for clarity. The full set of data, including the pre irradiation
profiles, absorption spectra at later time points, and corresponding photographs, is provided
in the Appendix section of this chapter (Appendix A.2.11-A.2.22). Upon irradiation, all

solutions exhibited a clear change in their absorption profiles, with the emergence of several
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peaks within the visible region (400—800 nm). The NDI-L solutions at pH 6 and pH 9
displayed an absorption peak at 485 nm, characteristic of radical anion formation (Figure
2.7a).>*® Both solutions formed near-identical amounts of the reduced species and
underwent a similar transparent-to-dark colour change (Appendix A.2.11-A.2.12). In
contrast, the pH 12 solution exhibited a peak at 405 nm, indicative of radical dianion
formation.*® This solution also appeared visually different after irradiation, forming a pink-
coloured solution (Appendix A.2.13). These results suggest that at high pH, NDI-L poorly
stabilises the radical anion, promoting rapid conversion to the dianion. It is likely that the
structures formed at pH 12 are unable to stabilise the radical anion compared to structures
that form at lower pH values. This observation is consistent with previous studies on amino
acid—appended NDIs, which reported significantly reduced chromic performance at high
pH.? Similar behaviour was observed with NDI-M (Figure 2.7b): the pH 6 and pH 9
solutions formed comparable amounts of the radical anion, while the pH 12 solution showed
an absorption profile consistent with dianion formation. However, the NDI-M solutions
generated less radical anion than NDI-L, resulting in a less pronounced colour change
(Appendix A.2.14-A.2.16). This suggests that the amino acid substituent directly influences
the ability of the NDI to generate and stabilise the reduced species. The NDI-Y and NDI-G
solutions performed relatively poorly (Figure 2.7c-d), producing smaller amounts of the
radical anion and requiring longer irradiation times to achieve visual darkening of the
solution (Appendix A.2.17-A.2.22). Overall, both pH and substituent choice significantly

influence radical anion formation and stability.
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Figure 2.7. The absorbance of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-G solutions
prepared at (—) pH 6, (—) pH 9 and pH 12 (—) upon irradiation with 365 nm light for 10

seconds.
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CV was performed to assess the influence of the amino acid substituent on the electronic
properties of the NDI solutions, and to determine whether these properties are affected by
pH. The experiments were conducted using a standard three-electrode setup with an aqueous
reference electrode, and the results of the fifth scan are shown (Figure 2.8). The fifth scan
was selected to allow for stabilisation of the electrode and the electrochemical system,
minimising any irreversible changes that may occur during the initial cycles. The NDI-L
solutions at pH 6 and pH 9 exhibited nearly identical cyclic voltammograms, suggesting that
the electronic structure of the NDI remains largely unaffected by protonation state at these
pH levels (Figure 2.8a). This observation is consistent with UV-vis absorption data, which
showed no significant change in aggregation between pH 6 and 9. In both cases, two cathodic
peaks are observed at -0.60 V and -0.75V, attributed to the sequential one-electron
reductions of the neutral NDI-L to the radical anion and subsequently to the dianion.** On
the reverse scan, a single anodic peak is observed at -0.50 V, likely corresponding to the
oxidation of the dianion, potentially through a fast or overlapping intermediate radical state.
This could explain the presence of a single oxidation peak despite two reduction events. At
pH 12, the NDI-L solution showed notably lower currents at the redox potentials, with the
reduction in current likely being due to the change in aggregation observed at high pH. A
change in aggregation could possibly hinder electron transfer, leading to a diminished
electrochemical response. Similar behaviour was observed with the NDI-M and NDI-Y
solutions (Figure 2.8b-c). Both solutions displayed two cathodic and one anodic peak at pH
6 and 9, with nearly identical waveforms. At pH 12, both systems showed significantly
reduced current at the redox potentials, again suggesting that aggregation at high pH
substantially affects electron transfer and overall electrochemical behaviour. The NDI-G
solution exhibited a notably different voltammogram (Figure 2.8d), appearing to show only
a single cathodic peak. This suggests that NDI-G may not undergo the second reduction to
form the dianion. Furthermore, the anodic peak was much less prominent, indicating that
oxidation of the radical anion back to the neutral species may be less reversible in this system.
Overall, these results confirm that the choice of amino acid substituent significantly
influences the electronic properties of the NDI. Additionally, the data strongly suggest that
pH-dependent aggregation plays a crucial role in determining the electronic properties of the
NDI. As both irradiation and CV data indicated a marked decrease in performance at pH 12,

solutions prepared at this pH were excluded from further analysis.
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Figure 2.8. The cyclic voltammograms of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-
G solutions prepared at (—) pH 6, (—) pH 9, and (—) pH 12 (vs Ag/AgCl). Scan of
background electrolyte is shown (—). The measurements were performed at a scan rate of

50 mV/s, and the results of the fifth scan are shown.

To further investigate the influence of different substituents on the electronic properties, the
lowest unoccupied molecular orbital energy (ELumo) of each NDI was calculated at pH 6
using the half-wave potential (E12) derived from CV, defined as the average of the reduction
and oxidation peak potentials (Table 2.2). For NDI-G, which lacked a well-defined reduction
peak, the reduction onset potential (Eonset) Was used instead. The ELumo values were
calculated by converting the CV values to a vacuum scale by applying an energy offset, as
detailed in the Experimental section of this Chapter (Section 2.4.2). Using the calculated
Erumo values and E; values obtained from Tauc plots, the highest occupied molecular orbital
energies (Enomo) were subsequently determined. NDI-L, NDI-M, and NDI-Y exhibited
nearly identical ELumo and Enomo, suggesting that the electronic structure is largely
unaffected by the choice of side chain. A similar study on amino acid-appended PBIs also
found that changing the amino acid side chain had minimal impact on the energy levels or
E,.?* In contrast, NDI-G displayed slightly more negative ELumo and Euowmo, indicating
stabilisation of both orbitals. We suggest that the absence of a side chain reduced steric
hindrance at the imide position, facilitating better orbital overlap of the n-electrons and thus
stabilising both the LUMO and HOMO. We also proposed that this change in electronic

structure may influence the optical properties of the reduced species.
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Table 2.2. Experimental ELumo and Enomo values for NDI derivatives at pH 6 from CV
measurements (vs Ag/AgCl), with LUMO for NDI-Y calculated from Eonsetand Eg from Tauc

plots. Energy values are reported in eV vs vacuum.

Compound | Ei12(VvsAg/AgCl) | Eg(eV) | LUMO (eV vs vacuum) | HOMO (eV vs vacuum)
NDI-L -0.525 3.09 —4.11 -7.20
NDI-M -0.53 3.09 —4.11 -7.20
NDI-Y -0.525 3.07 —4.11 -7.18
NDI-G -0.38 3.09 -4.26 -7.35

Spectroelectrochemistry (SEC) measurements were performed to observe changes in the
absorption spectrum upon application of redox potentials. This technique was used to
confirm that the radical anion could be generated electrochemically, and to compare the
reduction kinetics of the different NDIs at different pH values. These results would inform
the selection of the optimal pH for film construction. Due to the increased path length of the
SEC cell, it was necessary to dilute the solutions to an NDI concentration of 0.5 mg/mL, as
higher concentrations resulted in excessive absorbance beyond the measurable range of the
spectrophotometer. A dilution series was conducted for each sample (Appendix A.2.23-
A.2.26), and it was found that the aggregation of NDI-L, NDI-M, and NDI-Y remained
consistent across concentrations (Appendix A.2.27-A.2.30). Results collected at low
concentration are expected to be representative of the behaviour at the higher concentrations
required for film fabrication. In contrast, NDI-G showed a concentration-dependent change
in its absorption spectrum, with alterations in the ratio of the So. transition peaks suggesting
a shift in molecular packing of the aggregates.*® Therefore, the SEC data for NDI-G may not
accurately reflect its behaviour at higher concentrations and should be interpreted as

concentration-specific rather than wholly representative of film-forming conditions.

CV measurements were performed to determine the redox potentials required to generate the
reduced species and induce the desired colour change during the SEC measurement. These
measurements were carried out within the SEC cell. Although CV measurements had
previously been conducted at a concentration of 5 mg/mL, it was important to repeat the
experiment due to changes in both concentration and the electrochemical set-up. The results
of this experiment are shown in Figure 2.9, and the corresponding redox potentials are
provided in Table 2.2. The NDI-L, NDI-Y, and NDI-G solutions exhibit only minor
differences in the currents observed at the redox peaks when prepared at pH 6 and pH 9, with
the pH 6 solutions showing slightly higher currents. Since absorption measurements

indicated that the molecular packing of the aggregates remained unchanged between these
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two pH values, an alternative explanation is required for this observation. One possibility is
that at pH 9, electron transfer from the electrode to the NDI is less efficient due to increased
steric bulk arising from ionic association with the sodium counterion. The added bulk,
relative to the NDI at pH 6, may hinder diffusion to the electrode surface, thereby reducing
the availability of NDI for redox reactions and resulting in lower currents. The effect may
be more pronounced at the relatively low concentration tested here or could be influenced
by the different electrochemical configuration employed. This behaviour is even more
pronounced for the NDI-M solutions (Figure 2.9b), with the pH 6 solution drawing
significantly more current at both the cathodic and anodic peaks. The redox potentials and
peak shapes for the NDI-L, NDI-Y, and NDI-G solutions show only slight changes with pH,
suggesting that the electronic properties of these compounds are largely unaffected by the
pH difference. As a result, we would expect these solutions to show a similar EC response
when tested at pH 6 and pH 9, including comparable redox kinetics and colour changes. In
contrast, pH appears to have a more significant effect on the electronic behaviour of NDI-
M, with the redox peak becoming broader and less well defined at pH 9. We therefore
theorised that NDI-M would show different EC behaviour at the two pH values. As discussed
in Chapter 1, peaks within a CV measurement indicate the potential at which a particular
redox reaction is most favourable. Therefore, the voltages tabulated in Table 2.3 will be used

to perform redox chemistry on the solutions during the SEC measurements.
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Figure 2.9. The cyclic voltammograms of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-
G solutions at 0.5 mg/ml, prepared at (—) pH 6 and (—) pH 9 inside the SEC cell (vs.
Ag/AgCl). Scan of background electrolyte is shown (—). The measurements were performed

at a scan rate of 50 mV/s, and the results of the fifth scan are shown
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Table 2.3. The tabulated reduction and oxidation potentials identified from the CV

measurements of amino acid-appended NDIs (vs. Ag/AgCl).

Compound pH Reduction Potential (V) Oxidation Potential (V)
NDI-L 6 -0.56 -0.45
9 -0.55 -0.43
NDI-M 6 -0.55 -0.40
9 -0.60 -0.40
NDI-Y 6 -0.55 -0.45
9 -0.55 -0.43
NDI-G 6 -0.53 -0.38
9 -0.54 -0.39

The solutions were reduced using the voltages tabulated in Table 2.3, and the absorbance
was measured in situ, where the change in absorbance is monitored simultaneously with the
application of voltage. Alternatively, absorbance can be measured ex sifu, where the solution
is electrochemically reduced in a separate electrochemical cell and then transferred to the
spectrophotometer for measurement. However, this approach is not ideal, as it is not possible
to determine whether the applied voltage is directly responsible for the change in absorbance.
Furthermore, NDIs are known to oxidise in air, meaning the reduced species will likely re-

9,29

oxidise to the neutral form during transfer to the spectrophotometer,”~ resulting in a non-

representative measurement. For these reasons, in situ measurements are preferred.

The solutions were typically reduced for 20 minutes, with absorbance measurements taken
every 4 minutes (Figure 2.10). After this period, the concentration of the radical anion either
plateaued, or the sample underwent further reduction to form the dianion. An exception was
the NDI-M solution at pH 6, which was reduced for 60 minutes due to the slower formation
rate of the radical anion; the absorbance of this solution was measured every 10 minutes.
The experiment was also repeated outside the spectrophotometer, with photographs taken
after the corresponding reduction times (Appendix A.2.31-A.2.38). Images of the solutions
before reduction and after the final reduction step are shown below. All solutions exhibited
a change in the visible region of the absorption spectrum, indicating successful formation of
the reduced species. The NDI-L solutions developed a peak at 485 nm, characteristic of the

9,38

radical anion,””® confirming that the cathodic peak observed in the CV scan corresponds to

its formation. NDI-L responded similarly at both pH 6 and 9, as evidenced by the comparable
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amounts of radical anion generated in each case. Only a small amount of dianion appeared
to be present following reduction, suggested by the weak absorbance at 410 nm.*® This
indicates that the radical anion is well-stabilised. Both solutions exhibited a strong colour
change from colourless to dark purple (Figure 2.10¢). The NDI-M solution at pH 6 required
longer reduction times to generate a significant concentration of the radical anion (Figure
2.10d), whereas the pH 9 solution reduced more rapidly, forming large amounts of the
dianion (Figure 2.10e). As a result, the two solutions appeared visually distinct after
reduction: the pH 6 solution was dark purple, while the pH 9 solution appeared pink (Figure
2.10f). This result correlates with CV data, wherein the electronic properties of the system
were affected by varying the pH. In the context of ECDs, a more intense colour change is
desirable, suggesting that pH 6 is the optimal condition for NDI-M. The NDI-Y solutions
exhibited a very similar response at both pH values (Figure 2.10g-h), with comparable
radical anion formation and resulting colour changes (Figure 2.10i). Likewise, the NDI-G
solutions underwent similar colour changes regardless of pH (Figure 2.10.j-k). Interestingly,
the absorption spectrum of reduced NDI-G differed from that of the other NDIs, with the
radical anion peak appearing at 450 nm. This suggests that the glycine amino acid may
influence the electronic structure of the reduced species, potentially through electronic or
steric effects on the NDI core. Indeed, as shown from the experimentally calculated HOMO
and LUMO values, the glycine amino acid was observed to have a direct effect on the
electronic structure of NDI-G, likely due to loss of steric hinderance at the imide position.
Similar behaviour has been observed for NDI-GF, suggesting that a glycine residue directly
appended to the NDI at the imide position consistently impacts electronic properties.’ Due
to the shift in the absorption spectrum, the reduced NDI-G appeared orange in colour (Figure
2.10.1). This confirms that the choice of amino acid substituent can influence the colour

change of the material.
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Figure 2.10. The absorbance of (a) NDI-L, (d) NDI-M, (g) NDI-Y, and (j) NDI-G solutions
at pH 6 and (b) NDI-L, (e¢) NDI-M, (h) NDI-Y, and (k) NDI-G solutions at pH 9 upon
application of a reduction potential. Arrows indicate increasing reduction time. Photographs
of (¢) NDI-L, (f) NDI-M, (i) NDI-Y, and (I) NDI-G solutions at pH 6 (top) and pH 9 (bottom)
prior to reduction (pink) and after application of a reduction potential (purple). The reduction

potentials used are shown in Table 2.3.

To more accurately observe and compare the rate of radical anion formation upon reduction,
the absorbance of the solutions at 485 nm was tracked over time (Figure 2.11). Upon
reduction, the NDI-L solutions at both pH 6 and pH 9 show an increase in absorbance at 485

nm, corresponding to the formation of the radical anion (Figure 2.11a). Both solutions
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showed a similar reduction rate, with the pH 9 solution undergoing a slightly faster reduction
and forming more of the reduced species upon the conclusion of the experiment. This is
consistent with CV data, wherein the electronic properties of NDI-L appeared largely
unaffected at pH 6 and 9. The NDI-M solutions displayed a pH-dependent response (Figure
2.11b). While at pH 9 the radical anion was formed quickly, the absorbance at 485 nm
decreased after 4 minutes due to formation of the dianion; the experiment was therefore
halted after 20 minutes. In contrast, the pH 6 solution generated a larger radical anion
concentration. Although longer reduction times were required at pH 6, this condition is
preferable for device formation due to the more intense and desirable colour change. The
NDI-Y solutions form similar amounts of the radical anion at both pH values; the radical
anion appeared well stabilised, as evidenced by minimal dianion formation over time
(Figure 2.11c¢). Similarly, the NDI-G solutions exhibit comparable radical anion formation
at both pH values, as indicated by consistent absorbance at 449 nm over time (Figure 2.11d).
Interestingly, neither solution show evidence of dianion formation, suggesting that the choice
of amino acid influences the stability of the radical anion, thereby preventing successive

reduction to the disfavoured dianion.
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Figure 2.11. The absorbance of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-G solutions
prepared at (m) pH 6 and (m) pH 9 at 485 nm for (a), (b) and (c) or 449 nm for (d) over time
upon the application of a reduction potential. The reduction potentials used are shown in

Table 2.3.

Next, we aimed to determine whether the reduced NDIs could be oxidised back to the neutral

species, and whether the original colour could be restored. Reversibility of the colour change
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is vital for device applications. Following electrochemical reduction, the solutions were
oxidised using the voltages detailed previously (Table 5.2), and absorbance was measured
every 10 minutes. Oxidation continued until either the neutral species was regenerated, as
indicated by the disappearance of absorbance peaks in the visible region, or until the
concentration of the radical anion stabilised despite prolonged oxidation times. As before,
the experiment was repeated outside of the spectrophotometer and photographs of the
solutions were taken at several time points corresponding to those of the absorbance

measurements (Appendix A.2.39-A.2.46)

Upon application of an oxidising potential, the NDI-L solutions showed a near-complete
restoration of the neutral species, retaining only a small absorption peak at 485 nm (Figure
2.12a-b), resulting in the reformation of the original colourless solution (Figure 2.12).
Importantly, this confirms that the anodic peak identified in the CV measurements
corresponded to the oxidation of the radical anion. At pH 6, the NDI-M solution was
successfully oxidised back to the neutral species (Figure 2.12d), with the original colour
also being restored (Figure 2.12f). However, at pH 9, the solution could not be fully oxidised,
with a large concentration of radical anion remaining after oxidation. This suggests that the
radical anion is too well-stabilised within the NDI structure to be readily oxidised under
these conditions. For this reason, pH 6 is the preferred operating pH for NDI-M. The NDI-
Y solutions at both pH values showed a significant decrease in absorption at 485 nm (Figure
2.12g-h), but the peak did not disappear entirely, indicating that the neutral species could not
be fully regenerated. One possible explanation for this is diffusion limitations within the
SEC cell. As shown in Figure 2.12i, some of the reduced species appear to diffuse away
from the platinum mesh working electrode during the experiment. As oxidation occurs at the
working electrode, any species that diffused away from this area will not be oxidised, thereby
effecting the measurement. Alternatively, due to the small voltage difference between the
anodic and cathodic peaks, it is possible that the applied potential was too close to the
reduction potential, resulting in partial re-formation of the radical anion rather than full
oxidation to the neutral species. However, despite this both solutions appeared near-
colourless upon the completion of the experiment, suggesting NDI-Y remains suitable for
device construction. Finally, upon oxidation both NDI-G solutions showed a near-total loss
of peaks-within the visible region, and restoration of their original colours. Overall, these
results show that the NDIs remain generally reversible, despite forming large concentrations

of the reduced species.
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Figure 2.12. The absorbance reduced (a) NDI-L, (d) NDI-M, (g) NDI-Y, and (j) NDI-G
solutions at pH 6 and (b) NDI-L, (e) NDI-M, (h) NDI-Y, and (k) NDI-G solutions at pH 9
upon application of a oxidation potential. Arrows indicate increasing oxidation time.
Photographs of (¢c) NDI-L, (f) NDI-M, (i) NDI-Y, and (I) NDI-G solutions at pH 6 (top) and
pH 9 (bottom) following reduction (pink) and after application of an oxidation potential

(purple). The oxidation potentials used are shown in Table 2.3.

To compare oxidation rates, the absorbance at 485 nm was monitored over time following
the application of an oxidation potential (Figure 2.13). Both the pH 6 and pH 9 NDI-L

solutions showed a steep decline in radical anion concentration within the first 20 minutes
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(Figure 2.13a), stabilising after 40 minutes. Although both retained small amounts of the
reduced species, the pH 9 solution contained slightly less radical anion by the end of the
experiment. Given its enhanced radical formation and better reversibility, pH 9 was selected
for device construction with NDI-L. Oxidation times on the order of tens of minutes are not
ideal for device applications, with fast switching times being desirable. It should be noted
that there appeared to be a maximum concentration of radical anion that produces visually
noticeable difference in colour; additional reduction past this point will generate surplus
radical anion that will make oxidation more difficult. To reduce oxidation time, the reduction
step could be stopped once maximum colour saturation is reached, limiting excess radical
formation; this strategy is discussed further in Chapter 3. For NDI-M, the pH 6 solution
returned to its neutral state but required approximately one hour to fully oxidise (Figure
2.13b). In contrast, the pH 9 solution initially showed an increase in absorbance before
plateauing after 20 minutes. As previously shown, the applied potential at pH 9 is sufficient
to oxidise the dianion to the radical anion, but not fully to the neutral species. The absorbance
of the pH 9 solution plateaus because the radical anion cannot be reversibly converted back
to the neutral state. Since reversibility is vital for device applications, pH 6 was determined
to be optimal for NDI-M. The NDI-Y solutions oxidised at similar rates (Figure 2.13c), with
the pH 9 solution showing slightly better reversibility; therefore, pH 9 was selected as the
preferred condition. Finally, both pH 6 and pH 9 NDI-G solutions showed a sharp decrease
in radical anion concentration within the first 20 minutes (Figure 2.13d). However, the pH
6 solution oxidised more rapidly, as indicated by the absorbance at 449 nm plateauing after
20 minutes, while the pH 9 solution did not stabilise until 40 minutes had elapsed.
Accordingly, pH 6 was chosen as the optimum condition for NDI G. It should be noted that,
except for the NDI-M solution, the difference between the pH 6 and pH 9 solutions were
minimal, with all solutions forming large concentrations of the radical anion and showing
successful reformation of the neutral species. Furthermore, the extent to which any
differences in EC behaviour in solution persist into the solid-state is unknown; this is

investigated in more detail in Chapter 5.
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Figure 2.13. The absorbance of reduced (a) NDI-L, (b) NDI-M, and (¢) NDI-Y and (d) NDI-
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(d) over time upon the application of an oxidation potential. The oxidation potentials used

are shown in Table 2.3.

2.2.3 Preparation of NDI Films

Despite showing promising EC properties in solution, it is desirable to process our materials
into solid-state devices to avoid the limitations associated with solution-based devices, such
as susceptibility to cracks and leaks and issues with scalability. Prior to casting, HA was
added to each 5 mg/mL NDI solution at a concentration of 15 mg/mL, producing a viscous
mixture suitable for doctor blade coating. In contrast, films cast without HA dried with
severe cracking and poor uniformity (Appendix 2.47), making them unsuitable for device
applications or further experimentation. While the inclusion of additional components is not
ideal due to added material costs and the increased complexity of multicomponent systems,
a supporting polymer is essential to enhance the viscosity of the casting solution and promote
uniform film formation during drying. As outlined in Chapter 1, HA was chosen for its water
solubility and mechanical strength.***! Each NDI/HA solution was adjusted to its optimal
pH based on the EC behaviour observed in solution: pH 6 for NDI-M and NDI-G, and pH 9
for NDI-L and NDI-Y. These conditions were expected to encourage similar performance in
the solid state. Films were cast onto fluorine-doped tin oxide (FTO) conductive glass
substrates at a thickness of 1.5 mm. As HA is a non-conductive polymer, excessively thick

films would likely prevent the flow of current. After casting, films were annealed at 80 °C
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for one hour to evaporate solvent and promote firm adhesion. Further optimisation of casting
parameters, including polymer concentration, annealing time, and film thickness, is
discussed in Chapter 4. Optical microscopy showed that NDI-L and NDI-M films, cast at pH
9 and 6 respectively, were uniform and free of visible cracking, indicating their suitability
for further testing (Figure 14a-b). In contrast, NDI-G and NDI-Y films, also cast at pH 6
and 9, exhibited poor film quality (Figure 14c-d). NDI-G showed cracking and separation
between the polymer and NDI components, whilst NDI-Y appeared opaque, suggesting poor
dispersion. To improve film uniformity, both were recast at pH 12. This pH was expected to
improve NDI solubility and reduce phase separation during drying. NDI-G showed a marked
improvement in casting quality and was considered suitable for further study. NDI-Y
remained opaque and was excluded from absorption spectroscopy due to poor light
transmission. These observations highlight the critical influence of pH on film quality and
mechanical properties. As shown in earlier work, EC behaviour is significantly impacted at
pH 12 due to changes in aggregation. While it is unclear whether these aggregates persist

from solution to the solid state, prior results suggested that NDI-G may exhibit unique

properties when processed at high pH. This should be considered when interpreting the data.

(a) (b)

Figure 2.14. The ptical microscopy images of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d)
NDI-G films prepared with HA. (a) and (¢) were prepared at pH 6 and (b) and (d) were

prepared at pH 9. Scale bar represents 0.1 mm.

2.2.4 Behaviour of NDI Films

The photochromic response of the films in response to light irradiation was again first
investigated. This was done to observe whether the NDI could form the radical anion while

in the solid state and while dispersed in a polymer matrix. A 365 nm LED light source was
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used to irradiate the films for set intervals (5 seconds, 10 seconds, 30 seconds, 60 seconds,
300 seconds, 600 seconds, and 1200 seconds), after which the irradiation was halted and the
absorbance measured. The results, along with corresponding photographs, are presented in
Figure 2.15. All tested films exhibited a strong photochromic response upon exposure, with
an immediate visible colour change observed in each case, corresponding to the formation
of an absorbance peak at approximately 485 nm, indicative of radical anion formation.?’ As
in solution, the initial colour response varied depending on the NDI, suggesting that
structural differences between NDIs influence their chromic properties in the solid state. For
example, while the NDI-L film formed a dark purple colour, while the NDI-M film appeared
orange. By the end of the experiment, all films appeared visually black, due to broad
absorbance across the visible spectrum. Overall, the pronounced and consistent

photochromic response demonstrates the potential of these materials for use in chromic

devices.
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Figure 2.15. The absorbance of (a) NDI-L, (b) NDI-M, and (¢) NDI-G films (-) prior to

irradiation and after irradiation with 365 nm light for (—) 5 seconds, (—) 10 seconds, (—)
30 seconds, (—) 60 seconds, (—) 300 seconds, (—) 600 seconds, and (—) 1200 seconds.
Photographs taken of (d) NDI-L, (¢) NDI-M, and (f) NDI-G films at corresponding

irradiation times. The scale bar represents 15 mm.
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To determine the redox potentials required to generate the reduced species and induce the
desired colour change, CV was performed using a three-electrode setup with an organic
reference electrode. The fifth scan was selected for analysis to allow the electrochemical
system to stabilise. The results of this experiment are shown in Figure 2.16. All three films
exhibited a cathodic peak at approximately -1.0 V; however, a similar feature was also
observed in the control film composed solely of HA (Appendix A.2.48). Notably, applying
this potential had no measurable effect on the film absorbance, suggesting that the peak may
originate from the reduction of the HA matrix itself or from residual dissolved gases present
in the casting solution. In addition, both the NDI-L and NDI-M films displayed an additional
cathodic peak near -1.8 V (Figure 2.16a-b), likely corresponding to the formation of the
NDI radical anion. All three films also showed a strong anodic peak around -0.5 V, which
may be associated with the oxidation of the radical anion back to the neutral NDI species.
However, as a similar anodic response is observed in the HA control film, this assignment
remains uncertain. Finally, while the NDI-G film also exhibited a cathodic peak at —1.0 V, it
lacked a second reduction feature (Figure 2.16¢). This may be due to the high pH of the
casting solution affecting the film’s electronic properties, potentially shifting the reduction
peak beyond the experimental voltage window. Overall, these results suggest that the NDI
films can undergo redox processes in the solid state. Square wave voltammetry (SWV) was
performed to validate the redox peaks observed in the CV data and to identify any additional
redox process. SWV is a high sensitivity technique, allowing improved resolution of
overlapping redox processes, enabling the detection of subtle redox features.*’ The
experiment was run at 50 Hz, with the frequency swept in both the positive and negative
direction. Both the NDI-L and NDI-M film show a reduction peak at roughly -1.7 V, thereby
confirming the results of the CV measurements (Figure 2.16d-e). For NDI-G, a second
reduction peak can be observed at -1.6 V in the SWV measurement (Figure 2.16f). Again,
all three films showed a peak an oxidation at approximately -0.5 V, possibly corresponding

the oxidation of the reduced NDI to the neutral species.
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Figure 2.16. The cyclic voltammograms of (a) NDI-L, (b) NDI-M and (¢) NDI-G films.
Measurements were performed at a scan rate of 50 mV/s, and the results of the fifth scan are
shown. The square wave voltammograms of (d) NDI-L, (e) NDI-M and (f) NDI-G films in

the positive (—) and negative (—) directions.

Next, we examined the EC response of the films to evaluate their potential for device
fabrication. Specifically, we aimed to assess the amount of radical anion formed, the speed
of redox processes, the reversibility of these processes, and the visual colour change upon
reduction. A key question was whether the EC properties observed in solution would be
retained in the solid state and how the presence of the polymer might affect performance. To
investigate this, the films were electrochemically reduced at -1.8 V using our electrochemical
setup, with measurements taken at 10 seconds, 30 seconds, 60 seconds, 300 seconds, 600
seconds, and 1200 seconds. Photographs were taken of the films at corresponding reduction
times to monitor the visual response of the films. As shown in Figure 2.17a, the NDI-L film
formed a significant amount of the radical anion, indicated by the strong absorbance at 485
nm. This resulted in a distinct transparent-to-black colour change, confirming that amino
acid-appended NDIs retain their EC properties in the solid state. It should be noted that the
absorbance of the reduced NDI-L film fell out of the measurable range of the
spectrophotometer, with measurements of greater that 1.0 a.u. being considered inaccurate
for many spectrometers. The NDI-M films also formed the radical anion (Figure 2.17b),
though the response was weaker, which aligns with the SEC data showing that NDI-M
solutions at pH 6 required significantly longer reduction times to reach similar

concentrations of the reduced species. As a result, the NDI-M film exhibited a more subdued
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colour change, transitioning from yellow to orange, demonstrating that modifying the amino
acid substituent allows for control over the colour of the film. The NDI-G film also
successfully generated the radical anion, turning dark brown after reduction. To directly
compare the rate of radical formation, we monitored absorbance at 616 nm over time (Figure
2.17d), a wavelength characteristic of the radical anion. This absorbance remained
measurable throughout the experiment, unlike the peak at 485 nm. Notably, the NDI-L film
not only produced the most radical anion but also did so very quickly, underscoring how the
choice of amino acid substituent can significantly influence the EC properties of the resulting
film. In summary, these results demonstrate that amino acid-appended NDI films exhibit
strong EC behaviour including the ability to form and stabilise large amounts of the radical
anion and consequently undergo a drastic colour change. Furthermore, there results confirm
that the voltages identified in CV measurements are sufficient to induce the desired colour

change and will therefore be used for further experimentation.
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Figure 2.17. The absorbance of (a) NDI-L, (b) NDI-M, and (c¢) NDI-G films () prior to

reduction and after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60
seconds, (—) 300 seconds, () 600 seconds, and (—) 1200 seconds. (d) The absorbance of
(m) NDI-L, (m) NDI-M, and (m) NDI-G films over time upon reduction. Insert images of

NDI-L (top row), NDI-M (middle row) and NDI-G (bottom row) films prior to reduction
(left-most image) and following reduction for (left-to-right) 10 seconds, 30 seconds, 60

seconds, 300 seconds, 600 seconds, and 1200 seconds. The scale bar represents 15 mm.

77



Chapter 2: Synthesis and Characterisation of Amino Acid-Appended Naphthalene Diimides

Next, we wished to observe if the reduced NDI films could successfully be oxidised to the
neutral species and if their original colour could be maintained. Despite displaying promising
EC behaviour, the applicability of the material for real-world device construction is
dependent upon the ability of the films to be oxidised back to their original states and regain
their original colour. After application of the possible potential identified from the CV
measurements to the reduced films, we observed no restoration of original colour and
minimal changes to the absorbance spectrum (Appendix A.2.49). It was theorised that the
ideal oxidation potential was out-with the voltage range tested. To oxidise the films, a
potential of +2.0 V was applied using the electrochemistry stet-up. Larger voltages would be
undesirable, as to avoid electrochemically effecting the solvent or damaging the film. As
before, the absorbance of the film was measured at several time intervals, at which time
photographs were taken (Figure 2.18). Upon application of +2.0 V, all films showed a
decrease in the absorption at 485 nm, meaning the radical anion was being oxidised into the
neutral species. The oxidation time necessary to neutralise the film and restore its original
colour varied. The NDI-L film required the longest oxidation time; after an hour of the
reduced species had not fully been neutralised. Consequently, the film only partially regained
its initial colour. The colour change upon oxidation also appeared inhomogeneous with some
sections regaining their initial colour more quickly, possibly the result of non-uniform
distribution of NDI across the film. In contrast, the NDI-M film regained its initial colour
after only 60 seconds of reduction, losing all peaks within the visible region. Finally, while
the absorbance of the NDI-G film appears to suggest reformation of the neutral species, the
colour change is inhomogeneous across the film, with some areas appearing darker than
others. As previously discussed, it is possible this non-uniformity in response is the result of
uneven dispersion of the NDI throughout the film. As the structure of HA is known to
degrade at high pH,* this could encourage the observed inhomogeneity. This result
highlights a limitation of using spectroscopic methods in the study of EC films as the
spectrophotometer can only measure a single point of a sample at once it could result in
unrepresentative measurements. Importantly, these results confirm that our materials show
reversible EC behaviour, making them viable candidates for ECD construction and
warranting further investigation. The cyclability of these materials is investigated in Chapter

3.
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Figure 2.18. The absorbance of (a) NDI-L, (b) NDI-M, and (c¢) NDI-G films (-) following
the application of -1.8 V for 1200 seconds and after the application of +2.0 V for (—) 10
seconds, (—) 30 seconds, (—) 60 seconds, (—) 300 seconds, (—) 600 seconds, (—) 1200
seconds and (—) 3600 seconds. The photographs taken of (d) NDI-L, (¢) NDI-M and (f)

NDI-G films at corresponding oxidation times. The scale bar represents 15 mm.

2.3 Conclusions

In this chapter, a series of amino acid-functionalised naphthalene diimides: NDI-L, NDI-M,
NDI-Y, and NDI-G were successfully synthesised. These compounds were designed to
exhibit optical and electronic properties distinct from those previously reported by our group,
with the goal of integrating them into EC films. A key aim was to investigate how differences
in the amino acid side chains influence solubility and, in turn, affect the behaviour of the
materials both in solution and as processed films. The target compounds were obtained in
moderate to high yields, demonstrating the reliability and scalability of the synthetic
approach for future device development. Crucially, all compounds remained fully water-
processable, confirming that a variety of side chains can be introduced without
compromising aqueous compatibility. This represents an important step toward fabricating

ECDs without the use of environmentally harmful organic solvents.
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We first investigated the behaviour of the NDIs in solution to identify the optimal conditions
for film processing. Solutions at pH 6, 9, and 12 were prepared to explore the impact of an
apparent pK, between these values, which we hypothesised would affect molecular self-
assembly and EC performance. UV—vis absorption spectroscopy revealed little change in
aggregation on a molecular level between pH 6 and 9, but a distinct shift in molecular
packing at pH 12. Upon irradiation, the solutions at pH 6 and 9 formed comparable amounts
of the radical anion, while at pH 12, the radical anion was less stable, and the solution
primarily reduced to the dianion. These results are consistent with previous studies of amino
acid NDIs, where there were often minimal differences in aggregation and chromic
performance between pH 6 and 9, but a significant decrease in properties at high pH. CV
measurements confirmed significant changes in electronic behaviour at high pH, leading to

the exclusion of pH 12 for further experiments.

SEC measurements were used to assess the response of the NDIs to applied electrical
potentials. All compounds could form the radical anion, resulting in both significant changes
in their absorption spectra and strong visible colour transitions, and generally showed
reversibility. NDI-L, NDI-M, and NDI-Y all exhibited a pronounced transparent-to-dark
colour change. In contrast, NDI-G was orange upon reduction, suggesting that modifications
at the imide position can influence optical behaviour beyond solubility alone. Indeed,
changes to the amino acid group were found to have a direct impact on the electronic
properties of the NDI, possibly the result of changes to steric hinderance at the imide position.
We propose that the absence of a bulky side chain in NDI-G reduces steric hindrance at the
imide position, allowing greater planarity and conjugation of the NDI core. This likely leads
to stabilisation of the HOMO and LUMO, which may shift the absorption of the reduced
species and account for the observed colour change. To determine the optimum pH for device
construction, the rate of reduction, overall radical formation, and reversibility were all
considered. While the NDI-L, NDI-Y and NDI-G solutions only showed a slight difference
in performance between the two pH values, the response of the NDI-M solutions was more

variable. From the SEC results, we then determined the optimum pH for film construction.

Having identified the ideal conditions for device construction, we processed the NDI
solution into films using doctor blade coating. The supporting polymer, HA, was added to
promote uniformity and to provide the films with suitable mechanical strength. The NDI-L
and NDI-M films appeared well-cast and homogeneous. In contrast, the NDI-G films had to

be cast at a high pH to prevent the NDI from separating from the polymer during thermal
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annealing. The NDI-Y films were poorly dispersed, regardless of pH, and were therefore
unsuitable for further experimentation. Importantly, these results suggest that the choice of
side chain can influence the stability of the dispersion and the film formation process. The
EC response of the films was investigated by monitoring their response to small reducing
potentials identified from CV and SWV measurements. In all films tested, this resulted in
the formation of a reduced species, accompanied by a change in the colour of the films. Upon
oxidation, the original neutral species could be restored, leading to a partial or total
restoration of the original colour. The films also show promise as multi-stimuli responsive
devices, as evidenced by the strong photochromic response observed following light
irradiation. NDI-L exhibited the most promising EC behaviour, demonstrating substantial
radical formation and a strong visual colour change, making it ideal for further
experimentation. While NDI-M showed a weaker overall response, it displayed fast
reversibility and uniform colouration, also making it suitable for continued testing. In
contrast, the poor uniformity of the NDI-G film, likely caused by hydrolysis of the polymer
at high pH, led to its exclusion from further evaluation. For the subsequent chapters of this
Thesis, we will focus on NDI-L and NDI-M. Overall, the results detailed in this chapter
highlight the potential of amino acid-appended NDIs as EC films and establish a protocol

for producing EC films from these materials.

2.4 Experimental

2.4.1 Synthetic Procedures

The chemicals and solvents used were all purchased from Sigma-Aldrich and Alfa Aesar.
NTCDA was found via spectroscopic measurements to have been impure upon purchasing
due to hydrolysis of one of the anhydride groups. The procedure used to purify the NTCDA
has previously been described by our group.® The purified NTCDA was stored in amber
glass. Hyaluronic acid (HA) was provided by Hyaltech Ltd., and was dried via lyophilisation
prior to use. All other chemicals were used as received. Deionised water was used throughout,
and was obtained from an in-house deionisation system located in the laboratory. The
synthetic route reported here used to synthesise the NDI derivatives was adapted from a
method previously described by our group.®® When synthesising and storing the NDI, it is
important that it is not exposed to UV light. UV light is known to reduce the NDI to the
radical anion. This results in the compound taking on a dark brown colour, which is difficult

to remove from the solid material. To prevent this, the reaction is covered in aluminium foil
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and the light of the fume hood was turned off. The resulting product was also covered with

foil and stored inside of a cupboard until use.

2.4.1.1 Synthesis of NDI-L

I G N a Va
/J.
W b Hd
0 0 N/ OH O OHO
NTCDA L-Leucine NDI-L
Figure 2.19. The synthetic scheme for NDI-L.

Napthalene-1,4,5,8-tetracarboxylic acid dianhydride (NTCDA, 2.00 g, 7.46 mmol), L-
leucine (2 eq, 1.96 g, 14.9 mmol) and imidazole (10 eq, 5.08 g, 74.6 mmol) were added to a
Schlenk flask and degassed with nitrogen for 5 minutes. The solids were then heated to
120 °C and stirred under nitrogen for 5 hours. This was performed in the dark to prevent the
formation of the reduced species. The temperature was then lowered to 90 °C and 50 mL of
water was added, and then the mixture was stirred for 1 hour. The mixture was then filtered,
and the filtrate was poured into 200 mL of 2M HCI (aq) and stirred for 30 minutes. The
mixture was filtered, and the precipitate was washed with water until the pH was no longer
acidic. Crude NMR indicated the presence of impurities. The crude solid was then then added
to 200 mL of 1M HCI (aq) and stirred at 90 °C for 1 hour. The mixture was then filtered, and
the precipitate was washed with water until the pH was no longer acidic. The solid was
frozen and lyophilised overnight to yield a light grey solid (2.86 g, 77%). '"H NMR (400
MHz, DMSO-ds) 6 12.92 (br s, 1H, COOH), 8.74 (s, 4H, naphthalene core), 5.60-5.56 (m,
2 H, NCH) 2.14-1.96 (m, 4H, CH>) 1.62-1.51 (m, 2H, CH), 0.94 (d, J = 6.5, 6H, CH3), 0.86
(d, ] = 6.5, CHs). '3C NMR (100 MHz, DMSO-d;) d 170.9 (COOH), 162.4 (C=0), 131.2,
126.3, 126.0 (naphthalene core), 51.8 (NCH), 37.6 (CH>), 24.8 (CH(CHs)), 22.9 (CH3), 21.9
(CH3). HRMS (ESI) m/z: [M+H]" calculated for C26H27N20s, 495.1689; found 495.1760.
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Figure 2.20. '"H NMR spectrum (400 MHz, DMSO-ds) of NDI-L.
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Figure 2.21. ’C NMR spectrum (101 MHz, DMSO-ds) of NDI-L.
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Figure 2.22. HRMS spectrum of NDI-L. The spectrum was collected in methanol.

2.4.1.2 Synthesis of NDI-M

0 o —s 0 0 S
v a0
S _—
(@] o+ -~ \/\HkOH H :<7N N
Q) 0 0
o 0 | ) OHO OHO
NTCDA L-Methionine N

NDI-M
Figure 2.23. The synthetic scheme for NDI-M.

The reaction was performed following the procedure outlined above (Section 2.4.1.1) using
the amino acid L-Methionine (2 eq, 2.23 g, 14.9 mmol). The final product was isolated as a
yellow solid (2.25 g, 57.0%). '"H NMR (400 MHz, DMSO-ds) & 12.97 (br s, 2H, COOH),
8.74 (s, 4H, naphthalene core), 5.73-5.69 (m, 2 H, NCH) 2.61-2.54 (m, 6H, CH») 2.34-2.23
(m, 2H, CH>), 2.00 (s, 6H, CH3). '*C NMR (100 MHz, DMSO-ds) & 171.0 (COOH), 163.0
(C=0), 131.5, 126.9, 126.7 (naphthalene core), 53.0 (NCH), 30.9 (CH»), 28.4 (SCH>), 14.9
(SCH3). HRMS (ESI) m/z: [M+Na]" calculated for C2sH22N20sS>Na, 553.0715; found
553.07009.
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Figure 2.24. '"H NMR spectrum (400 MHz, DMSO-ds) of NDI-M.
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Figure 2.25. 3C NMR spectrum (101 MHz, DMSO-ds) of NDI-M.
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Figure 2.26. HRMS spectrum of NDI-M. The spectrum was collected in methanol.
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2.4.1.3 Synthesis of NDI-Y

) .
NH N
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Figure 2.27. The synthetic scheme for NDI-Y.

The reaction was performed following the procedure outlined above (Section 2.4.1.1) using
the amino acid L-Tyrosine (2 eq, 2.70 g, 14.9 mmol). The final product was isolated as an
orange solid (2.72 g, 61%). '"H NMR (400 MHz, DMSO-ds) 8 12.82 (br s, 1 H, COOH), 8.66
(s, 4H, naphthalene core), 6.94 (d, ] = 8.4 Hz, 4 H, Har), 6.49 (d, J = 6.5 Hz, 4H, Har), 5.80-
5.76 (m, 2 H, NCH), 3.47 (dd, J = 5.5 Hz, 14.4 Hz, 2 H, ArCH), 3.22 (dd, J = 9.7 Hz, 14.4
Hz, 2 H, ArCH). 6C NMR (100 MHz, DMSO-ds) 6 170.8 (COOH), 162.5 (C=0), 156.1
(CArOH), 131.8,130.4, 128.2,128.2,126.5, 126.1, 115.5 (CAr), 55.3 (NCH), 33.0 (ArCH2).
HRMS (ESI) m/z: [M+H]" calculated for C32H23N>010, 595.1353; found 595.1348.
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Figure 2.30. HRMS spectrum of NDI-Y. The spectrum was collected in methanol.

2.4.1.4 Synthesis of NDI-G
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NTCDA Glycine NDI-G
Figure 2.31. The synthetic scheme for NDI-G.

The reaction was performed following the procedure outlined above (Section 2.4.1.1) using
the amino acid glycine (2 eq, 0.56 g, 7.46 mmol). The final product was isolated as a grey
solid (1.06 g, 72%). 'H NMR (400 MHz, DMSO-dc) & 13.2 (br s, IH, COOH), 8.74 (s, 4H,
NDI-Har), 4.78 (s, 2H, NCH). 6C NMR (100 MHz, DMSO-d6) 6 169.5 (COOH), 162.7
(C=0), 131.5, 126.8, 126.4 (CAr), 42.0 (NCH).
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Figure 2.33. 3C NMR spectrum (101 MHz, DMSO-ds) of NDI-G.

89



Chapter 2: Synthesis and Characterisation of Amino Acid-Appended Naphthalene Diimides

2.4.2 Experimental Procedures

Nuclear Magnetic Resonance (NMR) Spectroscopy. Carbon and proton NMR
spectroscopy measurements were collected using a Bruker 400 MHz spectrometer. All
samples were ran using DMSO-ds as the solvent. The spectrometer operated at 400 MHz for

"H NMR and 101 MHz for '>*C NMR spectroscopy.

High Resolution Mass Spectroscopy (HRMS). HRMS measurements were carried out
using a Bruker microTOFq Mass Spectrometer. Electrospray ionisation was used and was
coupled to a time-of-flight analyser. The instrument is accurate to <5 ppm. Samples were
run in methanol. Measurements were carried out by the University of Glasgow mass

spectrometry service.

Lyophilisation. Synthetic products were dried using lyophilisation. Solids were first
neutralised by washing with large amounts of water, which was performed until the washings
were no longer acidic. This was tested using universal indicator paper purchased from Merch
Life Sciences. Solids were then frozen in a freezer set to -18°C. Water was then removed

using a LSCBasic Freeze-dryer at -85°C and between 0.890 and 1.25 mBar.

pH Measurements. The pH of solutions was measured using an FC200 pH probe (HANNA
Instruments) with a 6 mm x 10 mm conical tip calibrated using buffers of pH 4, 7 and 10

(HANNA Instruments). The stated accuracy of the pH probe is £0.1.

Solution preparation. Solutions were prepared with an NDI at a concentration of 5 mg/mL
unless otherwise stated and were dispersed in 2 molar equivalents of NaOH (1M, aq) and
the necessary volume of deionised water. The solutions were adjusted to the desired pH with
HCI (1 M, aq) and NaOH (1 M, aq) using a HANNA instruments pH probe. For CV
measurements, a background electrolyte containing 400 uL mL ™! of NaCl (0.1 M, aq) was
used. To prepare solutions for film casting, HA was added to the NDI solutions at a
concentration of 15 mg/mL. These solutions were allowed to stir for 48 hours prior to use.

All solutions were used within one week of preparation.

Apparent pKa titration. The NDI solution was adjusted to pH 12 using NaOH (1M, aq).
The pH was lowered via the addition of 5 or 10 uL aliquots of HCI1 (0.1 M, aq) until a pH of

3 was achieved. Following each addition of acid, the pH of the solution was allowed to
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stabilise for 5 minutes and was then recorded. The apparent pK. was determined to be the

point at which, upon additions of acid, the pH remained stable.

UV-Vis Absorption Spectroscopy. All UV-vis absorption spectroscopy measurements
were collected using a Cary 60 UV-vis spectrophotometer from Agilent Technologies.
Measurements were collected from 250 nm to 800 nm. Solution and film measurements were
performed using a scan rate of 600 nm/min. Solution irradiation studies were performed in
a 0.1 mm quartz glass cuvette. The dilution series was performed in a cuvette with a path
length of 0.01 mm. When measuring solutions, a baseline measurement was performed in
water. When measuring films, baseline measurements being performed on clean FTO glass.
A 3D-printed holder was used for all film measurements. This ensured the area measured by
the spectrometer remained consistent. The films were measured before and immediately
after the desired electrochemistry was performed. Photographs were taken of films after each

measurement.

Tauc Plot Analysis. The E; of the NDI solutions was determined using UV-Vis absorption
spectroscopy by constructing Tauc plots from the measured absorbance data. First, the

absorption coefficient (o) was calculated from the absorbance (A) using Equation 1:

2303 XA Equation 1
*=Ta

Where d is the path length of the cuvette (0.001cm). For direct allowed transitions, the

following Tauc relation was applied:
(ahv)Y/2 = A(hv — E,) Equation 2

Where hv is the photon energy, 4 is a constant that is determined through the linear fit, and

E, is the optical bandgap. A plot of (ahv)!?

versus photon energy was constructed, and the
linear portion near the absorption edge was extrapolated to the x-axis. The x-axis intercept

of this linear fit provides an estimate of Eg.*

Irradiation Studies. Solutions and films were irradiated using a 365 nm LED light source
(ledEngin Inc, LZ1-10U600) powered by a TTi QL564P power supply operating at 1.0 W.

Prior to irradiation, the power of the light was monitored using an optical power meter
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(THOROLABS PM100D) and photodiode power sensor (THOROLABS). A power of 95

mW was applied when irradiating the films.

Spectroelectrochemistry (SEC). Solutions for SEC were prepared at a concentration of
0.5 mg/mL and were dispersed in 2 molar equivalents of NaOH (1M, aq). NaCl (0.1 M, aq)
was added at a concentration of 0.4 mL/mL of total solution. The remaining volume of
solution was made up using deionised water. The solutions were adjusted to a pH of 6 or 9
with HCI (1 M, aq) and NaOH (1 M, aq) using a HANNA instruments pH probe. SEC was
performed in an EF-1350 SEC-C thin layer quartz glass SEC cell (BASi) with a platinum
gauze working electrode, a platinum counter electrode, and an aqueous reference electrode
(Ag/AgCl). CV measurements were first performed in the SEC cell, using a voltage range
0of'-0.8 V t0 -0.2 V. An equilibration time of 5 second was used. A scan rate of 50 mV/s were
utilised and a total of 5 scans were collected for each measurement. The solutions were
degassed with nitrogen gas prior to the start of experimentation. The absorbance of the
solution was measured in situ using a Cary 60 UV-vis spectrophotometer from Agilent
Technologies. A baseline measurement was collected in water. Spectra were collected from
300 nm to 800 nm at a scan rate of 4800 nm/min. Measurements were collected by the
spectrometer every 2 minutes. Using the voltages identified from CV measurements, the
solution was electrochemically reduced for a total of 20 minutes unless otherwise stated. The

solution was then oxidised until the absorbance was seen to plateau.

Substrate Preparation. FTO glass (Ossilia S2002S1, NSG TEC 10) with the dimensions of
20 mm by 15 mm and a thickness of 1 mm was used. The FTO has a quoted resistance of
11-13 Q/sq. A small piece of copper tape was added to one edge of the glass to allow the
passage of current into the glass. The glass was plasma treated for 40 minutes using a Plasma
Cleaner Zepto M2 from Diener Electronics. The FTO glass was plasma cleaned with oxygen
plasma prior to film casting. Plasma cleaning is a process by which oxygen plasma is used
to remove organic contaminants from the surface of the material, while also introducing
functional groups onto the surface. This results in a more hydrophilic surface on which the

films can adhere to. The glass was used immediately after plasma cleaning.

Film Formation. The films were prepared on FTO glass using the doctor blade. The
NDI/HA solution was added to the top edge of the glass using a pipette. The doctor blade
was set to a height of 3.5 mm. As the glass itself had a height of 2 mm, this resulted in the

formation of films with a thickness of 1.5 mm. The doctor blade was moved parallel across
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the glass surface, thereby depositing the solution across the length of the glass. A casting
speed of 10 mm/s and casting distance of 40 mm were used. The glass was then heated to 80
°C for 1 hour, causing the water in the solvent to evaporate and the film to dry down and
adhere to the glass surface. This process is represented graphically in Figure 2.34. This

resulted in the formation of the NDI/HA film.

(a) (b)
«— Doctor
blade ]
| \I NDI-L solution \ .
- . EE—
[ 5 o sot1.5mm N NS ——
Heating —=T eSS Plasma N : :
element cleaned
FTO glass
(¢) (d)
]
[ ] \ Annealed
- 80°C
w — ?r:r 1 hour\
N N = ;
N : \ N = :

(e) NDI-L film

\\

Figure 2.34. Overview of thin film casting on FTO glass using doctor blade, showing (a)
calibration and set-up of the doctor blade, (b) addition of NDI solution, (¢) casting of solution
across glass surface, (d) thermal annealing of solution to glass, and (e) the completed NDI

film.

Optical Microscopy. Images were collected using a Nikon Eclipse LV 100 microscope with
a Nikon Plan ELWD x5 lens attached to an Infiinity2-1C camera. No post modification or

processing were made to the images after being collected.

Electrochemistry. Electrochemistry of both solutions and films was performed using a
PalmSens4 potentiostat (Alvatek Ltd). Measurements were collected using PSTrace
software (Version 7.2). A three-electrode setup was utilised for both solution and film-based
electrochemistry. For solution measurements, a polished glassy carbon working electrode
was used, with a platinum counter electrode and an Ag/AgCl aqueous reference electrode

(BASIi). To test the films, an electrolytic solution of dichloromethane (DCM) with a
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background electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) was
prepared and degassed with nitrogen gas for 10 minutes. The FTO glass, functioning as a
working electrode, was suspended in the solution, in addition to a platinum wire counter
electrode and an organic reference electrode containing 0.01 M silver nitrate (AgNO3) in

acetonitrile.. A diagram of the electrochemical set-up is shown in Figure 2.35.

Counter Electrode Ag counter eleit/rod\e/ Reference electrode

uy Organic reference electrode
Working electrode H

Uy

Copper Tape —|

FTO glass + NDI/HA film - DCM + 0.1 M TBAHFP

Figure 2.35. Cartoon showing the schematic of the electrochemistry set-up used.

Cyclic voltammetry. CV measurements of solutions were performed using a voltage range
of -0.2 V to -1.0 V, with a starting voltage of -0.2 V. CV measurements of films were
performed using a voltage range of -2.0 V to +2.0 V, with a starting voltage of 0 V. Both
solution and film measurements were performed with an equilibration time of 5 seconds and
50 mV/s. A total of 5 scans were performed for each measurement to allow stabilisation of

the system, with the results of the fifth scan being shown.

Determination of HOMO and LUMO Energy Levels. The Ei/> for each compound was
determined from the CV data as the average of the anodic and cathodic peak potentials. For
NDI-G, the LUMO was calculated from the Eonset, and the Eg was obtained from Tauc plot
analysis of the UV-vis absorption data. The ELumo for each compound was then calculated
by converting the measured potentials to vs vacuum using the following procedure: the
potential was first converted from vs Ag/AgCl to vs SHE using a reference value of +0.197
V for Ag/AgCl (vs SHE). The potential was then converted from vs SHE to vs vacuum using
a known conversion factor of +4.44 eV for SHE to vacuum.***® The Enomo energy for each
compound was derived from the ELumo and the band gap (Eg) determined from UV-Vis

absorption spectroscopy, using the equation:

Eyomo = Erumo — Ey Equation 3
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Square Wave Voltammetry. SWV measurements were performed using a frequency of 50

Hz. A voltage range of -2.0 V to +2.0 V was tested. The voltage was swept in both directions.

Chronoamperometry. Chronoamperometry was performed on the films using the

previously described set-up and the response measured using absorption spectroscopy. The

films were reduced via the application of -1.8 V. This voltage was chosen from CV

measurements. To oxidise the films, an oxidising potential of +2.0 V was required.
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“Non-contact Computer Vision Enables Analysis of the Dynamic Performance of

Naphthalene Diimide Electrochromic Films”
N.R. Murray, T. McCabe, M. Reid, E.R. Draper, J. Mater. Chem. C.,2024, 12, 12483-12490.
The article was published under a CC BY license.

NRM was responsible for the synthesis of the electrochromic compounds, film construction,
and all spectroscopic measurements. NRM and TM were responsible for performing
computer vision analysis of films and analysis of data. NRM, ERD and MR conceptualised
the project. ERD supervised the project. NRM and ERD wrote the initial draft of the

manuscript, to which all authors contributed for the final publication.
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3.1 Introduction

When developing electrochromic devices (ECDs), it is necessary to identify an appropriate
method of quantifying the response of the material. As shown in Chapter 2, UV-vis
absorption spectroscopy can be used to measure the electrochromic (EC) response of
naphthalene diimide (NDI) based films. Using this approach, we can track the amount of the
reduced species present after performing redox chemistry on our films, which we can relate
to the observed colour change. However, this approach presents several challenges. Due to
the strong absorbance displayed by the films following reduction, they quickly fall outside
of a measurable range, with measurements greater than 1.0 a.u. being considered inaccurate
for many spectrometers.! A solution to this analytical problem involves sample dilution,
however reducing the concentration of the NDI could change the aggregates formed in
solution and therefore change the EC behaviour of the film and would therefore not be
representative of the ECD. Furthermore, absorption measurements are unable to show how
much reduction is necessary for the material to stop changing colour by eye and instead only

reflects the amount of the reduced species present.

To avoid these concentration issues associated with absorption spectroscopy, alternative
spectroscopic techniques can be utilised. Reflectance spectroscopy is a popular technique
for measuring the response of EC films due to its compatibility with strongly absorbing or
untransparent solid-state samples.>* This method allows for accurate and representative
measurements the ECD without the need for sample dilution. Despite this, neither approach
can be readily used to measure the uniformity of colour change or quantify specific colour
variations as seen by eye; information critical in the development and real-world
implementation of ECDs. Additionally, due to the expense of spectrophotometers,* this
approach may not be readily available to researchers and commercial developers in resource-
limited settings. Overall, although the information gained via spectroscopic techniques is
imperative in understanding the behaviour of EC materials, it is desirable to identify a
method of tracking the EC behaviour of NDI films in situ without relying solely upon the

aforementioned techniques.

Using a spectroelectochemistry (SEC) cell, it is possible to measure the absorbance the
absorbance of a film in situ.>®* However, the use of a SEC cell can often not be representative

of an EC, due to its size and the type of electrodes used. For example, to be compatible with
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commercially available spectrophotometers, SEC are often small in size and would be unable
to house larger films as would be used in real-world ECDs. Ex-situ measurements are
therefore sometimes required, wherein the film is moved between an electrochemistry cell
and a spectrophotometer. As our amino acid-based NDIs are known to oxidise in air,’ this
may result in a non-representative measurement in the context of our systems. This approach
also increases the risk of film damage when being moved between the two instruments whilst

also increasing the time of the experiment.

Computer vision analysis (CVA) is an alternative approach to tracking the response of EC
materials. Computer vision is the science of digitally quantifying real-world objects from
image data,® and has been utilised in several industries, such as healthcare,’ automative,'”
agricultural,'! and defence sectors.!? Using digital image capture and processing, computer
vision allows researchers to objectively monitor visual changes without relying upon

subjective human vision and interpretation.® Computer vision has been used in the field of

13-15 16-18

analytical chemistry, for trace element analysis, metallurgy, monitoring of
crystallisation,'” and detection of illicit substances.?® This approach is attractive to
researchers for many reasons. In addition to being non-invasive, it only requires access to
several basic components; an analytical device that changes colour in contact with a sample
or a sample that changes colour in response to an external stimulus, an imaging device such
as a camera or webcam connected to a computer, an illumination system, and processing

software.”!

Due to the accessibility and portability of modern imaging devices like
smartphones and digital cameras, CVA can easily be used with different experimental set-
ups and research environments. This allows for a more time and cost-effective way of

monitoring chemical processes compared to traditionally used in-situ analytical techniques.

Computer vision for analytical chemistry has typically been used as a single image technique,
wherein researchers perform analysis on a photograph taken of the reaction of interest.
Conversely, analysis from video footage is less-well researched.® Video analysis is desirable
due to its potential for analysing colour changing reactions both in batch, wherein the
reactants remain within a single reaction vessel, and in flow, wherein the reactants
continuously move through the vessel.?> A computer vision software Kineticolor was
developed to analyse these videos. By recording the reaction of interest with a video camera,
the resulting footage can be uploaded to Kineticolor, which can quantify colour changes

associated with the experiment over time.® From this data, the kinetics of the bulk reaction
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progress can be inferred. Kineticolor utilises several colour models in its analysis, including
RGB (red-green-blue), HSV (hue-saturation-value) and CIE-/*a*b* (lightness, red to green,
and blue to yellow).?* Using the CIE-/*a*b* colour model, the overall contrast change (4E)
undergone by the reaction can be calculated. 4E is derived from the Euclidean distance in
the /*a*b* colour space and is measured against the colour recorded at time zero.®?* This is
represented graphically in Figure 3.1a. An exemplar A4E profile is also shown (Figure 3.1b),
which tracks the degradation of the precatalyst [Pd(OAc)2(PCys3)2] into palladium black.®
While 4E can be generated from reflectance spectra or from the use of other commercial

systems, Kineticolor combines optical analysis with both time and spatially resolved metrics.

TL=100

=

8° =
) >240 s
60 ‘IE !
“<J] 210s

40 ! ’l biid

" S ' =
20 0s 120 s

m— :
¢ 0 100 200 300 400 500
time (s)

Figure 3.1. (a) Representation of the CIE L*a*c* showing the geometric calculation of 4E.
Liaibi and Loasbs represent colour at image 1 and 2, respectively. (b) 4E profile showing the
degradation of [Pd(OAc)>(PCy3).] into palladium black. Figure adapted from Yan et al.
(published under CC BY-NC).8

Existing applications of Kineticolor include catalyst activity,® mixing analysis,?* forensic
drug testing,?’ and peptide synthesis.?* Despite the software can be used on any system that
changes colour, it has not yet been used in the study of EC reactions. Using Kineticolor to
track the EC behaviour of our films is advantageous for several reasons. Firstly, it allows us
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to monitor the colour change of our films in sifu, preventing oxidation in air, minimising the
risk of film damage, and reducing experimental times. Additionally, Kineticolor can
calculate how much usable colour change is occurring (i.e. colour change the can can be
observed by eye) following reduction. Beyond AE trends, additional outputs such as RGB
values can show how the specific colour components of the film change over time. This
colour information is critical in the context of ECDs. Finally, while Kineticolor can measure
the entire area of the sample and generate spatially resolved outputs for different sections of
the film, spectrophotometers can only measure a single area of a sample per scan. This
limitation presents a problem if the film was to dry unevenly on the substrate. As the
colouration would be inhomogeneous, a scan of a single point may result in a non-
representative measurement of the overall film, making it difficult to measure uniformity
using conventional spectroscopic measurements. Other techniques like hyperspectral
imaging (HSI) can be used to measure uniformity. HSI a popular non-invasive analytical
technique that combines imaging and spectroscopy, and functions by generating a 2-
dimensional map of a region of interest, while also collecting spectral information from each
pixel of the acquired image.?> %’ Although this approach can be utilised in the study of ECDs,
it requires access to expensive and complex equipment. Instead, Kineticolor can be used as

an accessible and cost-effective means of performing spatial analysis.

In this Chapter we demonstrate the use of Kineticolor as a means of providing time and
spatially resolved non-contact monitoring of the EC behaviour of NDI/HA-based films. This
approach is represented graphically in Figure 3.2. Although the analysis gained from this
approach is collected at the expense of spectral information, when used in tandem with
conventional spectroscopic techniques, it is hoped to gain a more complete understanding of

the EC behaviour of NDI films.

Kineticolor

3
>

~ Time  Time

Electrochemist
i Video camera Kineticolor software
set-up
Figure 3.2. Cartoon showing the use of non-contact computer vision analysis as a means of
monitoring the EC behaviour of NDI-based films.
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3.2 Results and Discussion

3.2.1 Preparation of NDI-Based Films

For this study, NDIs appended with the amino acids i-leucine (NDI-L) and r-methionine
(NDI-M) were used (Figure 3.3). Both materials are known to undergo colour changes upon
electrochemical reduction. NDI-L undergoes a colourless to dark change, and NDI-M a
yellow to orange transition. These NDIs were chosen to assess the suitability of computer
vision analysis for monitoring these types of electrically triggered solid state colour changes.
As shown in Chapter 2, the pH and concentration of the NDI in solution influences their
behaviour and so NDI-L was prepared at pH 9 and NDI-M at pH 6 at a concentration of 5
mg/mL, as under these conditions they showed the largest colour change. To the NDI
solutions, HA was added at a concentration of 15 mg/mL, forming a viscous solution which

upon drying creates suitable uniform and durable films.

% : Q o —s\_”‘t : O o) s—
HO{O O y OH Ho{o Q. Y OH
NDI-L NDI-M

Figure 3.3. The chemical structure of NDI-L and NDI-M.

3.2.2 Monitoring the Chromic Behaviour of NDI Films Using Kineticolor

Electrochemical measurements were performed using a three electrode set-up, with a an
organic reference electrode containing, as detailed in the experimental section of this chapter
(Section 3.4.2). This set up was used for all electrochemistry measurements in this Chapter.
To reduce the films, a voltage of -1.8 V was applied for a total of 20 minutes. This voltage
is the reduction potential for the radical anion as derived from cyclic voltammetry (CV)
measurements in the previous Chapter. To assess the applicability of CVA in situ where
controlled lighting was not possible, the EC response of NDI-L was first monitored outside
of a lightbox. The film was electrochemically reduced and the 4E over time was calculated
using Kineticolor (Figure 3.4a). Upon reduction, NDI-L shows an increase in 4E, indicating
a change in colour caused by the formation of the reduced species.”*® This colour change is
reflected in images taken of the film prior to the application of the reducing potential and
after 20 minutes of reduction (Figure 3.4b-c), showing a colourless-to-dark transition. There
are localised spikes in 4E after approximately 10 and 16 minutes of reduction (red dashed
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circles), which were likely caused by changes in ambient lighting while the experiment was
performed, which interfered with the resulting video footage. Although this result highlights
the importance of performing CVA under controlled lighting, it shows that meaningful

insights can be gained in situations where such conditions are not possible.
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Figure 3.4. (a) The AE of NDI-L film over time upon the application of -1.8 V under
uncontrolled lighting. Red circle indicates time of ambient light interference. (b) The
photographs of NDI-L film (left) prior to reduction and (right) following application of -1.8

V for 20 minutes. The scale bar represent 15 mm.

Using the electrochemistry set-up detailed above, NDI-L and NDI-M films were
electrochemically reduced inside of a lightbox using potential of -1.8 V for 20 minutes. A
lightbox was used to provide suitable illumination for the video and to minimise the
influence of ambient light changes on the resulting analysis. The films were monitored in
situ using a video camera, and the resulting video footage was uploaded to and processed
using Kineticolor. Several outputs were generated including the 4E of the films over time
(Figure 3.5¢). The images shown were taken from the video footage and show the films
prior to reduction and following the conclusion of the experiment. (Figure 3.5d-e). Both
NDI films resulted in a measurable increase in 4E over the duration of the electrochemical
reduction, meaning that a colour change had occurred. This behaviour is reflected in images
taken of both films, with both NDI-L and NDI-M films showing a visual change in colour.
The NDI-L film showed a larger 4E following reduction, suggesting that a more drastic
colour change had occurred due to formation of more of the reduced species. Importantly,
the NDI-L film showed an overall stronger response than when the film reduced outside of
the light box; this is explored further on in the Chapter. The EC response of the films were
also monitored in situ using UV-vis absorption spectroscopy, whereupon the film was
removed from the potentiostat and electrolyte solution and moved to the spectrophotometer.

Absorbance measurements were collected prior to the application of the reducing potential,
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and after 1 and 20 minute of reduction (Figure 3.5a-b). Both films underwent a change in
absorbance following reduction. As discussed in Chapter 2, this is due to the formation of
the radical anion which brings about the associated colour change.”?® After 20 minutes of
reduction, several of the NDI-L peaks fall outside of the range that is considered
measurable,! meaning a large amount of the reduced species had been formed, consistent
with the observed 4E trends. However, unlike when using absorption spectroscopy, when
monitored using Kineticolor the NDI-L film could be continuously measured for the duration
of the experiment.
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Figure 3.5. The absorbance of (a) NDI-L and (b) NDI-M films () prior to application of

potential and after application of -1.8 V for (—) 1 minute and (—) 20 minutes. (¢) The 4E
of (m) NDI-L and (=) NDI-M film over time upon the application of -1.8 V. Images of (d)
NDI-L/HA film and (e) NDI-M film prior to reduction (left) and following application (right)
of -1.8 V for 20 minutes. The scale bar represents 15 mm. The square outline on images

represents area processed by Kineticolor

Next the oxidation of the films was recorded and analysed using Kineticolor (Figure 3.6a
and b). The oxidation was performed within a lightbox using the electrochemical set-up
detailed above. The films were first reduced for 5 minutes to form the radical anion,
following which an oxidising potential was applied for 25 minutes. For absorption
measurements performed in Chapter 2, a voltage of +2.0 V was used to oxidise the films.

Following the application of an oxidising potential, the NDI-L film showed a decrease in 4E,
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suggesting a partial restoration of its initial colour. Conversely, the NDI-M film showed only
a minor initial decrease in 4E before increasing again, suggesting that the reduction of the
NDI-M film is irreversible, and the original colour cannot be restored. This result is not
consistent with absorption measurements discussed in Chapter 2, where both NDI-L and
NDI-M films showed either partial or total reversibility. The observed discrepancy could in-
part be the result of using a lower voltage to oxidise the film than used previously due to the
oxidation at the potential interfering with the solvent and making the imaging difficult.
Furthermore, as NDIs are known to be light-sensitive,”® we hypothesised that the
photochemical sensitivity of the NDI could make oxidation of the films more difficult. It

was theorised that this might be the result of the lighting used in the experiment for imaging.
25 25
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Figure 3.6. The 4E of (a) NDI-L and (b) NDI-M film over time upn application of -
1.8 V for 5 minutes and +1.6 V for 25 minutes. The red line indicates time when an oxidising
potential was applied. Images of (¢) NDI-L and (d) NDI-M film prior to the reduction (left)
and after application of -1.8 V for 5 minutes (middle) and +1.6 V for 25 minutes (right). The
scale bar represents 15 mm. The square outlines on the images represents the area

processed by Kineticolor.

As a control, experiments were performed to assess the photosensitivity of the NDI films in
the absence of an electrical stimulus, which was achieved by suspending the films within the
lightbox and recording its photochromic response (Figure 3.7). Both films underwent
photochemical reduction within the lightbox in the absence of electrical stimulus due to the
presence of UV light within the white lighting. The NDI-M film showed a stronger response
to the lighting conditions than the NDI-L film. This result suggests that a substantial
proportion of the colour change displayed by the electrochemically reduced NDI-M film

could be the result of photochemical reduction. The increased light-sensitivity therefore
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makes oxidation of the NDI-M film more difficult. Conversely, the light conditions did not
appear to make a significant contribution to the colour change displayed by the
electrochemically reduced NDI-L film. This result confirms again that changes to the amino
acid group can have a drastic influence on the properties (e.g. photosensitivity) of our NDI-
based devices as we also saw in previous Chapters. As the 4E trends observed with NDI-L
generally aligned with absorbance measurements, the results gained from CVA are reliable,
with this technique being applicable to other minimally photo-responsive EC materials. Due
to the photosensitivity of NDI-M, the results gained are less reliable, although by performing
control measurements in the absence of electrical stimulus meaningful insights can still be
gained. Importantly, this data confirms that NDI-L shows a significantly stronger EC

response than NDI-M following reduction, confirming previous observations.
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Figure 3.7. (a) The 4E of NDI-L film over time upon electrochemical (m) or photochemical
(#) reduction. (b) The AE of NDI-M film over time upon electrochemical (m) or
photochemical () reduction. (¢) The 4E of (m) NDI-L film and (m) NDI-L film over time
upon photochemical reduction. The scale bar represents 15 mm. The white square outline

on each image represents area processed by Kineticolor.

In addition to monitoring 4E trends of the NDI films, several additional outputs were created
by Kineticolor to quantify specific colour change variations and intensities, including RGB
data, which shows how the specific colour components (red, green, and blue) of the film
changes over time. This information is crucial when designing ECDs such as smart windows

and electronic displays. RGB graphs were generated for both sets of films using Kineticolor,
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which were electrochemically reduced (Figure 3.8a-b) or reduced and oxidised (Figure
3.8¢c-d) using the previously described experimental set-up. In addition to RGB data,
additional outputs including HSV and CIE-/*a*b* were generated as an alternative means
of quantifying the EC response of the films (Appendix A.3.1-A.3.4). Prior to reduction, the
NDI-L film shows similar values for the red, green, and blue colour components (Figure
3.8a). This results in a colourless film with low colour saturation, consistent with what we
see by eye. Following reduction, there is decrease in all three colour components, resulting
in a darkening of the film and an increased colour saturation. The NDI-M film shows similar
values for the red and green components, but a lower intensity of blue, resulting in the
yellow-coloured film (Figure 3.8b). Upon reduction, there is decrease in all colour
components, resulting in the observed darkening of the film. However, the intensity of the
green channel is markedly different than the NDI-L film following reduction, resulting in
the colour difference observed between both sets of reduced films. Following oxidation of a
reduced NDI-L film, there was an increase in all three colour components, indicating a
lightening of colour due to reformation of neutral species (Figure 3.8c). The RGB values of
the NDI-M increased slightly following oxidation before decreasing again, meaning the
initial colour could not be restored. Overall, this data serves to highlight the ease with which
one can use Kineticolor to quantify the colour composition of ECMs and explain what we
can observe qualitatively by eye. While RGB values can be calculated from absorption
spectra, additional processing is necessary, and the results may be unreliable for strongly

absorbing devices like NDI films.
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Figure 3.8. RBG plot showing intensity of red (m), green (m), and blue (m) colour
components of (a) NDI-L film and (b) NDI-M film upon the application of -1.8 V for 20

minutes and (¢) NDI-L and (d) NDI-M film over time upon the application of -1.8 V

for 5 minutes and +1.6 V for 25 minutes.

3.2.3 Investigating the Effects of Extended Electrochemical Reduction

The colorimetric aspects of extended electrochemical reduction on NDI films were
investigated using Kineticolor. As noted in studies of other EC materials, absorption
measurements can be used to monitor the number of reduced species present but is unable
to accurately show when a material has reached peak colour saturation as seen by eye. This
is important as reduction past this point will not change the visible colour of the device, but
instead will only increase the concentration of the reduced species. Forming surplus radical
anion will make oxidation back to the original state more difficult, impacting the reversibility
and cyclability of the device. Identifying the time at which a film reaches peak colour
saturation is therefore crucial when considering the implementation of these materials in

real-world devices.

Both sets of films were electrochemically reduced for 60 minutes. The films were first
measured ex sifu using UV-vis absorption spectroscopy, with measurements collected every
20 minutes. The experiment was then repeated in situ, with the EC response being monitored

using a video camera, with the resulting footage being uploaded to and processed using
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Kineticolor. Several outputs were generated including the 4E of the NDI-L and NDI-M
(Figure 3.9a). Images shown were taken from the video footage and show the films prior to
reduction and following 20, 40 and 60 minutes of reduction (Figure 3.9¢-j). The NDI-L film
(purple squares) appear to undergo most of its overall colour change within 20 minutes of
being electrochemically reduced. As there was no significant change in AE after this time
indicating that the film had achieved maximum colour saturation. This behaviour is reflected
in images taken of the film (Figure 3.9¢c-d), with a large colourless-to-dark colour change
occurring within the first 20 minutes of the reaction but remained similar in appearance in
subsequent images. Alternative Kineticolor outputs including RGB, HSV and CIE-/*a*b*
(Appendix A.3.5) were generated, and confirm that the bulk of the EC response of the film
occurs within the first 20 minutes of reduction. Despite this, absorption measurements
(Figure 3.9b) show that the concentration of radical present increased for the duration of the
experiment, meaning that there is a maximum amount of the reduced species that produces
any visual colour change. Therefore, Kineticolor can identify the time at which to stop
reduction and minimise the risk of making the oxidation more challenging by forming
surplus radical anion. Conversely, the 4E of NDI-M increased throughout the duration of the
experiment (Figure 3.9a, orange squares). Images of the film (Figure 3.9g-j) show that the
film consistently darkened by eye during this time. Due to the photosensitivity of NDI-M,
this could be the result of the light causing the NDI to continuously reduce. Alternatively,
the radical production may be less efficient than NDI-L, meaning longer reduction times are
necessary to achieve the maximum colour saturation. Comparable results can be seen from

the RGB, HSV and CIE-/*a*b* outputs (Appendix A.3.6).
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Figure 3.9. (a) The AFE trends over time for (m) NDI-L and (=) NDI-M films upon the
application of -1.8 V for 60 minutes. (b) The absorbance of NDI-L film prior () to the
application of and after the application of -1.8 V for 20 minutes (—), 40 minutes (—), and
60 minutes (—). Insert images of NDI-L (top row) and NDI-M (bottom row) films prior to
(c and g) the application of a potential and after an application of -1.8 V for 20 minutes (d
and h), 40 minutes (e and i), and 60 minutes (f and j). The scale bar represents 15 mm. The

white square outline on (¢)—(j) represents the area processed by Kineticolor.

3.2.4 Homogeneity of Electrochromic Response

In addition to calculating the bulk colour change undergone by a reaction, Kineticolor can
also break down the measured area into smaller components,?? from which unique outputs
can be created, which is desirable when measuring materials with an inhomogeneous EC
response. Using this approach one can measure and compare AE for different sections of the
NDI films, for example the centre versus the edge of the device, in addition to calculating

the globally averaged change. This method is represented graphically in Figure 3.10.
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Figure 3.10. Cartoon showing the output generated from measuring the (a) globally

averaged and (b) an area-specific response of an EC film using Kineticolor.

Observing any spatial disparity is important when developing materials for real-world ECDs,
where a uniform response is essential. Measuring real-time uniformity via absorption
spectroscopy is challenging as a spectrophotometer can only measure a single area of the
device at once. CVA provides a more practical and accessible means of measuring uniformity.
Both NDI-L and NDI-M films were electrochemically reduced using the previously
described set-up. The resulting footage was uploaded to and processed using Kineticolor.
The measured area of each film was segmented into several columns (Figure 3.11¢c-d) and
the 4E over time was calculated for each. Following its reduction, the NDI-L film shows a
varied EC response across the film (Figure 3.11a). The weakest change was observed in
columns 0 and 4, which correspond to the edges of the film, while the strongest change
occurred in columns 1, 2 and 3, which correspond to the middle of the film. This shows that
a stronger colour change occurred at the centre of the film, while the colour change at the
edges was less pronounced. This inhomogeneous response is likely the result of an uneven
distribution the NDI across the glass substrate, which likely was the result of the NDI
becoming more concentrated at the centre of the film during the annealing process. Similar
behaviour has been observed in the formation of other films.? The NDI-M film showed a
more consistent response, as evident by the columns showing very similar AE values over
time (Figure 3.11b). As the colouration of the NDI-M film is more homogenous following
reduction, it can be deduced that the NDI had dried evenly across the glass substrate,
suggesting that the choice of amino acid group is affecting the drying mechanics of the NDI

solutions onto the substrate. This behaviour is possibly the result of the different
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hydrophilicities of the amino acid side chains. As methionine is more water soluble than
leucine,*® NDI-M may wet the surface of the hydrophilic glass substrate better than NDI-L

and will therefore dry more uniformly.
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Figure 3.11. The area specific respbnse of NDI-L (a) and NDI-M (b) films upon the

application of -1.8 V for 20 minutes, showing the AE trends of column 0 (), 1 (m), 2 (m), 3
(m) and 4 (m). Images of NDI-L (¢) and NDI-M (d) films prior to reduction, showing the

position of corresponding columns.

For comparison, absorbance measurements were performed on the films following
reduction. A total of 9 measurements were performed on each film, with each measurement
being taken at a different area (Figure 3.12a-b). The experiment was performed to measure
the amount of the reduced species present across the film. The mean absorbance at 487 nm
was then calculated (Figure 3.12¢), with this wavelength being characteristic of the radical
anion.”?® As found previously, the NDI-L film showed a greater absorbance at 487 nm
following reduction than NDI-M, meaning more of the reduced species was formed.
However, the response of the NDI-L film was less consistent, as evident by the large standard
deviation. These findings suggest that the concentration of radical anion was highly variable
across the film, likely due to the result of non-uniform drying of the NDI solution onto the
substrate. Conversely, while the NDI-M film showed a smaller response, the relatively low
standard deviation means the concentration of radical anion more uniform across the film.
While these results align with Kineticolor data, using spectroscopy to measure uniformity
presented challenges. As the films had to be moved within the spectrometer to measure
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different areas, this increased the risk of film damage and oxidation, while also increasing

experimental time. It was also difficult to accurately chose areas of the film to measure.
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Figure 3.12. The absorbance of (a) NDI-L and (b) NDI-M film following the application of
-1.8 V for 20 minutes. A total of 9 measurements were performed on each film across
different areas. (¢) The mean absorbance of NDI-L and NDI-M films at 487 nm following
reduction. The error bars have been calculated using the standard deviation of 9

measurements.

Beyond 4E trends, Kineticolor can also perform texture derived analysis to measure the
homogeneity of coloration. Contact analysis was performed, wherein each frame of the video
footage was converted into a binary image. A greyscale threshold was selected, and each
pixel within the selected region of interest was coloured while or black if they were darker
than this chosen value. Contact values were determined by calculating the perimeter between
the white and black pixels in the image. This process is represented graphically in Figure
3.13a. A greyscale threshold of 80 was chosen for both sets of films. Both NDI-L and NDI-
M films were electrochemically reduced and monitored following the previously described
procedure and contact values over time were calculated by Kineticolor from the video
footage (Figure 3.13b). At time 0, both the NDI-L film (purple squares) and NDI-M film
(orange squares) show a very low contact value due to the uniformity of colour on both films.
Following reduction, the films showed an increase in contact value, indicating a loss of block
colour. Upon further reduction, the NDI-M film showed a decrease in contact value
indicating that the film has partially regained a uniform colour. NDI-L retained a high
contact value upon the conclusion of the experiment, indicating a lack of block colour. These
results align with the previously discussed 4E trends. In addition to contact values, additional
texture derived analysis was carried out from the same video footage, including energy,
entropy, contrast, and homogeneity measurements (Appendix A.3.7). These outputs confirm

the previous observations of film homogeneity. Overall, the results from these experiments

115



Chapter 3: Tracking The Electrochromic Behaviour of Naphthalene Diimide Films Using Non-Contact

Computer Vision Analysis

serves to highlight the large amount of time-resolved spatial data that Kineticolor can

provide from just a single video.
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Figure 3.13. (a) Cartoon showing contact analysis procedure on NDI film. (b) Contact

analysis of NDI-L (m) and NDI-M (=) films upon the application of -1.8 V for 20 minutes.

3.2.5 Monitoring Cyclability

As highlighted in Chapter 2, to be feasible for use in real-world applications it is important
that ECDs show consistent EC behaviour over multiple redox cycles. It is therefore
important to identify an appropriate method of quantifying the response of NDI-based films
while redox cycling is performed. While the cyclability of films can be measured using
spectroscopic methods, this can result in long experiment times and increased risk of film
damage as the film is moved multiple times between the electrochemical set-up and the
spectrophotometer. CVA was used to assess its applicability for measuring the response of
the NDI films during redox cycling. The response of the NDI-L film over the first 10 cycles
was monitored, after which point the DCM had partially evaporated and the experiment was
ended. A reducing potential was applied to the films for 30 seconds, followed by an oxidising
potential for 5 minutes, and the response was tracked throughout using a video camera. The
footage was uploaded and processed using Kineticolor, and AE values were generated for
NDI-L (Figure 3.14a). For comparison, the experiment was repeated with an untested film,
and the absorbance of the NDI-L (Figure 3.14b) was measured after each reduction and

oxidation using UV-Vis absorption spectroscopy. The AE of the NDI-L film in the reduced
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state remained relatively consistent throughout the experiment, with only a small drop
occurring after the first redox cycle before stabilising, suggests that by eye the colour change
undergone by the film appears similar after each reduction. The 4E of the film in the oxidised
state increased over the first 4 redox cycles before plateauing, meaning oxidation is
becoming less efficient over time and the neutral colourless state became harder to restore.
This behaviour has been observed with NDIs in solution, where the oxidation of the reduced
NDI became slower over time due to an increase in resistivity.?® Similar behaviour can be
observed from absorption measurements, with the absorbance of the film in the reduced state
falling after the first redox cycle before stabilising, while the absorbance in the oxidised state
grew over the duration of the experiment. This data confirms that the EC behaviour of the
NDI is linked to the presence of the radical anion. It should be noted that the absorption
measurements did not align entirely with the Kineticolor data. For example, the absorbance
of the reduced film did not return to its initial value and the absorbance of the oxidised film
only increased in value after several cycles. These discrepancies could be the result of
changes in the experimental set-up when performing the two measurements, such as the
different oxidising potentials and lighting conditions used. Alternatively, if the response of
the film becomes less uniform following successive redox cycles, this would not be reflected
in absorbance data and would be unrepresentative of what is seen by eye. As CVA can
measure the entirety of the film, Kineticolor provides a more accurate representation of the

cyclability of the device, which can also explain the differences observed between the

absorption and 4E data.

12 Reg Red: Rea.Redp o R‘ld(a) z: 1.4/ (b)

104 ‘é’1.2~

< 1.0

= 8- 0

;; 5. ig:o.a-

w ® 0.6

< 4 . * §0_4_

2; 38 0.2
0+ Ox. -1200‘._‘___/‘.'—//
0O 10 20 30 40 50 60 = 1 2 3 4 5 6 7 8 9 10

Time (min) Cycle number

Figure 3.14. (a) The 4E of NDI-L film throughout the 10 redox cycles. The film was reduced
via the application of -1.8 V for 30 seconds and oxidised via the application of +1.6 V for 5
minutes. (b) The absorbance at 485 nm of NDI-L film throughout 10 redox cycles. The films
were reduced via the application of -1.8 V for 30 seconds and oxidised via application of
+2.0 V for 5 minutes. The “Red” and “ox’ labels represent when the films are in the reduced

and oxidised state, respectively.
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The EC response of NDI-M film upon redox cycling was then investigated. Again, the film
was reduced and oxidised for 30 seconds and 5 minutes respectively using the previously
described electrochemical set-up. The AE of the NDI-M film in both the reduced and
oxidised state increased continuously throughout the duration of the experiment (Figure
3.15a) meaning that the film became progressively darker after each redox cycle and the
original colour was not restored. This observation suggests that the EC behaviour of NDI-M
is not cyclable, which is not reflected in the absorption data experiment (Figure 3.15b). In
the reduced state, following an initial drop after the first redox cycle, the absorbance at 485
nm remains consistent for the remainder of the experiment, suggesting a consistent amount
of the reduced species is being formed. The absorbance of the oxidised film remains low
throughout the experiment, meaning that the neutral species was successfully restored after
each oxidation. The observed difference between the Kineticolor output and the absorption
data is likely due to the photosensitivity of NDI-M, which was attenuating the cyclability of

the film due to continuous photoreduction.
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Figure 3.15. (a) The 4E of NDI-M film throughout the 10 redox cycles. The film was
reduced via the application of -1.8 V for 30 seconds and oxidised via the application of +1.6
V for 5 minutes. (b) The absorbance at 485 nm of NDI-M film throughout 10 redox cycles.
The film was reduced via the application of -1.8 V for 30 seconds and oxidised via
application of +2.0 V for 5 minutes. The “Red” and “ox” labels represent when the films are

in the reduced and oxidised state, respectively.
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3.3 Conclusions

In this Chapter we demonstrate the use of non-contact CVA as a means of tracking the EC
performance of NDI-based films, offering an alternative to traditionally used spectroscopic
methods. Using this non-invasive approach, we monitored the behaviour of our material in
situ, mitigating the risk of film damage and greatly reducing experiment times. As only a
video camera was required, we highlight the accessibility of this approach as it is not limited
by access to expensive or complicated equipment, avoiding a reliance on spectrophotometers

or other costly commercial systems.

The EC response of NDI-L and NDI-M film were monitored using CVA, with both films
showing a measurable increase in AE over time upon electrochemical reduction,
corresponding to a change in colour of both materials. The NDI-L films showed a stronger
EC response due to more efficient formation of the radical anion, confirming previous
findings. Importantly, while the absorbance of NDI-L films quickly fall outside of a
measurable range, the response of the film could be accurately tracked using CVA throughout
the duration of an experiment and throughout several redox cycles. While the NDI-L film
showed moderate cyclability, the reduction of NDI-M was irreversible due to its
photosensitivity, preventing oxidation to the original neutral state. Overall, these results
serve to highlight the influence of different amino acid groups on the chromic properties of

NDI films.

Using the computer vision platform Kineticolor, a large amount of time and spatially
resolved data could be generated from a single video recording, providing information
regarding specific colour change variation, film homogeneity, and colour saturation times.
While NDI-L was found to achieve peak colour saturation (as seen by eye) more quickly,
NDI-M showed a more homogenous EC response. These data are imperative in the
construction and implementation of ECDs, and would be difficult to obtain when relying
solely on other techniques. It is hoped that the computer vision approach we demonstrated
in this Chapter can be used to streamline the design and characterisation of other stimuli-

responsive devices in the future.
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3.4 Experimental

3.4.1 Synthetic Procedures

Synthesis of the NDIs used in this chapter, NDI-L and NDI-M, can be found in Section 2.4.1.

3.4.2 Experimental Procedures

pH Measurements. The pH of solutions was measured using an FC200 pH probe (HANNA
Instruments) with a 6 mm x 10 mm conical tip calibrated using buffers of pH 4, 7 and 10

(HANNA Instruments). The stated accuracy of the pH probe is +0.1.

Solutions for Film Formation. To prepare films, solutions were prepared with an NDI at a
concentration of 5 mg/mL and were dispersed in 2 molar equivalents of NaOH (1M, aq) and
the necessary volume of deionised water. The resulting solutions were stirred overnight. HA
was added to the solutions at a concentration of 15 mg/mL and stirred for an additional 72
hours. This resulted in the formation of a viscous solution which, upon drying, created
suitably uniform and durable films. The solutions were adjusted to their ideal pH with HCI1
(1 M, aq) and NaOH (1 M, aq) using a HANNA instruments pH probe. The solutions were
then suitable for film processing. All NDI/HA solutions were used within one week of

preparation.

Film Formation. The films were prepared on FTO glass using a doctor blade. The NDI/HA
solution was added to the top edge of the glass using a pipette. The doctor blade was set to
a height of 3.5 mm. As the glass itself had a height of 2 mm, this resulted in the formation
of films with a blade height of 1.5 mm. The Doctor Blade was moved parallel across the
glass surface, thereby depositing the solution across the length of the glass. A casting speed
of 10 mm/s and casting distance of 40 mm were used. The glass was then heated to 80 °C
for 1 hour, causing the water in the solvent to evaporate and the film to dry down and adhere

to the glass surface. This process is represented graphically in Chapter 2.

Electrochemistry Setup. Electrochemistry was performed using a PalmSens4 potentiostat
(Alvatek Ltd). Measurements were collected using PSTrace software (Version 7.2). A three-

electrode setup was utilised for both solution and film-based electrochemistry. To test the
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films, an electrolytic solution of dichloromethane (DCM) with a background electrolyte of
0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) was prepared and degassed
with nitrogen gas for 10 minutes. The FTO glass, functioning as a working electrode, was
suspended in the solution, in addition to a platinum wire counter electrode and an organic
reference electrode containing 0.01 M AgNO; in acetonitrile. A diagram of the

electrochemical set-up is shown in Chapter 2.

Chronoamperometry. Chronoamperometry was performed on the films using the
previously described set-up and the response measured using absorption spectroscopy or
Kineticolor. The films were reduced via the application of -1.8 V. To oxidise the films, after
electrochemical reduction, a potential of +2.0 V was applied. These potentials were chosen
from the CV measurements from Chapter 2. A lower oxidation potential of +1.6 V was used
for Kineticolor measurements to avoid electrochemically affecting the electrolyte which
would interfere with the video output. Cyclability measurements were performed by

electrochemically reducing and oxidising the film over 10 cycles.

UV-Vis Absorption Spectroscopy. All UV-vis absorption spectroscopy measurements
were collected using a Cary 60 UV-vis spectrophotometer from Agilent Technologies.
Spectra were collected from 300 nm to 1000 nm. A scan rate of 600 nm/min was used. Film
measurements were performed on solid NDI/HA thin films on fluorine doped tin oxide
(FTO) glass, and baseline measurements were performed on clean FTO glass. A 3D printed
holder was used to hold the films inside the spectrometer during measurements, which
ensured the same area was measured throughout the duration of the experiment. Colouration
homogeneity was investigated by measuring the absorbance at 9 different areas of the film

following electrochemical reduction.

Camera Recording Setup. The EC response of the film was monitored in situ using a
Panasonic HC-W580, filming at a resolution of 780 p and a frame rate of 25 fps. All videos
were filmed with manual focus and no auto white balance. This avoided any undue changes
in focus or video quality for the duration of each experiment. All electrochemical
measurements were performed in a light box to minimise the effects of ambient light. The
camera was also placed inside the lightbox, thereby allowing filming to be undertaken within

a completely enclosed lightbox (Figure 3.16). The two LED light panels were kept on at full
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power for the duration of each experiment. The resulting video outputs were uploaded to and

processed using the Kineticolor software package (version 0.3.2).

All videos were analysed by breaking videos into their constituent frames, and each frame
being analysed, at the pixel level, in turn. A user-selected region of interest was analysed,
averaging all pixel values in the selected range. All background data outside the selected
region was ignored in the analysis.. The analysed frames were curated in plots of various
colour or mixing components versus time to enable semi-quantitative and comparative
kinetic analysis between different video analysis datasets. Extracted colour data were
provided from across a common subset of colour models, namely: RGB, HSV, CIE-L*a*b*,

and CIE-XYZ. For contact measurements a greyscale threshold value of 80 was used.

Potentiostat” o
Light Bcﬂxf L

Figure 3.16. Annotated camera setup within the lightbox (left) and the full experimental set-

up (right) as it appeared during experiments.

Photochromic Response. The photochromic response of the film to light irradiation within
the lightbox was measured by suspending the film in the box using crocodile clips and
monitoring the colour change over time using the previously described camera set-up. The
resulting video outputs were uploaded to and processed using the Kineticolor software

package.

Open Bench Response. The EC response of the film in uncontrolled lighting was
investigated by electrochemically reducing the film outside of the lightbox. The response
was monitored using a video camera, and the resulting video outputs were uploaded to and
processed using the Kineticolor software package. These were run at 55° 51' 46.908" N 4°
14' 34.8" W (Glasgow) on the 25th June 2024 between 11.01 am and 11.21 am. The flux
reading in the fume hood at that time was 328 lux, typical of office level lighting.
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4.1 Introduction

When developing electrochromic (EC) films for device applications, several key
performance parameters must be met for a material to be considered viable for real-world
implementation. The ideal EC film exhibits uniform thickness, strong visual and
homogeneous colour changes, fast switching speeds, and high reversibility between coloured
and neutral states.!? In the context of flexible electronics, mechanical robustness is also
essential, enabling the film to withstand stresses such as bending without compromising
performance. Amino acid-appended naphthalene diimide (NDI) films show considerable
promise for use in electrochromic devices (ECDs) due to their ability to undergo colour
changes upon electrochemical reduction. However, several limitations currently restrict their
broader applicability. While some of our films exhibit a strong colourless-to-dark (apparent
black) transformation, this change often requires tens of minutes, which is not ideal for
applications where rapid switching is essential such as for electronic displays.! Moreover,
many of the films struggle to fully return to the colourless neutral state upon oxidation,
indicating poor reversibility. In contrast, films that oxidise readily often form only limited
amounts of the reduced species, resulting in weak colour changes. As discussed in Chapter
3, another major drawback is the spatial non-uniformity of the colour change, likely due to
inhomogeneous distribution of the NDI throughout the film. Optimisation of these properties
is therefore crucial to warrant real-world implementation of our materials. To improve film
performance, we could chemically alter the NDI structure or change the materials used,
including the inclusion of additional additives.> As these approaches would increase
additional cost and complexity, it is instead preferential to alter the parameters of film
construction, thereby allowing us to create better-performing films without additional

résources.

One of the simplest methods of optimising film performance is altering the formulation of
the casting solutions. More specifically, this could involve changing the concentration of the
EC compound, which is a commonly used approach to improve the properties of the resulting
film. Liu ef al. described the formation of ECDs from triphenylamine-containing polyamide
(TPA-OMe) films, and investigated how processing parameters influenced the properties of
the resulting device.® The authors found that the EC performance of the films could be tuned
by varying the concentration of the polymer solution. When the concentration was increased
from 8 mg/mL to 16 mg/mL there was a more apparent visual difference between the
coloured-and-reduced state, with the higher concentration film appearing darker upon
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oxidation (Figure 4.1). The electronic properties were also affected by the change in
concentration, with the current density passing through the film during cyclic voltammetry
(CV) measurements increasing at higher concentrations, likely for higher electrochemical

activity due to the larger material concentration and coverage on the substrate.

(a) “. (b)T"- 1 '

Figure 4.1. Photographs of TPA-OMe films prepared at (a) 8 mg/mL and (b) 16 mg/mL in
the (left) neutral and (right) oxidised state. Adapted from Liu et al. (published under CC
BY).?

The authors above noted that, as the concentration of the polymer solution increased, the
thickness of the resulting film also increased, contributing to the improved visual colour
change observed.®> Other studies have similarly noted the impact of film thickness on EC
performance.®® Zhen et al. highlighted the effect of film thickness on the colour change
exhibited by tungsten trioxide (WO;3) thin films.® The WOs films were prepared at
thicknesses of 36 nm, 72 nm, and 108 nm, and the transmittance in both the bleached and
coloured states was measured (Figure 4.2). As the film thickness increased, the
transmittance of the coloured state decreased, corresponding to a greater visual colour
change. Importantly, the transmittance of the bleached state did not change significantly with
increasing film thickness. If the bleached state had become more coloured, it would limit the
applicability of the material in devices where a colourless neutral state is desirable. However,
at the highest thickness, the bleached state began to show residual colouration. This work
serves to highlight the importance of carefully optimising film thickness, to ensure both a

strong colour change and a truly transparent bleached state are achieved.
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Figure 4.2. The transmittance of WOs3 films prepared at (a) 36 nm, (b) 72 nm and (c¢) 108
nm in the (—) bleached state and (—) coloured state. The inset images show the film in the
(top) bleached and (bottom) coloured state. Adapted from Zhen et al. (published under CC
BY).’
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Several studies have noted the influence of annealing temperature on EC film
performance.!®!3 Annealing is a post-deposition thermal treatment that promotes solvent
evaporation and improves film adhesion to the substrate. Changing the annealing
temperature or duration can significantly impact film morphology, which in turn affects EC
properties such as switching speed, colour change, and stability. Tan ef al. showed, using
field emission scanning electron microscopy (FESEM), that vanadium pentoxide (V20s)
films annealed at 100 °C formed tightly packed worm-like nanoparticles (Figure 4.3a),
whereas films annealed at 300 °C developed larger, irregular clusters with less distinct
boundaries and increased grain size (Figure 4.3b).'* The film treated at 300 °C exhibited
poor EC behaviour, with a lower optical modulation (3.25%) compared to the 100 °C film
(31.42%), likely due to reduced ion diffusion from its larger grain size (Figure 4.3¢-d). This
highlights the importance of annealing in determining EC performance. In water-processable
systems, annealing also affects residual water content,!”> which can further influence

performance,'¢ offering another way to tune final film properties.
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Figure 4.3. The FESEM images of V20s thin films annealed at (a) 100 °C and (b) 300 °C.

300 400 sévs eléo mr;')o | 800 900 1000
The transmittance spectrum of films annealed at (¢) 100 °C and (d) 300 °C in the coloured
and bleached state. The inset images show the films in the bleached state (top) and coloured

state (bottom). Adapted from Tan et al. (published under CC BY-NC). !4

In the context of implementing our materials into flexible devices, several additional
requirements must be considered. Since flexible devices are subjected to mechanical stress,
it is essential that the elastic properties of the film remain stable during bending. Ideally, the

film should be capable of withstanding large bending angles without mechanical degradation.
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It 1s also important that the EC response, specifically the ability of the NDI to form and
stabilise the radical anion, remains consistent after repeated bending. The effects of
mechanical stress have previously been investigated in other amino acid appended relines.
Adams et al. reported a mechanoresponsive perylene bisimide functionalised with alanine
(PBI-A).!"” Upon irradiation with 365 nm light, a radical anion was formed, resulting in a
measurable current (Figure 4.4a). After the film was bent to 19.5° and returned to a flat state,
re-irradiation produced a similar current, indicating that moderate bending had little effect
on its electronic properties. However, after 50 bending cycles, visible cracks formed on the
surface of the film, indicating degradation (Figure 4.4b). As no supporting polymer was
used, it is likely that the film lacked sufficient mechanical strength for long-term device use,
which limits its applicability. This highlights the need for a polymer component in our
systems to provide mechanical reinforcement. Additionally, to improve functionality and
commercial appeal, it is preferable for the films to be responsive to multiple stimuli. In the
case of our NDI systems, the chromic state can be generated through light irradiation.'®! It
is proposed that this radical state could be reversed electrochemically to regenerate the
neutral species. This behaviour has been demonstrated by our materials in solution,'® but not
in the solid state. If successful, this dual-stimulus response may enable the use of stencils for
spatial patterning, allowing for precise images or lettering to be formed, which could further
expand the potential applications of the material, particular in regard to the development of

EC displays.
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Figure 4.4. (a) The linear sweep voltammograms of a PBI-A film (—) prior to irradiation,

(—) after irradiation with 365 nm light and (—) after additional irradiation after mechanical
bending and straightening. (b) A microscope image of PBI-A film after bending. The scale
bar represents 50 pm. Adapted from Adams et al. (published under CC BY).!”

The properties of the glass itself can also be optimised to improve the electronic and EC
properties of the system. For instance, the resistivity of the conductive glass substrate can be
altered. Resistivity measures a material's resistance to the flow of current, and by increasing
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the resistivity of the glass, we would expect a reduction in the flow of current, potentially
hindering the efficient electron transfer into the film. This reduced electron transfer can slow
down the electrochemical reactions necessary for EC behaviour (e.g., the formation of the
NDI radical anion), leading to slower colour switching, decreased optical contrast, and
reduced overall performance of the film. Conversely, lowering the resistivity of the glass
could enhance charge flow and facilitate better electron transfer into the film, promoting
faster reduction and improving the EC performance of the film. However, it should be noted

that this approach for optimising performance is not well-documented in the literature.

In this Chapter, we investigate the effect of altering various film construction parameters on
the performance of the resulting EC device. Based on precedent from the literature, we
identified four key parameters to focus on: solution formulation (i.e. varying the
concentration of the NDI and polymer), film thickness, annealing time, and substrate
resistivity. These parameters were selected because they can be modified easily without
altering the chemical composition of the film itself. For each parameter, we systematically
modified its conditions to evaluate the resulting changes in film performance. This
evaluation was carried out using a combination of CV, which allowed us to determine is the
changes affected the electronic properties of the material, and chronoamperometry combined
with UV-vis absorption spectroscopy, which was used to assess changes in the film’s EC
behaviour. More specifically, we investigated whether these alterations influenced the rate
of redox reactions, the concentration of radical anion formed, and consequently, the extent
of colour change observed. Additionally, we evaluated the reversibility of the EC response
under each set of conditions. Importantly, to ensure the materials remained suitable for use
in flexible electronics, we employed nanoindentation to probe the influence of the
aforementioned alterations on the elasticity and hardness of the films. Having identified our
‘ideal’ film, we constructed flexible EC devices, which we subjected to repeated mechanical
bending over multiple cycles, and again evaluated their EC response. Importantly, the work
described above was repeated with two NDI derivatives to confirm its applicability to other
similarly functionalised materials. We hope the work described herein further exemplifies
the tunability of our materials and provides insight to inform and guide future device design

and fabrication.
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4.2 Results and Discussion

For this study we focused on optimising the EC performance of NDIs appended with the
amino acids r-leucine (NDI-L) and .-methionine (NDI-M) (Figure 4.5). NDI-L was chosen
as it has been found in previous Chapters to undergo a strong and fast colour change in the
solid state due to its ability to form large amounts of the radical anion following the
application of a reducing potential. By optimising the parameters of the NDI-L films, we are
more likely to be able to create a device with performance capabilities more comparable to
that of existing ECDs. In the context of ECDs, improved performance includes increased
rates of reduction-oxidation (redox) processes, a stronger visible colour change, and
improved reversibility. We have previously shown that NDI-M films show relatively poor
EC behaviour relative to NDI-L, forming less of the reduced species following reduction
and undergoing a weaker visual colour change. It is therefore of interest to see if the
parameters of the relatively poorly performing NDI-M film can be improved upon. This
would allow us to determine if the difference between the NDI-L and NDI-M films is a
formulation issue of if the films are chemically different in their performance, despite being
electronically very similar. By testing two different materials (i.e. NDI-L and NDI-M) we
can see if beneficial changes to certain parameters can be universally applied to different
NDI films. We can then apply this knowledge in the formation of NDI-based devices in the
future. Following literature precedent, several parameters of film construction were chosen
to be tested. These parameters include the concentration of the electroactive component (the
NDI), the concentration of the polymer (the HA), film thickness, glass resistivity, and
annealing time. Additional parameters including choice of counterion and pH are explored

in Chapter 5.
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Figure 4.5. The chemical structure of NDI-L (left) and NDI-M (right).

4.2.1 Changing Concentration of NDI

The impact of changing the concentration of the NDI in the film was investigated. Solutions
were prepared with an NDI concentration of either 5 or 10 mg/mL. It was theorised that

increasing the concentration of the electroactive component would result in an improvement
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to the electronic properties of the resulting film.> NDI/HA casting solutions were prepared
as described in the experimental section of this Chapter. These solutions were cast using
doctor blade coating onto conductive fluorine-doped tin oxide (FTO) glass according to the
procedure detailed in Chapter 1. Cyclic voltammetry (CV) measurements were performed
to assess the influence of changing the NDI concentration on the electronic behaviour of the
resulting film. The electrochemistry set-up used is detailed in the experimental section of

this chapter, and is used for all subsequent electrochemistry measurements in this Chapter.

The NDI-L film drew significantly larger current when prepared at 10 mg/mL than when
prepared at 5 mg/mL (Figure 4.6.a). This is to be expected as there is a higher concentration
of the electroactive component, meaning more molecules can undergo redox reactions,
resulting in an increase in current. Furthermore, there may be an improvement in the
conductivity of the film at higher concentrations. This could be because different structures
are forming within the film, facilitating charge transfer and decreasing the resistivity of the
system, leading to an increase in current. From these results, it was hypothesised that the 10
mg/mL film would show improved EC properties. The NDI-M films showed less varied
electronic behaviour (Figure 4.6.b), with the 10 mg/mL film only drawing slightly more
current at the reduction potential that the 5 mg/mL film. The NDI-M film likely has slower
or less efficient electron transfer properties, meaning that the current generated by the film
is limited, regardless of the concentration used. Alternatively, there may be changes to the
film structure at higher concentrations that could affect the electronic properties. For
example, the film may become more compact and less porous at higher concentrations,
limiting the access of electrolyte to the NDI and the electrode surface. The shape of the scan
changed when different NDI-M concentrations are used. As the shape of the waveform is
dependent upon how electrons move through the system, this suggests that different
structures are present in the film. As the current generated by the films is very similar, the
presence of these different structures likely has a minimal effect on charge transfer abilities.
From these results, we predicted that NDI-M would show a less drastic improvement of EC

properties when prepared at 10 mg/mL, relative to NDI-L.
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Figure 4.6. The cyclic voltammograms of (a) NDI-L and (b) NDI-M films prepared with an
NDI concentration of (—) 5 mg/mL and (—) 10 mg/mL (vs. Ag/AgNQO3). Measurements

were performed at a scan rate of 50 mV/s, and the results of the fifth scan are shown.

The EC response of the films was measured using UV-vis absorption spectroscopy. This was
used to monitor the formation of the reduced species, and to observe the effect of increased
NDI concentration on the ability of the film to form and stabilise the reduced species. It is
expected that the higher concentration in the film would show stronger EC behaviour,
including forming more radical and showing a stronger visual colour change. The NDI-L
films were reduced via the application of -1.8 V. This potential was chosen from CV
measurments, and has been shown in previous chapters to result in the formation of the
radical anion. The absorbance was measured prior to electrochemical reduction, and after 10
seconds, 30 seconds, 60 seconds, 300 seconds, 600 seconds and 1200 seconds of reduction,
during which time the experiment was paused and the film was moved from the
electrochemical set-up to the spectrophotometer. This procedure was used for analogous
experiments in the remainder of this Chapter. Photographs were taken of the film following

each measurement in order to observe the visual change in the films.

As shown from Figure 4.7 both films showed a change in their absorbance following
reduction, with the emergence of several peaks within the visible region of the
electromagnetic (EM) spectrum (400-800 nm). These peaks are characteristic of the
formation of the radical anion.?° The film prepared at 5 mg/mL (Figure 4.7a) formed a large
concentration of the reduced species, as evident by the strong absorbance in the visible
region, and undergoing a colourless-to-dark colour change. The film prepared at 10 mg/mL
(Figure 4.7b) showed even stronger EC behaviour, as evident by several of the peaks falling
outwith the measurable range of the spectrophotometer and achieving an apparent black
colour in the reduced state after only 30 seconds of reduction. The 10 mg/mL film also

absorbed in the near IR region (900-1000 nm) following reduction. This near pan-chromic
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absorbance resulted in the film appearing black by eye, as opposed to the dark purple
colouration shown by the 5 mg/mL film. Previous studies of NDIs have found that
absorbance in the near IR region is indicitive of the NDI assembeling into n-stacks when the
radical anion is formed in water.!3?! It is possible that the higher concentration film had a
greater water content, allowing it to form these m-stacks, or is only able to assemble in this
manor at higher concentrations. Finally, despite being more highly concentrated, the 10
mg/mL film remains colourless in the neutral state, which is important when considering

commercial applications where a colourless-to-dark transition is desirable.
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Figure 4.7. The absorbance of NDI-L films prepared at (a) 5 mg/mL and (b) 10 mg/mL prior
to the application of a potential (- ) and after the application of -1.8 V for (—) 10 seconds,
(—) 30 seconds, (—) 60 seconds, (—) 300 seconds, () 600 seconds, and (—) 1200 seconds.
Photographs of (¢) 5 mg/mL and (d) 10 mg/mL NDI-L films at corresponding reduction

times. The scale bar represents 15 mm.

It 1s also important to also compare the oxidation of the films. As highlighted in Chapter 3,
there is a limit to the amount of “useable” colour the film can produce upon reduction;
generation of surplus radical anion beyond this point makes oxidation back to the neutral
state more difficult. As shown above, the 10 mg/mL film generated a large amount of the
reduced species, meaning it would likely be difficult to oxidise the film within a reasonable
time frame (i.e. less than 5 minutes), and the film would be undesirable for use in ECDs.
Conversly, it was assumed the 5 mg/mL film would oxidise more quickly. To test this, the

reduced films were oxidised via the application of +2.0 V and monitored using UV-vis
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absorption spectroscopy, following the procedure outlined above. As shown in Chapter 2,
this relativley large oxidising potential is required to oxidse the radical anion. The 5 mg/mL
film (Figure 4.8a) showed relatively slow oxidation, and was unable to be fully regain its
colourless neutral state after an hour (Figure 4.8c). The 10 mg/mL film, despite forming a
larger concentration of radical anion and undergoing a stronger colour change following
reduction, was able to fully regain its initial colourless neutral state within only 600 seconds
(Figure 4.8b and d) . This suggests that the ability of the film to be sucessfully oxidised is
not dependent upon the amount of radical generated prior to oxidation. Instead it suggests
that the film at 10 mg/mL has significantly better electronic properties, resulting in improved
EC properties like forming more of the coloured radical anion and being more easily oxidsed
to the neutral state. It should be noted that the edges of the film appeared to oxidise at a
slower rate, likely because the edge of the film was peeling away from the glass electrode.
This observation is more apparent with the 10 mg/mL film, suggesting that the increased
NDI concentration is impacting annealing to the film, potentially having consequences on

device life time.
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Figure 4.8. The absorbance of NDI-L films prepared at (a) 5 mg/mL and (b) 10 mg/mL (- )

following the application of -1.8 V for 20 minutes and after the application of +2.0 V for (—)
10 seconds, (—) 30 seconds, (—) 60 seconds, (—) 300 seconds, () 600 seconds, () 1200
seconds, and (—) 3600 seconds. Photographs of (c¢) 5 mg/mL and (d) 10 mg/mL films at

corresponding oxidation times. The scale bar represents 15 mm.

To account for any variability and ensure the observations detailed above were reliable, the

above experiment was repeated in triplicate. The NDI-L films were instead only reduced for
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60 seconds, with the absorbance measured before and after reduction. This reduction time
was chosen as to ensure the absorbance remained measurable following the conclusion of
the expriment. This approach was used for all variability measurements throughout this
Chapter. As noted in Chapter 3, absorbance values of greater that 1.0 are considered
unreliable for many spectrophotometers, so applying the potential for only 1 minute ensured
that the peaks of interest could still be reliably measured. As shown in Figure 4.9a-b, the
NDI-L films prepared at 10 mg/mL showed stronger absorbance than the films prepared at
5 mg/mL, confirming pervious findings. Next, we direcly compared the absorbance of the
films at 616 nm (Figure 4.9¢); this wavelength was chosen as it is characteristic of the radical
anion and remained measurable following reduction,'®!° unlike the peak at 485 nm. The 10
mg/mL films showed signifcantly higher absorbance at 616 nm following reduction than the
5 mg/mL films, confirming that the higher concentration films consistently formed a larger
concentration of the radical anion. This result is to be expected as there is more of the NDI
available within the film for reduction. Addionally, the 10 mg/mL film showed considerably

higher absorbance at 1000 nm, indicating the fomation of n-stacks.!®!
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Figure 4.9. The absorbance of (a) 5 mg/mL and (b) 10 mg/mL NDI-L films prior to the
application of an electrical potential (dashed line) and following the application of -1.8 V for
1 minute (solid line). Experiment performed in triplicate. The mean absorbance at (¢) 616

nm and (d) 1000 nm. Error bars calculated from standard deviation of 3 measurements.

As the results above clearly show that the NDI-L film performs better at a higher

concentration, we wished to observe if the same approach could be applied to NDI-M films.
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As discussed previously, NDI-M showed poorer EC behaviour than NDI-L, so improving its
properties is desirable, as to imporove its applicability in real-world ECD construction. Both
the 5 and 10 mg/mL NDI-M films sucessfully formed the radical anion, with the film
prepared at 10 mg/mL (Figure 4.10.a) showing significantly stronger absorbance in the
visible region upon reduction than the 5 mg/mL film (Figure 4.10.b), resulting in a stronger
colour change. While the 5 mg/mL film underwent a yellow-to-orange transition, the 10
mg/mL film appeared visually black by the conclusion of the experiment. Additonally, like
with NDI-L, the 10 mg/mL film also appeared to form =-stacks following reduction, as

evident by the near IR absorbance, contributing to the near-black colouration as seen by eye.
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Figure 4.10. The absorbance of NDI-M films prepared at (a) 5 mg/mL and (b) 10 mg/mL
prior to the application of a potential (- ) and after the application of -1.8 V for (—) 10
seconds, (—) 30 seconds, (—) 60 seconds, (—) 300 seconds, () 600 seconds, and (—)
1200 seconds. Photographs of (¢) 5 mg/mL and (d) 10 mg/mL NDI-M films at corresponding

reduction times. The scale bar represents 15 mm.

Next, we investigated the oxidation of the NDI-M films. The film prepared at 5 mg/mL
oxidised after only 60 seconds, losing all radical peaks and restoring its initial yellow colour
(Figure 4.11a). The film prepared at 10 mg/mL oxidised more slowly, taking 20 minutes to
regain the neutral state (Figure 4.11b). Images taken of the film show that the original color
of the 10 mg/mL film took longer to restore. Moreover, upon the conclusion of the
experiment, the film was inhomogenous in colour, meaning longer oxidation times are
required to fully resore the neutral state across the whole film. It is likely that the NDI-M
film is forming too much of the reduced species to be oxidisable within a reasonable
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experimental time frame; to prevent this the reduction could be halted sooner, preventing the
formation of surplus radical anion that makes oxidation to the neutral state more difficult.
This would ensure one could still achieve the strong EC behaviour displayed by the 10
mg/mL film while maintaining reversibility. While the 5 mg/mL film could be oxidised much
more quickly, it began the experiment with only a small concentration of the reduced species,
making direct comparison between the oxidation of the two sets of films difficult. Despite
showing promising reversibility, the poor colour change following reduction means the NDI-

M film prepared at 5 mg/mL remain undesirable for use in ECDs.
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Figure 4.11. The absorbance of NDI-M films prepared at (a) 5 mg/mL and (b) 10 mg/ml
() following the application of -1.8 V for 20 minutes and after the application of +2.0 V
for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—) 300 seconds, (——) 600 seconds,
and (—) 1200 seconds. Photographs of (¢) 5 mg/mL and (d) 10 mg/mL NDI-M films at

corresponding oxidation times. The scale bar represents 15 mm.

As shown in Figure 4.12a-b, variability measurements show that the 10 mg/mL films
displayed considerably higher absorbance in the visible region following reduction than the
lower concentration films, confirming that the higher concentration film can consistently
form more radical anion. This is shown more clearly when observing the mean absobance at
485 nm (Figure 4.12c¢); absorbance at this wavelength is characteristic of the radical

anion,'®!"”

and unlinke with the NDI-L films, this peak remains within the measrable range
(i.e. less than 1.0 a.u.) of the spectrophotometer for all measurments. These results confirm

that the 10 mg/mL film is forming significantly more radical anion and is able to do so
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consistently across multiple samples. Again, this result is to be expected as there is more of

the NDI available within the film for reduction
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Figure 4.12. The absorbance of (a) 5 mg/mL and (b) 10 mg/mL NDI-M films prior to the
application of an electrical potential (dashed line) and following the application of -1.8 V for
60 seconds (solid line). Experiment performed in triplicate. The mean absorbance at (¢) 616

nm and (d) 1000 nm. Error bars calculated from standard deviation of 3 measurments.

Although the results thus far show that the NDI films are able to form more radicals and
undergo a greater visual colour change when prepared at a higher concentration, it is
important to directly compare the rate of the redox processes, particularly over short
experimental time frames. For applications purposes, it is important not only that the film is
able to form a large amount of the reduced species, but that they are able to do so quickly.
The NDI-L films were reduced for a total of 300 seconds, and the absorbance was measured
every 20 seconds. By measuring at smaller time intervals than performed previously, we
were able to more accurately track the formation of the radical anion. This procedure was
used for all redox rate experiments in this Chapter. As shown in Figure 4.13a-b both films
showed a change in their absorbance profiles due to the formation of the radical anion, with
the peaks growing in intensity following each reduction cycle. The strength of the response
varied significantly depending on the concentration used, with the 10 mg/mL film
undergoing a greater change in the visible region upon sucessive reduction cycles,
confirming previous results. When comparing the absorbance at 616 nm (Figure 4.13c¢), the
10 mg/mL film showed a greater response (i.e. formed more radical anion) than the 5 mg/mL
film and formed the reduced species significantly faster. This is reflected in images taken of
the films, with the 10 mg/mL film appearing visually black after only 160 seconds of
reduction. The colour change of the 5 mg/mL film is weaker and slower in comparison, and
darkens more gradually over the duration of the experiment. Importantly, the 10 mg/mL film
appeared to approach its maximum radical concentration very quickly, with the rate of

reduction appearing to decrease over the duration of the expeiment and began to platue after
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roughly 160 seconds. This is of interest for device applications, as one would know to halt
reduction after this time as any additional reduction past this point would increase
experiment times without improving the colour change. Indeed, there is no visual change in
colour after 160 seconds that can observed by eye. These results prove that, when prepared
at higher concentrations, the film is not only able to achieve a darker colouration in the

reduced state, but is also able to reach its maximum EC output more quickly.
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Figure 4.13. The absorIg:r(lsc)e of NDI-L films at (a) 5 mg/mL and (b) 10 mg/mL upon
application of -1.8 V for 300 seconds with measurements taken every 20 seconds. Arrows
indicate increasing reduction cycles. (¢) The absorbance at 616 nm over time of the (m) 5
mg/mL and the (m) 10 mg/mL film upon reduction. Insert images of 5 mg/mL (top) and 10
mg/mL films (bottom) prior to reduction (left-most image) and following reduction for (left-

to-right) 20 seconds, 40 seconds, 80 seconds, 120 seconds, 160 seconds, 200 seconds, and

300 seconds. The scale bar represents 15 mm.

Next, the reduction rate of the NDI-M films were investigated, with the 10 mg/mL films
showing the stronger response (Figure 4.14a-b). This is shown clearly when comparing the
absorbance at 616 nm (Figure 4.14c), with the 10 mg/ml film quickly forming large amounts
of the radical anion. Images taken of the film also show that the higher concentration film
got significantly darker than the 5 mg/mL film, forming a very dark brown colour. However,
unlike the NDI-L film at the same concentration, the rate of reduction of the 10 mg/mL NDI-
M film did not appear to slow down or platau and instead grew at a consistent rate over the

duration of the experiment. Indeed, images of the film show that the colour also appeared to
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get progressivly darker by eye. This suggests that the NDI-M film took longer to reach its
maximum concentration of radical anion, meaning that longer experimental times will be
necessary to achieve a colour change comparable to that of the NDI-L film, and therefore
makes NDI-M less desirable in real-world ECDs where a fast colour change is required, like
for display applications. However, this film would be a promising candidate for
imlementation into EC sensors, where a gradual change in colour in response to an electrical

stimulus would be ideal.
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Figure 4.14. The absorb;nr:ése) of NDI-M films at (a) 5 mg/mL and (b) 10 mg/mL upon
application of -1.8 V for 300 seconds with measurements taken every 20 seconds. Arrows
indicate increasing reduction cycles. (¢) The absorbance at 616 nm of the (m) 5 mg/mL and
the (m) 10 mg/mL film upon reduction. Insert images of 5 mg/mL (top) and 10 mg/mL films
(bottom) prior to reduction (left-most image) and following reduction for (left-to-right) 20

seconds, 40 seconds, 80 seconds, 120 seconds, 160 seconds, 200 seconds, and 300 seconds.

The scale bar represents 15 mm.

Finally, we investigated the oxidation rates of the different films. While we have previously
shown that the films, regardless of concentration, could be fully or partially oxidised to the
neutral state and reform their initial colour, for real-world applications it is imperative that
this process occurs readily. A potential of +2.0 V was applied to the reduced films, and
absorbance was measured every 20 seconds until no peaks were present within the visible
region, indicating successful reformation of the neutral species. Full absorption profiles and
images are provided in the Appendix (Appendix A.4.1-A.4.2). To monitor oxidation of the
radical, the absorbance at 616 nm and 485 nm was tracked for the NDI-L and NDI-M films,
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respectively (Figure 4.15). Both NDI-L and NDI-M films prepared at 5 mg/mL oxidised

relatively quickly to the neutral state, likely because they generated lower concentrations of
the radical anion during reduction. As expected, the higher concentration films took longer
to oxidise due to their higher radical content, making direct comparisons between
concentrations difficult. Despite generating large amounts of the radical anion, the 10 mg/mL
NDI-L film could be fully oxidised within our experimental time frame (Figure 4.15a). The
oxidation time could be improved by reducing the initial reduction period. As shown above,
the 10 mg/mL NDI-L film required only 1 minute of reduction to reach full colouration;
further reduction would increase radical concentration without enhancing visual properties,
making oxidation more difficult. As the 10 mg/mL NDI-L film retains reversibility, it
remains well suited for device applications. In contrast, the 10 mg/mL NDI-M film could
not be fully oxidised within a reasonable time frame and still retained absorbance at 485 nm
after 5 minutes (Figure 4.15b). Due to its slow oxidation, this film is not ideal for electronic
display applications where fast switching is required, although, as discussed previously,

NDI-M remains a promising candidate for EC sensor development.
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Figure 4.15. The absorbance of (a) NDI-L and (b) NDI-M films prepared at a concentration
of (m) 5 mg/mL and the (m) 10 mg/mL at 616 nm and 485 nm, respectively, following the
application of -1.8 V for 300 seconds (corresponding to time 0) and upon application of +2.0

V, with measurements taken every 20 seconds.

Beyond the EC properties, it was desirable to assess the influence of NDI concentration on
the mechanical properties of the film. As it is hoped that these materials will be utlisised in
flexible EC devices, it is important that the films be sufficiently mechanically robust to be
subjected to bending cycles, for example. Three sets of NDI/HA films were prepared with
each compound, with increasing NDI concentrations (0, 5 and 10 mg/mL), with the 0 mg/mL
film only being comprised of the polymer. These concentrations were chosen to assess the
effect of increasing NDI concentration on the mechanical properties of the film, which was
tested using nanoindentation. A total of 9 force-displacement measurements were performed

on each film consisting of three sets of triplicates performed across three samples (Appendix
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A.4.3-A.4.8), and from these indentation profiles the elastic modulus (E*) and indentation
hardness (Hir) were calculated. Importantly, all measurements penetrated less than 700 nm
into the film. Surface profilometry measurements found that the films had a thickness of
roughly 15 pum (Appendix A.4.9). As the indenter tip penetrates less than 10% of the film,

it is unlikely that interference from the substrate will affect the measurement.?

The indentation profiles that resulted in the median elastic modulus for each NDI-L film is
shown in Figure 4.16.a. As the three indention profiles are different in appearance, it
suggests that the mechanical properties were affected by changing the NDI concentration.
This is reflected in the E* values (Figure 4.16.b) of the films, which increased with
increasing NDI concentration, but not significantly, suggesting that the elasticity of the
polymer film is unaffected by the presence of the NDI. This result is promising in the context
of creating flexible devices. If the E* values were to decrease, it would suggest that the film
is becoming “softer” in character and would lack sufficient mechanical robustness to be bent
or manipulated. The Hir values (Figure 4.16.c) also increased with increasing NDI
concentration, with both the 5 and 10 mg/mL NDI-L films being harder than the polymer
film prepared with no NDI. While there was no significant change in Hir value between the
5 and 10 mg/mL film, the values do on average increase with higher concentrations, further
proving that increasing NDI concentration has no detrimental effect on mechanical
properties of the polymer film. This confirms that that the 10 mg/mL film can be utilised in

the construction of flexible devices.
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Figure 4.16. (a) The force-displacement curves of (- ) HA film and NDI-L/HA films
prepared at (—) 5 mg/mL and (—) 10 mg/mL. The mean (b) E* and (c) Hit values of films
prepared with different NDI-L concentrations. The error bars were calculated from standard

deviation of 9 measurements.

The indentation profile of the NDI-M films changed depending on the concentration of the
NDI used, with the 5 mg/mL and 10 mg/mL films appearing markedly different than the film

prepared with no NDI (Figure 17a). Indeed, both the E* values and Hir values of the film
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increased significantly in the presence of the NDI than when prepared with only HA (Figure
17.b-c¢). This confirms that the NDI did not have a detrimental effect on the elastic properties
of the NDI and in this instance appears to be beneficial. While there was no significant
difference between the E* values between the 5 and 10 mg/mL films, the Hir value did
increase considerably when the higher concentration was used. Overall, when looking at
nanoindentation results of both the NDI-L and NDI-M films, it can be said that the NDI had
either no effect on the mechanical properties of the polymer film or a beneficial influence.
This is especially important when considering the 10 mg/mL films; not only did these films
show significantly improved EC properties (i.e. greater formation of the radical anion, faster
redox rates, greater colour change) than when prepared at 5 mg/mL, but they also retained
the elastic properties that make them desirable for use in flexible ECDs. From these results,

it was decided to utilise 10 mg/mL NDI films for further experimentation.

8 300
1000{(a b c
(a) 7 ( )T 250-( )
800 6
z =sll * §200]
2 | o
g 000 o 4 21501 —
g < =
L 4004 w3 T 1001
2
200+ 1 50
0 0 0
0 100 200 300 400 500 600 0 5 10 0 5 10
Penetration depth (nm) NDI-M concentration (mg/mL) NDI-M concentration (mg/mL)

Figure 4.17. (a) The force-displacement curves of HA film () and NDI-M/HA films
prepared at (—) 5 mg/mL and (—) 10 mg/mL. The mean (b) E* and (c) Hit values of films
prepared with different NDI-M concentrations. The error bars were calculated from standard

deviation of 9 measurements.

4.2.2 Changing Concentration of Polymer

Next, we investigated the impact of polymer concentration. As shown above, changing the
concentration of NDI relative to the polymer had a significant effect on the EC and
mechanical properties of the film. We theorised that varying the concentration of the polymer
would also change the properties of the resulting film. Identifying the ideal polymer
concentration therefore becomes imperative. Solutions were prepared with an NDI-L
concentration of 10 mg/mL. We have previously shown this NDI concentration results in a
significant improvement in both the EC properties, including increasing the rate of reduction
and overall colour change, and the mechanical properties of the film. HA was added to these
solutions at a concentration of 5, 10 and 15 mg/mL, and the films were cast following the

standard procedure. Thus far, only a polymer concentration of 15 mg/mL has been tested. It
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was hypothesised that the films prepared with less polymer would be less resistive, due to
the decrease in the ratio of the non-conductive polymer to the electronically active NDI. To
compare the electronic properties, CV was carried out on the 5, 10, and 15 mg/mL HA films
(Figure 4.18a). As the polymer concentration decreased from 15 to 5 mg/mL, there was an
increase in the current at -1.8 V (Figure 4.18b). Since HA is non-conductive,”® a lower
polymer-to-NDI ratio likely reduces the film’s resistivity, resulting in the observed increase
in current. The shape of the scans also changes, suggesting the presence of different
structures within the film. From these results, we would expect the 15 and 10 mg/mL HA
films to show varied EC properties. At 5 mg/mL, the substantial increase in current again
suggests significantly lower resistivity, and this film is expected to show the strongest EC

behaviour, including faster redox rates and more pronounced colour changes.
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Figure 4.18. (a) The cyclic voltammograms of NDI-L films prepared with a HA
concentration of (—) 15 mg/mL, (—) 10 mg/mL, (—) 5 mg/mL (vs. Ag/AgNO3).
Measurements were performed at a scan rate of 50 mV/s, and the results of the fifth scan are

shown. (b) The current generated by the different films at -1.8 V.

When testing the EC performance of the film, all films appeared to form a comparable
amount of the reduced species with little variability, suggesting that the concentration of the
polymer had a minimal effect on the EC performance of the material. The 5 mg/mL HA films
showed the most variable response, as evident by each scan appearing different in
appearance. The different films all formed near identical amounts of the reduced species
(Figure 4.19), suggesting that the EC performance was not affected by decreasing the
concentration of the polymer. This is beneficial when considering the implementation of
these materials into ECDs; developers can use less of the polymer when constructing the

films, thereby minimising cost without sacrificing performance.
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Figure 4.19. The absorbance NDI-L/HA films prepared with a HA concentration of (a) 5
mg/mL, (b) 10 mg/mL and (¢) 15 mg/mL films prior to the application of an electrical
potential (dashed line) and following the application of -1.8 V for 1 minute (solid line). The
experiment was performed in triplicate. (d) The mean absorbance of each film at 616 nm.

Error bars calculated from standard deviation of 3 measurements.

We investigated the reduction rate of films prepared with different polymer concentrations.
Although each film appeared to produce a similar concentration of the reduced species, we
hypothesised that the lower concentration film would reach this radical concentration more
quickly due to its lower resistivity. The 10 and 15 mg/mL HA films showed nearly identical
behaviour, with radical peak intensities increasing after each reduction cycle (Figure 4.20b—
¢). While the 5 mg/mL HA film also showed visible absorbance following reduction (Figure
4.20a), its peaks did not grow and instead decreased after several cycles. The 10 and 15
mg/mL films ultimately formed the same amount of radical anion (Figure 4.20d), and both
darkened visually at similar rates, quickly reaching an apparent black colouration. In contrast,
the 5 mg/mL film showed the fastest initial reduction rate, forming radicals rapidly in the
first 80 seconds, but its absorbance declined thereafter. Images showed deterioration around
the film edges, likely caused by damage during transfer between the spectrophotometer and
electrochemical setup, as discussed in Chapter 3. At this low concentration, the film may
lack sufficient mechanical integrity and could be more prone to degradation in the DCM
electrolyte. Additionally, uneven film formation was observed, with material concentrated

toward the centre, suggesting poor distribution during thermal annealing. Surface
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profolimmetry data showed that the film thickness and surface topology became less
homogneous upon decreasing polymer concentration (Appendix A.4.10). A 5 mg/mL HA

concentration is therefore unsuitable for device applications.
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Figure 4.20. The absorbance of NDI-L/HA ﬁlms prepared with a HA concentration (a) 5

mg/mL, (b) 10 mg/mL and (c¢) 15 mg/mL upon the application of -1.8 V for 300 seconds
with measurments taken every 20 seconds. Arrows indicate increasing reduction cycles. (d)
The absorbance at 616 nm of NDI-L/HA films prepared with a HA concentration of (m) 5
mg/mL, (m) 10 mg/mL, and (m) 15 mg/mL. Images taken of NDI-L/HA films prepared with
a HA concentration of 5 mg/mL (top row), 10 mg/mL (middle row), and 15 mg/mL (top row)
prior to reduction (left-most image) and following reduction for (left-to-right) 20 seconds,
40 seconds, 80 seconds, 120 seconds, 160 seconds, 200 seconds, and 300 seconds. The scale

bar represents 15 mm.

Next, we investigated the oxidation rate of the films.. Both the 5 and 15 mg/mL films
appeared to successfully oxidise while the 10 mg/mL film was unable to be fully restored to
its neutral state. This is shown from the absorbance at 616 nm (Figure 4.21d), where the
concentration of radical anion present in the 10 mg/mL film appeared to plateau after several
oxidation cycles, and as a result could not be restored to its initial colourless state (Appendix
A.4.11). A possible explanation for this observation is that the radical was particularly well
stabilised within the film, and as a result it could not be oxidised within the experimental
time frame. As previously discussed, the 10 mg/mL HA film showed significantly higher

near-IR absorbance following reduction that the 15 mg/mL film, suggesting that there is a
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higher degree of assembly of the NDI into n-stacks. This radical anion may be well-stabilised
within this assembly which then could attenuate the oxidation of the film back to the neutral
species. As a reversible EC response is a requirment for device applications, a HA
concentration of 10 mg/mL is not ideal for our purposes. On account of its strong EC

response and reversibility, the 15 mg/mL HA film is well-suited for ECDs.
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Figure 4.21. The absorbance of reduced NDI-L/HA films prepared with a HA concentration
of (a) 5 mg/mL, (b) 10 mg/mL, and (¢) 15 mg/mL upon application of +2.0 V, with
measurements taken every 20 seconds. Arrow indicates increasing oxidation cycles. (f) The
absorbance of NDI-L/HA films films prepared with a HA concentration of (m) 5 mg/mL, (m)
10 mg/mL and (m) 15 mg/mL following the application of -1.8 V for 300 seconds
(corresponding to time 0) and upon application of +2.0 V, with measurements taken every

20 seconds.

We also wished to observe the effect of polymer concentration on the mechanical properties
of the films. We theorised that the films would show progressively weaker elastic behaviour
as the polymer concentration decreased. In the context of developing flexible ECDs, it is
desirable that the polymer concentration used imparts the film with sufficient robustness to
be subjected to mechanical strain. A total of 9 force-displacement measurements were
performed on each film (Appendix A.4.12-13), and the indentation profile that resulted in
the median E* value for each film is shown below (Figure 4.22a). This result shows that the
mechanical properties of the film changed in response to variations in polymer concentration

3

as evident by the different indentation curves. Importantly, the penetration depth of all
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measurements did not exceed 10% of the total film thicknesses meaning there was no
interference from the substrate on the measurements. Both the E* and Hir values of the films
increased with increasing polymer concentration, with the 15 mg/mL HA film showing the
highest average value for both parameters (Figure 4.22b-c). As the films prepared at a HA
concentration of 15 mg/mL displayed the best EC behaviour and mechanical properties, this

concentration will be used for the rest of our investigation.
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Figure 4.22. (a) The force-displacement curves of NDI-L/HA films prepared with a HA
concentration of () 5 mg/mL, (—) 10 mg/mL and (—) 15 mg/mL. The mean (b) E* and
(¢) Hit values of films prepared with different NDI-L concentrations. The error bars were

calculated from standard deviation of 9 measurements.

4.2.3 Varying Film Thickness

The influence of film thickness was also investigated. As the thickness of the film increases,
the path that the current must travel to complete the circuit will increase, which is likely to
hinder the conductivity of the device.>* However, thicker films will have a greater visual
path length and a larger amount of the EC species, meaning that the colour change following
electrochemical reduction will possibly appear stronger by eye. Identifying a thickness that
results in a strong visual colour change while maintaining electrochemical conductivity is
desirable. When casting the films onto the conductive FTO substrate, the doctor blade was
set at several different heights. Casting heights of 0.5, 1.0, 1.5, 2.0 and 3.0 mm were tested.
This changed the amount of material deposited onto the substrate prior to thermal annealing,
which in turn changed the thickness of the final film upon drying. Surface profilometry was
used to determine the thickness of the film. As shown in Figure 4.23, by changing the casting
height of the film, we were able to generate films with several different thicknesses ranging
from roughly 8 um to 25 pm. There was a direct linear correlation between casting height
and film thickness, as evident by the data fitting to a line of best fit. In addition to providing
information relating to the thickness of the film, other observations can be drawn regarding
the homogeneity of the material. The film cast at 0.5 mm (Figure 4.23a) appeared thicker
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towards the centre of the film, likely as the result of the reverse coffee ring effect. Similarly,
the film cast at a height of 3.0 mm appeared to be very uneven in thickness (Figure 4.23e).
As discussed in Chapter 3 this inhomogeneity is not ideal as it is likely to result in an uneven
colouration once in the reduced state. The films cast at 1.0, 1.5 and 2.0 mm appear more
consistent in thickness (Figure 4.23b-d), suggesting the material had dried evenly on the

substrate, and is therefore more likely to give a uniform EC response.
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Figure 4.23. The surface profiles of NDI-L films cast at a height of (a) 0.5 mm, (b) 1.0 mm,
(c) 1.5 mm, (d) 2.0 mm and (e) 3.0 mm. (f) The mean thickness of the NDI-L films cast at
different heights. A line of best fit is shown, with R? = 0.99397.

CV was performed to assess the impact of film thickness on the electronic properties of the
film. It can be observed that the electronic behaviour of the system was affected by changes
to film thickness (Figure 4.24a). To observe this more clearly, the current generated by each
film at the reduction potential (-1.8 V) is shown graphically in Figure 4.24b. The 8.7 and 12
um films generated the smallest current at the reduction potential. This is likely because
there is less of the electroactive NDI present in the thinner films. As the thickness increases
to 16.4 um and there a larger amount of NDI in the film, the current increased further.
Beyond this thickness, the current decreases. As the polymer used in the film is non-
conductive, it is probable that the resistivity is becoming larger in the thicker films, resulting
in the decrease in current. From these results, we predicted that the films would display

variable EC behaviour depending upon their thickness.
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Figure 4.24. (a) The cyclic voltammograms of NDI-L films prepared at a thickness of (- )
8.7 um, (—) 12.0 um, (——) 16.4 pm, (—) 19.6 um, and (—) 25.5 um (Vs Ag/AgNO3).
Measurements were performed at a scan rate of 50 mV/s, and the results of the fifth scan are

shown. (b) The current generated by the different films at -1.8 V.

As shown in Figure 4.25, the EC behaviour changed depending on the thickness of the film.
The two thinner films (Figure 4.25a-b) showed the weakest absorbance in the visible region
following reduction. This observation makes sense considering there is less of the
electroactive species present in the thinner film, meaning it is unable to form as much of the
reduced species. The effect is evident in images taken of the films, with both films
undergoing comparatively weak changes in colour (Appendix A.4.14-A.4.15). The
colouration of the reduced 8.7 um film appears inhomogeneous, with no colour change
occurring at the edges of the film, likely due to uneven distribution of the NDI on the
substrate, as proven from surface profilometry data. The 12.0 um film also appeared pinker
in colour, suggesting that the film was being over reduced into the disfavoured dianionic
species. The thicker films (16.4, 19.6, and 25.5 pum) appeared to form large amounts of the
radical anion, with many of the peaks falling outside of the measurable range of the
spectrophotometer (Figure 4.25c-e), and all forming a visually black reduced state
(Appendix A.4.16-A.4.17). The improvement was likely because there is a greater amount
of NDI present within the thicker films, leading to the formation of greater amounts of the
reduced species. Additionally, only the three thicker films showed evidence of m-stacking
following reduction, as evident by near-IR absorbance. As the NDI can only form these
stacks in the presence of water, this suggests that the thicker films contain more water than
the thinner films. Near-IR absorbance is benefical in the context of ECDs as it darkens the
colour of the film in the reduced state. The 16.4 um film performed particularly well,
appearing to form the greatest amount of the radical anion and achieving an apparent black
colour more quickly than the 19.6, and 25.5 um films. This aligns with the CV, where the

16.4 um drew the largest current at the reduction potential. As previously discussed, it is
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probable that the resistivity of the system increases as the films become thicker, leading to
the reduction in radical formation. Overall, these results suggest that there is an optimum
thickness where the electronic properties of the system are most favourable. With the
exception of the 25.5 pm film which detached from the substrate, all films could successfully
regain their initial colourless neutral state following the application of an oxidising potential
(Appendix A.4.18-A.4.21). This suggests that the thicker films are less well-annealed to the
substrate and would therefore be unsuitable for devices applications due to poor lifetimes.
Alternative annealing processes could therefore be explored to allow for the formation of

thicker films that show improved lifetimes.
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Figure 4.25. The absorbance of NDI-L films prepared at a thickness of (a) 8.7 um, (b) 12.0
um, (¢) 16.4 pm, (d) 19.6 um, and (e) 25.5 um prior to the application of a potential () and
after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—)
300 seconds, () 600 seconds, (—) 1200 seconds.

Absorption measurements showed that the thinner films consistently performed poorly
(Figure 4.26a-b), forming comparatively minimal amounts of the radical anion, and in some
instances appeared to be reduced to the dianionic species, as evident by the formation of
peaks at approximately 410 nm and 590 nm. The dianionic species is unfavourable, as it
results in a lighter coloured film than when the radical is formed. The thicker films (16.4,
19.6, and 25.5 um) appeared to form relatively large amounts of the radical anion (Figure
4.26¢—e). The 25.5 um film showed the least consistent response, more clearly seen in the
mean absorbance at 616 nm (Figure 4.26f), where a larger error indicates greater variability
between samples. As shown previously in the surface profilometry data, the 25.5 um film
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exhibited a very inhomogeneous distribution of the NDI on the substrate, making it harder
to achieve similar absorbance across the three films. The 16.4 um film showed a consistently
and significantly stronger response than the other samples, indicating that casting the
solutions at a thickness of 1.5 mm can reliably generate films capable of forming large
concentrations of the radical anion. The trend observed in Figure 4.26f aligns well with the
current generated by each film at the reduction potential, as determined from CV data shown
previously. The 16.4 um film generated the largest current at the reduction potential and
produced significantly more of the radical anion. All films tested were able to regain their

initial neutral state via the application of +2.0 V for 5 minutes.
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Figure 4.26. The absorbance of NDI-L films prepared at a thickness of (a) 8.7 um, (b) 12.0
um, (¢) 16.4 um, (d) 19.6 um, and (e) 25.5 um prior to the application of an electrical
potential (dashed line) and following the application of -1.8 V for 1 minute (solid line).
Experiment performed in triplicate. (f) The mean absorbance at 616 nm of films of different
thicknessed following application of -1.8 V for 1 minute. Error bars calculated from standard

deviation of 3 measurments.

As the results above conclusively show that the amount of radical formed by the films
depends on film thickness, we then investigated how the rate of the redox processes was
affected. To compare the reduction rate of the films, the absorbance at 616 nm was monitored
over time (Figure 4.27f). The 8.7 um and 12.0 um films showed the slowest reduction rate
and both formed relatively low amounts of the reduced species upon the conclusion of the
experiment. This is reflected in images taken of the films, with both films undergoing a

relatively weak change in colour (Figure 4.27g-h). As there is less of the NDI present in
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these films, a weaker colour change is expected. Additionally, the colouration appeared
uneven by eye, with the colour change occurring at the perimeter of the film while the centre
appears much darker. As previously shown from surface profilometry data, the thinner films
had an inhomogeneous distribution of material on the glass substrate, with more of the
material concentrating at the centre of the film, resulting in the non-uniform visual change
in colour. This is undesirable as commercial ECDs require a uniform change in colour. The
thickest film (25.5 pm) also shows a poor initial reduction rate, likely due to it being more
electrically resistive. The film also appears to degrade after 120 seconds, with the absorbance
at 616 nm decreasing after this time (Figure 4.27k), probably due to the film lifting from
the surface of the substrate due to being poorly annealed, as can be seen in images taken of
the film. It is likely that the thicker films are less able to successfully adhere to the glass.
This is not ideal for device applications, where long-life times are required. The colour
change is also uneven, which again is probably due to the non-uniform distribution of the
NDI on the glass, as shown from the surface profilometry data. The 19.6 um film shows
improved properties, including a faster initial reduction rate and forming a greater
concentration of the radical anion. Images of the film show that the film quickly achieved a
very dark colour (Figure 4.27j). The 16.4 um film displays the most ideal EC behaviour,
including showing the fastest reduction rate and forming significantly more radical anion
upon the conclusion of the experiment. The film appears visually black in colour after only
40 seconds of reduction (Figure 4.27i). The 19.6 um film is therefore the most ideal
candidate for the development of ECDs, where a fast and significant colour change is

desirable.

154



Chapter 4: Optimisation of Film Parameters

2.0 20

N
o

(b)

!
o
Y
i
.
()]

=
N
-
N
h
-
[N

Absorbance (a.u.
o
Absorbance (a.u.
o
Absorbance (a.u.
o
(o]

8 .81
0.4¥ 0.41¥ 04
0.04 0.01 — 0.04
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)
2.0 2.0 =
(®) 316
3 1.6 ’?1.6 E
© 1.2
~ i (o]
§1.2 1.2 <
30.8 0.8 208
g N K\ e
2041 v 04 30.4-
[e]
0.0 0.0 §0.0-
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 0 60 120 180 240 300
Wavelength (nm) Wavelength (nm) Time (s)

Figure 4.27. The asorbance of DI- lms ls preard ata thicess f (a) 8.7 um, (b)
12.0 pm, (¢) 16.4 um, (d) 19.6 pm, and (e) 25.5 um upon application of -1.8 V for 300
seconds with measurements taken every 20 seconds. Arrows indicate increasing reduction
cycles. (f) The absorbance at 616 nm of NDI-L films prepared at a thickness of () 8.7 um,
(m) 12.0 ym, (m) 16.4 um, (m) 19.6 um, and (m) 25.5 pm. The images taken of NDI-L films
prepared at a thickness of (g) 8.7 um, (h) 12.0 pm, (i) 16.4 pm, (j) 19.6 um, and (k) 25.5 pm
prior to reduction (left-most image) and following reduction for (left-to-right) 20 seconds,
40 seconds, 80 seconds, 120 seconds, 160 seconds, 200 seconds, and 300 seconds. The scale

bar represents 20 mm.
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Finally, we wanted to observe the oxidation rate of the films (Figure 4.28). All films were
able to restore the neutral state, with the exception of the 25.5 pm film which detached from
the substrate after 200 seconds of oxidation (Appendix A.4.22-A.4.25). This confirms that
the thickest film is unsuitable for device applications due to its poor lifetime. To directly
compare the oxidation rate of the films the absorbance at 616 nm over time was monitored
(Figure 4.28f). The two thinner films (8.7 um and 12.0 um) quickly oxidise, however both
were only able to form a small amount of the reduced species. Again this makes comparison
with the other films difficult. The thicker films (16.4 um, 19.6 um, and 25.5 um) formed
similar amounts of the radical anion. Importantly, the 16.4 um, 19.6 um films, despite
forming the most radical anion, are able to be oxidised relatively quickly. These films are

therefore the most suitable candidates for the development of reversible EC devices.
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Figure 4.28. The absorbance of reduced NDI-L films prepared at a thickness of (a) 8.7 um,
(b) 12.0 um, (c¢) 16.4 um, (d) 19.6 um, and (e) 25.5 um upon application of +2.0 V, with
measurements taken every 20 seconds. Arrow indicates increasing oxidation cycles. (f) The
absorbance of NDI-L films prepared at a thickness of (' ) 8.7 um, (m) 12.0 um, (m) 16.4 um,
(w) 19.6 um, and (m) 25.5 pum.

4.2.4 Annealing Time

We also investigated the impact of annealing time on the properties of the film. Annealing
time refers to the duration of time that the casting solution is heated on the substrate to
evaporate solvent and encourage film formation. We hypothesised that longer annealing
times would result in a film with a lower concentration of water and that the water content

of the films can influence the ability of the NDI to assemble into m-stacks. Changing the
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water content presents an additional method of optimising the performance of the film. NDI-
L/HA solutions were prepared at a concentration of 10 mg/mL NDI-L and 15 mg/mL HA
and cast onto a glass substrate using a casting thickness of 1.5 mm. These parameters were
chosen as they have already been proven to result in a film with the most “ideal” EC and
mechanical properties. The solutions were thermally annealed to the glass at 80 °C for either
30 minutes, 60 minutes, or 90 minutes. To test the water content of the films,
thermogravimetric analysis (TGA) was performed, the results of which are shown in Figure
4.29a. From these TGA results, the water content was determined as the mass loss that occurs
up to 150 °C. As neither the NDI or the polymer would degrade at this temperature, any loss
in mass can be assumed to be the result of water evaporation. The mass loss percentage at
150 °C is shown in Figure 4.29b. This result shows that, regardless of annealing time, the
water content of the film is largely unchanged. Additional films were prepared by thermally
annealing the solutions for 60 minutes, after which time they were added to a vacuum oven
set at 60 °C for 24 hours, and again the water content remained the same (Appendix A.4.26).
We theorise that due to the massively hydroscopic HA polymer the films absorbed water in
the air,®> thereby causing all the films to achieve the same water content regardless of
annealing time. To minimise the content of water, a dry glove box would need to be used
during film preparation to prevent the films from being in contact with air. However, when
considering the implementation of these materials into real-world ECDs, the requirement of
a glove box would limit their commercial applicability due to increased costs and complexity
associated with this piece of equipment. Importantly, we have shown that despite containing
water the films are able to show strong EC behaviour and necessary mechanical properties

to be feasibly implemented into ECDs.
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Figure 4.29. (a) The TGA results of NDI-L/HA films that were thermally annealed at 80 °C
for (—) 30 minutes, (—) 60 minutes, and (—) 90 minutes. (b) The mass loss of films

annealed at 80 °C for different lengths of time after heating to 150 °C.
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4.2.5 Glass Resistivity

Next, we investigated the influence of different glass substrates on the EC properties of the
NDI film. More specifically, we wanted to observe the effect of changing the resistivity of
the glass substrate, and if the films remain viable for use in ECDs when different substrates
are used. This is important when considering the wide-scale implementation of these
materials; developers may not have access to specific types of glass, which vary in price
dependent upon their conductivity. If the film was only able to show strong EC behaviour
(i.e. fast switching speeds, dark colouration in the reduced state, reversibility) when used on
very low-resistivity glass, this would limit the applicability of the materials for commercial
applications. NDI-L films were cast onto conductive glass substrates using the parameters
previously identified to be conducive to improved EC performance, including preparing the
solutions at 10 mg/mL NDI-L and 15 mg/mL HA, and using a casting thickness of 1.5 mm.
The glass used in this experiment include, in order of increasing resistivity, TEC 5, TEC 7,

TEC 15, and TEC 30 glass.

CV was first performed to assess the impact of the different glass substrates on the electronic
properties of the film (Figure 4.30.a). While the scans collected on each film appear all
together very similar, the lower resistivity glass (TEC 5 and TEC 7) appear to draw more
current at the reduction potential. To visualise this more clearly, the current generated by
each film at -1.8 V is shown in Figure 4.30b. The TEC 35 and TEC 15 glass generated near
identical current at the reduction potential, suggesting that the electronics are unaffected by
the change in resistivity. The films on the TEC 7 and TEC 5 glass draw slightly more current
at the reduction potential, likely due to the decreased resistivity. From this data, we
hypothesised that the films prepared on TEC 7 and TEC 5 glass would show better EC
behaviour than the films prepared on the higher resistivity substrates. However, as the
difference in current is relatively small, we theorised any improvement in properties would
be minor. Importantly, regardless of the glass substrate used, the electronic properties of the

materials remain largely unaffected.
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Figure 4.30. (a) The cyclic voltammograms of NDI-L films prepared on () TEC 35, (—)
TEC 15, (—) TEC 7, and (—) TEC 5 glass (Vs Ag/AgNQO3). Measurements were performed
at a scan rate of 50 mV/s, and the results of the fifth scan are shown. (b) The current

generated by the different films at -1.8 V.

The EC performance of NDI-L on the different substrates was monitored (Figure 4.31) . All
films tested show very similar absorption profiles following reduction, suggesting that a
similar concentration of radical anion is being formed, regardless of the resistivity of the
glass. The mean absorbance at 485 nm does increase with decreasing resistivity, meaning
that when cast onto low-resistivity glass the film can form more of the reduced species.
However, the difference in the amount of radical formed is not significant. Indeed, even the
difference in the amount of radical formed by films cast on the most resistive substrate (TEC
35) and the least resistive substrate (TEC 5) was within a margin of error. This aligns with
CV data where there was found to be only a relatively small difference in current generated
between these films at the reduction potential. Overall, this data suggests that the glass
resistivity has no significant effect of the EC performance of the NDI film. This observation
is promising when considering the commercial applicability and implementation of these
materials; developers can reliably use NDI films on any conductive glass substrate

irrespective of its resistivity.
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Figure 4.31. The absorbance of NDI-L films prepared on (a) TEC 35, (b) TEC 15, (¢) TEC
7, and (e) TEC 5 glass prior to the application of an electrical potential (dashed line) and
following the application of -1.8 V for 1 minute (solid line). Experiment performed in
triplicate. (e¢) The mean absorbance at 485 nm of films following application of -1.8 V for 1

minute. Error bars calculated from standard deviation from 3 measurements.

Since the different glass substrates did not appear to affect the amount of radical formed by
the NDI within a fixed time frame, we then investigated how substrate resistivity influences
the reduction rate. While all films could form the same concentration of radical anion, we
theorised that different substrates could allow the film to form the radical more quickly. All
films showed the formation of the radical anion with near idential reduction rates over the
first 120 seconds of the reaction (Figure 4.32). While the film on the TEC 35 substrate did
appear to reduce at a faster rate after 120 seconds, this is likely because the strong absorbance
is resulting in errors to the measurement. Imporantly, all films show the same absorbance at
616 nm after 300 seconds. While this absorption value is not accurate as it is far outside of
the measurable range of the spectrometer, this does suggest that the films formed the same
amount of the reduced species. The images taken of the films confirm this observation, with
all films darkening at similar rates and achieving an apparent black colouration upon the
conclusion of the expeiment. These results show that the resistivity of the glass has no effect
on the rate of radical formation of the NDI films. It should be noted that the films,
particularly when prepared on TEC 7 glass, appear slightly more pink around the edges. This
is likely due to over-reduction to the dianion, which occurs more readily at the edges where

the film is thinner.
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Figure 4.32. The absorbance of NDI-L films prepared on (a) TEC 5, (b) TEC 7 and (¢) TEC

15 glass upon the application of -1.8 V for 300 seconds with measurements taken every 20
seconds. Arrows indicate increasing reduction cycles. (¢) The absorbance at 616 nm of the
film prepared on (m) TEC 5, (m) TEC 7 and (m) TEC 35 glass upon reduction. Insert images
of films prepared on TEC 35 (top), TEC 7 (middle) and TEC 5 (bottom) prior to reduction
(left-most image) and following reduction for (left-to-right) 20 seconds, 40 seconds, 80
seconds, 120 seconds, 160 seconds, 200 seconds, and 300 seconds. The scale bar represents

15 mm.

Finally, we monitored the oxidation rate of the reduced NDI films on the different glass
substrates. All films were able to successfully regain their neutral state, confirming that the
films remain reversible regardless of which conductive substrate is used (Figure 4.33a-c).
Consequently, the films were restored to their initial colour (Appendix A.4.27) The films
oxidised at a similar rate, and all regain their initial neutral state after similar lengths of time;
120 seconds for the TEC 7 film and 140 seconds for the TEC 5 and TEC 35 film (Figure
4.33d). Overall, when considering redox rates of the films, we see that the glass substrate
has little to no discernible effect on the reductive or oxidative properties of the NDI-L film.
This is promising when considering the commercial applicability of these materials as
developers can utilise a wide range of substrates, providing they are electronically
conductive. More specifically, cheaper high-resistivity glass can be used in the development

of NDI-based ECDs without the EC properties of the film.
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Figure 4.33. The absorbance of reduced NDI-L films prepared on (a) TEC 5, (b) TEC 7 and
(c) TEC 35 glass upon the application of +2.0 V with measurements taken every 20 seconds.
Arrows indicate increasing oxidation cycles. (d) The absorbance at 616 nm of the film

prepared on (m) TEC 5, (m) TEC 7 and (m) TEC 35 glass upon oxidation.

4.2.6 Flexible Devices

As we had successfully identified the ideal parameters for film construction, we next aimed
to determine if the films could be used as flexible ECDs. First, we examined the response of
the film to mechanical bending. NDI-L/HA solutions were prepared at 10 mg/mL NDI-L and
15 mg/mL HA, and cast onto plastic substrates. These concentrations were selected based
on previous results showing both desirable EC properties and relatively high mechanical
strength. Once thermally annealed onto the plastic, the resulting films were bent at several
angles (9.5°, 11.5°, 14.3°, 19.1°). Nanoindentation was used to assess the effect of bending
on the bulk mechanical properties, with each sample measured in triplicate using the
parameters recommended for soft materials (Appendix A.4.28-A.4.32) . From these results,
the mean E* and Hir values were calculated (Figure 4.34a-b), alongside a control
measurement taken from an unbent film. While E* generally appeared to increase with
bending angle, the change was often not significant, with most values falling within a margin
of error. However, a significant increase in E* was observed between the unbent film and

the film bent at 19.1°, suggesting greater elasticity at higher bending angles. Hir values
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remained constant across bending angles, though the film bent at 19.1° showed a notable
increase in hardness. Unlike previous tests where averages were taken across three films,
these results are based on single-film measurements and are therefore less reliable,
potentially explaining the anomalous result at 19.1°. Overall, bending had minimal effect on
the mechanical properties, consistent with optical microscopy images (Figure 4.34c—g),
which showed no visual degradation. These findings are promising and confirm that the
films are robust enough for bending. This also reinforces the importance of including HA in
film construction, as films without polymer support do not retain their properties after
bending. Compared to previous nanoindentation measurements, these results show a larger
error range. We suspect this is due to less uniform drying on plastic compared to glass,
leading to inhomogeneous distribution and greater variability. Additionally, the E* values
were significantly lower than previously observed. As the films were only annealed at 60 °C

to avoid melting the plastic, they likely retained more water, resulting in a softer character.
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Figure 4.34. The mean (a) E* and (b) Hir values of NDI-L films bent to different bending
angles. The optical microscopy images of an NDI-L film (c) prior to bending, and after
bending to (d) 9.5°, (e) 11.5°, (f) 14.3°, (g) 19.1°. Error bar calculated from standard

deviation of 3 measurements.

We then wished to observe the effect of bending the EC performance of the films. Based on
the nanoindentation results, we hypothesised that there would be no negative impact of
bending on the EC behaviour of the films. All films underwent a change in the visible region
following reduction (Figure 4.35a-e), meaning that the reduced species was successfully
formed regardless of bending angle. This result also confirms that we can utilise our material
on flexible substrates like plastic, providing its surface is conductive. The films generally

showed very similar absorbance at 485 nm (Figure 4.35f), suggesting that they are all
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forming similar amounts of the radical anion, confirming that bending has no significant
effect on EC properties. The film bent at 11.5° formed considerably more radical anion the
other films. As with the nanoindentation measurements, we suspect this outlier result is the
result of inhomogeneous drying of the film on the substrate; in this instance more material
may have collected at the centre of the film during thermal annealing resulting in a larger
change in absorbance following reduction. Interestingly, we also see evidence of the dianion,
as evident by the presence of peaks at 450 nm and 575 nm. We suspect that due to the uneven
distribution of the material on the substrate, the sections of the film that are thinner are being
over-reduced into the dianion. We saw similar results previously in this chapter when testing

different casting thicknesses, where thinner films were found to more readily form the

dianion.
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Figure 4.35. The absorbance of an NDI-L films bent at an angle of (a) 0°, (b) 9.5°, (¢) 11.5°,

(d) 14.3°, (e) 19.1° prior to the application of a potential (- ), and after the application of -
1.8 V for 5 minutes (—). (f) The absorbance of NDI-L/HA films bent at different angles at
485 nm.

When considering the use of these materials in real-world devices, it is important not only
that the film is able to withstand bending but is able to bent a great number of times. To test
this, a NDI-L film was subjected to 100 bending cycles at an angle of 19.1°. The largest
bending angle was chosen as it represents the most extreme case; if the film can withstand
this then it can be assumed the same will be true of the other less severe bending angles. A
film was indented every 20 bending cycles, using the same indentation parameters detailed
above and the mean E* and Hir values were calculated (Figure 4.36a-b). Indentation profiles

are provided in the Appendix of this Chapter (Appendix A.4.33). The E* values show some
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variability, with there being a noticeable drop in the E* value from the unbent film and the
same film after 100 bending cycles, however these results are still within a margin of error.
Similarly, there is no significant change in the Hir values upon successive bending cycles.
Optical microscopy images of the film (Figure 4.36¢c-h) show no visible change their
appearance after successive bending cycles. These results confirm that our films can be
subjected to many bending cycles without degrading, highlighting their applicability for use

in real-world flexible ECDs.
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Figure 4.36. Thé mean (a) E* and (b) Hir values of NDI-L films following increasing
bending cycles. The optical microscopy images of an NDI-L films (¢) prior to bending and
following (d) 20 bending cycles, (e) 40 bending cycles, (f) 60 bending cycles, (g) 80 bending
cycles, and (h) 100 bending cycles. Error bar calculated from standard deviation of 3

measurements.

Finally, we investigated the effect of an increasing number of bending cycles on the EC
performance of the NDI-L film. All films showed a change in their visible region upon
reduction (Figure 4.37a-f), characteristic of the formation of the reduced species. By
comparing the absorbance at 485 nm (Figure 4.37g) we can see that the amount of radical
anion formed by the different films stays relatively consistent irrespective of the number of
bending cycles. The film subjected to 100 bending cycles shows near identical absorbance

at 485 nm to the unbent film. This data suggests that the EC properties of the film are
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unaffected by bending cycles. Overall, the results of these experiments confirm that NDI-L
films can be successfully utilised in flexible devices and show no mechanical failure or drop
in EC performance in response to bending. The experiments above should be repeated in
triplicate to account for any variability in the films.
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Figure 4.37. The absorbance of an NDI-L films bent at an angle of (a) 0°, (b) 9.5°, (¢) 11.5°,

(d) 14.3°, (e) 19.1° prior to the application of a potential (- ), and after the application of -
1.8 V for 5 minutes (—). (f) The absorbance of NDI-L films bent at different angles at 485

nm.

4.2.7 Mixed Stimulus Devices

We wanted to assess the applicability of our optimised film to be used as a mixed stimulus
ECD. More specifically, we wanted to see if we could generate the radical anion via light
irradiation before regaining the initial neutral state electrochemically. NDI-L/HA films were
prepared using the ideal parameters for film construction: 10 mg/mL NDI-L; 15 mg/mL HA;
a casting thickness of 1.5 mm. These solutions were thermally annealed onto conductive
FTO glass at 80 °C for 1 hour. Using 1 mW 405 nm laser pen we irradiated the films and
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were able to accurately write legible letters (Figure 4.38a). There was no noticeable
“bleeding” of the colour, suggesting that the radical anion does not diffuse throughout the
polymer network. The radical anion is well stabilised with the film, requiring several hours
in a dark drawer to be oxidised in air back to the neutral colourless state. When formed with
the laser pen, the radical is unable to be electrochemically oxidised back to the neutral state
within a reasonable experimental time frame; after an hour of oxidation the film was unable
to be successfully restored to the neutral state (Appendix A.4.34). We theorised that the
radial anion is too highly concentrated when formed with the laser pen, preventing the film
from being readily oxidised. This suggests that the radical anion is less concentrated when
formed via other means (i.e. electrochemically), which allows for these films to be
successfully oxidised. While this slow reversibility limits the commercial appeal of the
material as a EC mixed-stimulus display, it would be well suited as a chemical sensor due to
gradual decay of the colour upon oxidation. We also wished to observe the scalability of the
material onto larger substrates. Using the same solution, larger films were successfully
prepared by casting the material onto microscope slides. This confirms our material can be
utilised in larger ECDs. Using the 405 nm laser pen, we were able to write legible words on
the films (Figure 4.38b). Similarly, using 3D printed plastic stencils and irradiating the film
with 365 nm, we were able to produce intricate lettering and shapes. These results highlight

the wide-range of potential applications for these materials.

(@)

irradiation from a 405 nm laser pen. (b) The words “Draper” and “Group” written on scaled-

up NDI-L/HA film using a 405 nm laser pen. The stencilled lettering of (¢) the words “Draper
Group” and a stencilled image of (d) a cat walking on a NDI-L film, which was generated

using light irradiation from a 365 nm light.
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4.3 Conclusions

In this chapter we have shown that by changing the parameters used in the preparation of
NDI/HA films, we are able to improve the EC and mechanical properties of the resulting
device. First, we investigated the effect of changing the concentration of the NDI. Using
chronoamperometry and UV-vis absorption spectroscopy measurements, we found that by
increasing the concentration of NDI-L in the film from 5 to 10 mg/mL we were able to
generate films with significantly improved EC properties, including faster redox rates,
greater formation of the radial anion, and improved reversibility. Using this same approach,
we were able to drastically improve the performance of the NDI-M films, which showed
greater and faster formation of the reduced species when prepared at 10 mg/mL. Using
nanoindentation, we found that this increase in NDI concentration had no negative impact
of the mechanical properties of the NDI-L or NDI-M films. This NDI concentration should

therefore be used in the future development of NDI-based devices.

We also changed the concentration of HA used in the film. Despite CV measurements
showing that the resistivity of the system decreased with decreasing polymer concentration,
absorption measurements showed that this had a minimal effect on the ability of the film to
form and stabilise the radical. The film prepared with 5 mg/mL polymer lacked sufficient
structural robustness to be used for device applications, while the 10 mg/mL film was unable
to be fully oxidised within the experimental time frames. In contrast, the film prepared with
15 mg/mL HA remained fully oxidisable and showed promising mechanical properties, like
an increase in elasticity and hardness compared to the lower concentration films. For these
reasons, a polymer concentration of 15 mg/mL was identified as being ideal for device

construction.

Profilometry measurements showed that by changing the casting thickness, we were able to
generate NDI films of several different thicknesses. The CV measurements showed that the
current generated at the reduction potential changed with film thickness, with the 16.4 um
film drawing the largest current. We theorised that the thicker films were more resistive,
while the thinner films contained less of the electroactive component resulting in a decrease
in current at the reduction potential. Combined chronoamperometry and UV-vis absorption
spectroscopy measurements confirmed that the film prepared at 16.4 pm showed the best EC

properties, including greater and faster formation of the radical anion compared to the other
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films, while retaining reversibility. For this reason, a casting thickness of 1.5 mm should be

used.

Some parameters were found to have no impact on device performance. For example, the
resistivity of the glass substrate had no discernible effect on electronic properties of the films,
as evident by near identical CV measurements. The EC properties of the films were also very
similar, with each film displaying near identical redox rates and forming the same amount
of the radical anion. This is promising when considering the commercial applicability of
these materials, as any glass substrate can be utilised by developers providing it is conductive.
We also wished to observe the effect of annealing time on film performance. It was predicted
that by annealing the film for longer time or doing an additional step of drying the film in a
vacuum oven, we could generate films with variable water contents. TGA analysis showed
that all films tested had the same water content, regardless of annealing time, likely due to
the hygroscopicity of the NDI and the polymer. Importantly, the films show promising EC
behaviour in-spite of its water content, meaning additional pieces of equipment that add

complexity and cost like a nitrogen glove box are not necessary.

Having identified the “ideal” film parameters, we looked at the ability of the NDI/HA films
to be used in flexible devices. After successfully casting the film onto a plastic substrate, the
films were bent to several different bending angles. Nanoindentation measurements showed
that the mechanical properties were unaffected by bending, even after a great number of
bending cycles. The amount of radical that generated by the films was not changed following
bending, further highlighting their applicability in flexible ECDs. Finally, we showed that
the ideal film could be utilised as a mixed stimulus device. While additional work is
necessary to improve the reversibility of the material following light irradiation, it highlights
the wide array of device types NDI films can be utilised in. Overall, the results of this chapter
highlight the tunability of our systems through small changes to film parameters and will be

used to guide future device construction.

4.4 Experimental
4.4.1 Synthetic Procedures

Synthesis of the NDIs used in this chapter, NDI-L and NDI-M, can be found in Section
24.1.
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4.4.2 Experimental Procedures

pH Measurements. The pH of solutions was measured using an FC200 pH probe (HANNA
Instruments) with a 6 mm x 10 mm conical tip calibrated using buffers of pH 4, 7 and 10

(HANNA Instruments). The stated accuracy of the pH probe is £0.1.

Solutions for Film Formation. To prepare films, solutions were prepared with an NDI at a
concentration of either 5 or 10 mg/mL and were dispersed in 2 molar equivalents of NaOH
(1M, aq) and the necessary volume of deionised water. The resulting solutions were stirred
overnight. HA was added to the solutions at a concentration of either 5, 10 or 15 mg/mL and
stirred for an additional 72 hours. The solutions were adjusted to their ideal pH (pH 9 for
NDI-L and pH 6 for NDI-M) with HCI (1 M, aq) and NaOH (1 M, aq) using a HANNA
instruments pH probe. The solutions were then suitable for film processing. HA solutions
without NDI were prepared by dispersing the polymer directly in water at a concentration of
15 mg/mL, and the resulting solutions were allowed to stir for 72 hours before adjusting to

pH 9. All NDI/HA solutions were used within one week of preparation.

Substrate Preparation. Fluorine-doped tin oxide (FTO) glass (Ossila S2002S1, NSG TEC
10) with dimensions of 20 mm X 15 mm and a thickness of approximately 1 mm was used
as the primary substrate. The TEC 10 FTO has a quoted sheet resistance of 11-13 €/sq.
Alternatively, iridium-coated indium tin oxide (ITO) glass substrates (NSG TEC 5, 7, 15,
and 35) were also used. The ITO substrates were cut to 20 mm x 15 mm by the University
of Glasgow glassblower service. A small piece of copper tape was added to one edge of the
substrate to allow the passage of current into the glass. The glass substrates were plasma
treated for 40 minutes using a Plasma Cleaner Zepto M2 from Diener Electronics. Plastic
substrate was treated for only 5 minutes. The substrates used immediately after plasma

cleaning.

Film Formation. The films were prepared on FTO glass using a doctor blade. The NDI/HA
solution was added to the top edge of the glass using a pipette. The doctor blade was set to
a height of 1.5 mm above the substrate. The doctor blade was moved parallel across the glass
surface, thereby depositing the solution across the length of the glass. A casting speed of 10
mm/s and casting distance of 40 mm were used. The glass was then heated to 80 °C for either

30 minutes, 60 minutes, or 90 minutes, causing the water in the solvent to evaporate and the
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film to dry down and adhere to the glass surface. This process is represented graphically in

Chapter 2.

For bending studies, the solution was cast onto a plastic substrate coated with a conductive
indium tin oxide (ITO) layer. A 20 mm % 15 mm area was defined using adhesive tape as a
stencil. After the film was cast at a thickness of 1.5 mm and thermally annealed, the tape
was removed and the film was bent to the desired angle. Excess plastic outside the defined
region was trimmed away, and copper tape was applied to one end of the device to ensure
electrical conductivity. The prepared film was then ready for nanoindentation measurements
or further experimental analysis. This process is represented graphically in Figure 4.39. To
ensure the plastic did not become warped during thermal annealing, an annealing
temperature of 60 °C was applied for 1 hour. Larger films for mixed stimulus devices were
prepared by depositing the solution onto glass microscope slides at a thickness of 1.5 mm

followed by thermal annealing at 80 °C was used for 1 hour.

Doctor blade
. Tape removed
NDI SOluthll — —
/ / Tape 1
L ]

Conductive plastic

Film-coated plastic Excess plastic trimmed

) J
- = L)
resEEE—
Figure 4.39. Cartoon showing the formation of NDI films on flexible plastic and the bending

process used.

Electrochemistry Setup. Electrochemistry was performed using a PalmSens4 potentiostat
(Alvatek Ltd). Measurements were collected using PSTrace software (Version 7.2). A three-
electrode setup was utilised for both solution and film-based electrochemistry. To test the
films, an electrolytic solution of dichloromethane (DCM) with a background electrolyte of
0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) was prepared and degassed
with nitrogen gas for 10 minutes. The FTO/ITO glass or the ITO-coated plastic, functioning
as a working electrode, was suspended in the solution, in addition to a platinum wire counter
electrode and an organic reference electrode containing 0.01 M AgNOs3 in acetonitrile. A

diagram of the electrochemical set-up is shown in Chapter 2.
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Cyclic voltammetry. CV measurements were performed using a voltage range of -2.0 V to
+2.0 V, with a starting voltage of 0 V and an equilibration time of 5 seconds. A scan rate of
0.05 V/s was used. A total of 5 scans were performed for each measurement, with the results

of the fifth scan being shown.

Chronoamperometry. Chronoamperometry was performed on the films using the
previously described set-up and the response measured using absorption spectroscopy. The
films were reduced via the application of -1.8 V. To oxidise the films, after electrochemical
reduction, a potential of +2.0 V was applied. These potentials were chosen from the CV
measurements from Chapter 2. To monitor the rate of redox processes, the required voltage
was applied in 20 second intervals, upon which time the film was removed from the

electrochemistry set-up and monitored using UV-Vis absorption spectroscopy.

UV-Vis Absorption Spectroscopy. All UV-vis absorption spectroscopy measurements
were collected using a Cary 60 UV-vis spectrophotometer from Agilent Technologies.
Spectra were collected from 300 nm to 1000 nm. A scan rate of 600 nm/min was used. Film
measurements were performed on solid NDI/HA thin films on fluorine doped tin oxide
(FTO) glass, and baseline measurements were performed on clean FTO glass. For flexible
devices, the baseline measurment was performed on the ITO coated plastic. A 3D printed
holder was used to hold the films inside the spectrometer during measurements, which

ensured the same area was measured throughout the duration of the experiment.

Nanoindentation. Nanoindentation was performed using a Step 7—Surface Testing
Platform (UNHT3, Anton Parr) fitted with a Berkovich indenter tip. Linear loading was
applied with a maximum load of 1000 uN, with a pause of 60 seconds. A loading and
unloading rate of 2000 uN/min was used. The contact force was set at 8 uN. The approach
distance was set at 7500 nm, and an approach and retract speed of 5000 nm/min and 2
nm/min were used, respectively. A total of 9 measurements were performed on each sample
consisting of triplicates performed across 3 films using a matrix with a spacing of 0.5 mm to
prevent any surface deformation from the previous indent affecting the next measurement.
The average E* and Hir were calculated from the force displacement graphs using the
Oliver-Pharr method. An adjust-depth offset measurement was performed prior to each
measurement to calibrate the depth sensor measurement range to eliminate any issues due to
film surface inhomogeneities. To ensure there was no interference from the glass substrate,

the penetration depth was confirmed to be less than 10% of the film’s total thickness.
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Surface Profilometry. The film thickness was estimated using an Alpha-Step® D-500
Stylus Profiler (KLA Instruments), using a step-up profile. A height range of 100 um was

used, with a scan speed of 0.01 mm/s and a stylus force of 15 mg.

Thermal Gravimetric Analysis. TGA was carried out on a Netzsch TG 209 Tarsus and are
corrected for the crucible. Samples were allowed to equilibrate at 25 °C before being heated

to 900 °C at a rate of 10 °C/min under a nitrogen atmosphere.

Film Bending. Films were bent using a series of custom 3D-printed holders, each
corresponding to a specific bending angle: 9.5°, 11.5°, 14.3°, and 19.1°. Each film was held
in the bent position for 5 minutes before proceeding with either nanoindentation or combined
chronoamperometry/UV—vis absorption spectroscopy measurements. For cyclability testing,
films underwent 100 total bending/unbending cycles, with their elastic or EC properties

assessed after every 20 cycles.

Irradiation. Films were irradiated using a 365 nm LED light source (ledEngin Inc, LZ1-
10U600), powered by a TTi QL564P power supply operating at 1.0 W, or a 1 mW 405 nm

laser pen. For creating stenciled images or lettering, 3D-printed stencils were used.
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This chapter is adapted from the following publication:

“The Influence of Counterions on The Electrochromic and Mechanical Properties of

Naphthalene Diimide Films”
N.R. Murray, G.N.M. Macleod, R. M. Dalgliesh, E.R. Draper, Submitted.

NRM was responsible for the synthesis of the electrochromic compounds, film construction,
and all spectroscopic, electrochemical, nanoindentation, and rheological measurements.
GNMM was responsible for atomic force microscopy measurements. RMD and NRM
processed the SANS data. NRM fitted the SANS data. NRM and ERD conceptualised the
project. ERD supervised the project. NRM and ERD wrote the initial draft of the manuscript,

to which all authors contributed for the final publication.
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5.1 Introduction

As discussed in previous Chapters, to solubilise the amino acid-appended naphthalene (NDIs)
in water it is necessary to add an aqueous base which raises the pH of the solution,
deprotonating one or both carboxylic acid groups of the amino acid structure. This results in
the formation of negatively charged carboxylate groups, thereby forming the NDI salt and
allowing it to effectively disperse in water. When solubilised in water, we can process the
material into electrochromic (EC) films without the need for toxic, flammable, or
environmentally harmful organic solvents. Previous work on these systems has
predominantly utilised an aqueous sodium hydroxide (NaOH) solution as the chosen base,!”
3 however other alkali hydroxides or organic bases can also be utilised. The positively
charged cation of the base (e.g. Na") will form an ionic bond with the carboxylate group of
the NDI, thereby functioning as a counterion. By solubilising the NDI using different bases,
we can change the counterion and therefore the salt formed by the NDI, possibly altering the

aggregated structure and resulting properties of the NDI in both the solution and solid state.

Studies of other supramolecular polymers have found that the salt formed has a significant
impact on the aggregation of the material, with different counterions resulting in changes to
the molecular self-assembly.*” More specifically, these salts affect the stability of the
secondary and tertiary structures formed by large self-assembled materials,®” due to changes
in the fibre-solution interface. The effect of the different salts on this interface acts in
accordance with the Hofmeister series (HS), with anions generally having a more

pronounced effect.!”

The HS is a classification of ions based on their ability to “salt-out”
(precipitate) or “salt-in” (stabilise) proteins, macromolecules and supramolecular polymers
in water. “Salting-in” is the phenomenon by which the tension at the fibre-solution interface
decreases, thereby weakening the hydrophobic effect and increasing water solubility.!!
Conversely, “salting-out” occurs when there is an increase in the hydrophobic effect due to
increased tension at the fibre-solution interface.'? Within this series, ions can be categorised
as either kosmotropic (salting-out) or chaotropic (salting-in).!® For self-assembled
supramolecular polymers such as NDIs, kosmotropic ions are likely to cause an increase in
stability of the aggregates as its interaction with water decreases, while chaotropic ions can
result in a decrease in the stability of the aggregates due to increasing water interactions.!?

This process can be observed in Figure 5.1 with examples of kosmotropic and chaotropic

cations.
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Kosmotropic Chaotropic

Figure 5.1. Cartoon showing a partial list of kosmotropic and chaotropic cations in the HS
series and a graphical representation of salting-in and salting-out on supramolecular

aggregates.

By exploiting the difference in solubility and aggregation caused by different counterions, it
is possible to fine-tune the self-assembly of supramolecular polymers to generate materials
with distinct properties. Ghosh et al. reported a method of fine-tuning the supramolecular
assemblies of a low molecular weight gelator (LMWGs) by varying the counterion used in
solution formation.'* The study focused on the functional dipeptide 2NapFF, which forms
micellar aggregates in water at high pH (pH 10.5). By changing the counterion, the
aggregates formed by the dipeptide were altered. Solutions of 2NapFF were prepared with
alkali metal counterions including lithium (Li"), sodium (Na"), potassium (K"), rubidium
(Rb"), and caesium (Cs"), and non-coordinating metal counterions tetrabutylammonium
(TBA™) and benzyltrimethylammonium (BTMA™) (Figure 5.2.a). Viscosity measurements
show that the viscosity of the 2NapFF salt solutions increased with counterion size, with the
2NapFF.Li and 2NapFF.Cs showing the lowest and highest viscosities, respectively (Figure
5.2.b). The “soft” Cs cation is more labile than the “hard” Li and Na ions, which bond more
strongly with the “hard” carboxylate moiety of 2NapFF on account of their higher charge
density. Small angle X-ray scattering (SAXS) showed that the self-assembled structures
formed by the 2NapFF-salts in solution were changed depending on the base used to
deprotonate the 2NapFF. Hydrogels were formed from these solutions by cross-linking the
dipeptides using the divalent metal salt calcium chloride (CaCl,), with the calcium ions
replacing the original counterions. Therefore, any observed differences in the resulting gel

properties will be the result of the self-assembled structures present in the pre-gelled form.
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The result gels had distinct mechanical properties, with rheological measurements showing
that the gels became progressively weaker with increasing counterion size. A similar study
by McAulay et al. also showed that the micellar aggregates formed by dipeptide-based
gelators directly impacted the properties of the resulting gels.!> These aggregates were

changed by using different alkali metal hydroxides to disperse the gelator in water.
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Figure 5.2. (a) Chemical structure of the 2NapFF salt and different counterions used in this
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study. (b) Viscosity of 2NapFF-salts with different counterions at 20 mg/mL and pH 10.5.
Figure adapted from Ghosh et al. (published under CC BY).!*

As discussed in previous Chapters, amino-acid appended NDIs and perylene bisimides (PBIs)
can self-assemble in water via intermolecular © stacking. Scattering experiments have shown
that these stacks can form larger assemblies such as spheres and cylinders.!>!11® The nature
of the assemblies formed by the NDI and PBIs has been shown to directly impact the
properties of the material.!!”>° These assemblies have been shown to be altered by changing

1820 and temperature.?! This is beneficial as it

variables like pH,"!'” amino acid structure,
allows one to access a variety of different properties from a single compound, meaning it
can be tailored to fit a variety of different applications without the need to synthesise
additional compounds, thereby saving time and resources, which is important when
considering the wide-scale implementation of these materials. As with the examples
discussed above, aggregation has a direct effect on the mechanical properties of the NDI,
such as the viscosity of the material in solution.! Being able to tailor mechanical properties
in such a way is beneficial in the context of creating flexible EC films, wherein the resulting
device will ultimately be required to be sufficiently mechanically robust enough to be
subjected to bending cycles, for example. Adams et al. showed the formation of flexible
amino-acid functionalised PBI films that were mechanically robust to bent, depending on

the aggregates they formed.!” These aggregates formed originally in solution and persisted

into the solid state. Im ef al. observed similar behaviour with a perylene-based reactive
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mesogen, wherein films that possessed macroscopically aligned fibres demonstrated better
flexibility that isotropic or non-fibrous films.?? The aggregates formed by the NDI in solution
also effects the EC performance of the material, such as the rate of redox processes and
overall colouration in the reduced state.'* Similarly, PBI films have been found to display
variable conductivity depending on their aggregation, which was dependent upon the amino
acid that was appended onto its structure.!”?*** As highlighted previously, forming different
NDI salts using different counterions is a possible way to further fine-tune this aggregation,

but has of yet not been tested on our materials.

Xu et al. investigated the effect of different counterions on the properties of a poly(3,4-
ethylenedioxythiophene) (PEDOT) films.>> These films were deposited on conductive
fluorine-doped tin oxide (FTO) glass via electropolymerisation in an aqueous solution
containing chlorine (CI°), p-toluenesulfonate (TsO"), nitrate (NOj3") or perchlorate (ClO4")
ions. The anion present was found to directly influence both the uniformity, morphology and
EC performance of the PEDOT film. The films that were prepared with Cl™ displayed a
microstructure with poor uniformity consisting of crumpled particles of various sizes, as
shown from scanning electron microscopy (SEM) images. In contrast, films prepared with
the TsO, NOs3* and CIO4 counterions showed submicroflowers, nanonetworks and
submicroparticals, respectively. Additionally, the films underwent different EC transitions,
with Cl” showing a unique bring blue/brown transition during the reduction/oxidation cycle,
while the other films displayed a sky blue/purple colour change typical of PEDOT-based
devices. Other metrics of EC performance such the switching time, cycle life, and maximum
contrast were also dependent upon the doping anions, with the stability of the CI films being
the worst. The authors note that the aforementioned metrics are strongly influenced by the
morphology adopted by the film due to the different anions. This work serves to highlight
the importance of counterion choice on the performance of organic EC devices and
emphasises the relationship between structural and EC properties. In contrast, the influence
of counterions on the behaviour and properties of EC small organic molecules like rylene
dyes (e.g. NDIs and PBIs) is less well researched, particularly in the solid state. Billeci et al.
described the influence of anions of different size, shape, and coordination abilities like
iodine (I'), tetrafluoroborate (BF4), and bistriflimide (NTf>)) on the self-assembly of NDI
diimidazolium salts and identified distinct morphologies in the film as the result of different
aggregates persisting from the solution state.?® Similarly, Backes et al. explored the effect of

different alkali metal counter cations like Li", Na" and K" on the self-assembly of anionic
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PBIs and found a significant change in the aggregation behaviour depending on the
counterion used.?” Due to this literature precedent, it therefore becomes desirable to
understand how different alkali metal counter cations effect the aggregation of anionic NDIs
and how this impacts the morphological, mechanical, and EC properties of the material once

processed into a film.

Red Ox Red Ox Red Ox Red Ox
Figure 5.3. (a) The chemical structure of EDOT monomer. (b) SEM images collected of

PEDOT films prepared with different counter anions. (¢) Photographs of PEDOT films
prepared with different counter anions in the reduced and oxidised states. Reprinted from
Journal of Electroanalytical Chemistry, 861, D. Xu, W. Wang, H. Shen, A. Huang, H. Yuan,
J. Xie, S. Bao, Y. He, T. Zhang and X. Chen, “Effect of counter anion on the uniformity,
morphology and  electrochromic  properties of  electrodeposited  poly(3,4-
ethylenedioxythiophene) film,” Article No. 113833, Copyright 2020, with permission from

Elsevier.?

In this Chapter, we investigate the influence of different metal counterions on the EC and
mechanical properties of amino acid appended NDIs. Solutions were prepared by dispersing
the NDI in water using different alkali hydroxides. To determine the impact of the
counterions on the self-assembly of our materials in solution, UV-vis absorption
spectroscopy and small angle neutron scattering (SANS) were performed. By understanding
the nature of these the structures formed in solution, we can relate this to the observed EC
behaviour of the material in the solid state. After processing the solutions into films, the
absorbance of the NDI was measured to assess the extent to which the structures present in
solution persisted into the solid state. Cyclic voltammetry (CV) measurements were also
performed investigate the influence of the different counterions on the electronic properties
of the system. The EC properties of the material (rate of reduction/oxidation and overall
colour change) was monitored using absorption spectroscopy. Finally, the mechanical

properties of the films were tested using nanoindentation to assess their applicability for use

181



Chapter 5: The Influence of Counterions on the Electrochromic and Mechanical Properties of Naphthalene

Diimide Films

in flexible devices. An overview of the characterisation techniques is shown in Figure 5.4.
It is hoped that the results described herein highlight the tunability of our systems and allows

for further optimisation of device construction.
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Figure 5.4: Cartoon showing an overview of the techniques used to characterise the
electronic and mechanical properties of an amino acid-appended naphthalene dimiide in the
solution and solid state. “R” represents the amino acid side chain. “XOH” represents an

alkali hydroxide used to solubilise the NDI in water, where X = metal counterion.

5.2 Results and Discussion

5.2.1 Preparation of NDI Solutions

For this study, NDIs appended with the amino acid L-leucine (NDI-L) or L-methionine (NDI-
M) were used (Figure 5.5). Both these materials have previously been shown to undergo a
colour change following electrochemical reduction. NDI-L and NDI-M undergo a
transparent-to-dark and green-to-dark colour change, respectively. Two different NDIs were
tested as different amino acid group are known to influence the aggregation of the material
of solution, possibly causing them to respond differently to the counterions. The solid NDI

was dispersed in water via addition of 2 molar equivalents of XOH (1M, aq), where X =Li",
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Na', K, and Cs". These alkali hydroxides were chosen to assess the influence of increasing

counterion size on the resulting properties of the material.

0} 0 —S 0 0 S—
) 30
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Figure 5.5. The chemical structure of NDI-L (left) and NDI-M (right).

5.2.2 Solution Properties

As highlighted in previous chapters, our materials are typically tested at a pH of 6 and 9 due
to the existence of an apparent pK. between these two values. An apparent pK, is the
experimentally determined pH value at which the concentrations of protonated and
unprotonated forms of a specific moiety are equal.’® Above this pK,, the moiety will
predominantly be in the unprotonated state, and below this pK. the moiety will
predominantly be in the protonated state. In our systems, when the pH exceeds the apparent
pKa, one of the carboxylic acid groups will become deprotonated, leading to a change in the
aggregation of the material.! This shift in aggregation is driven by both the increase in
solubility and the increased electrostatic repulsion between the negatively charged
carboxylate groups. By testing at pH 6 and 9, we are observing two distinct aggregates. As
previous studies have shown, the formation of different aggregates can significantly
influence the EC properties of the material.! However, these pKa, values have only been
determined from NDI solutions prepared using NaOH. It is therefore important to determine

the extent to which changing the counterion affects the pK. values of the NDI in solution.

To determine the apparent pK. values the solutions were adjusted to pH 12 using their
corresponding alkali base, thereby ensuring both carboxylic acid groups were deprotonated.
To lower the pH of the solution, aqueous hydrochloric acid (HCI, 0.1 M) was added in 10
microlitre aliquots. Following each addition of acid, the pH of the solution was allowed to
stabilise for 5 minutes and was then recorded. This was done until a pH of 3 had been
achieved, by which point the solid NDI had precipitated out of solution due to protonation
of the charged carboxylate groups. The apparent pK. values were identified as the point at
which, upon several additions of acid, the pH did not decrease. This buffering occurs due to
the equilibrium between the protonated and deprotonated forms of the species, allowing the

system to resist small changes in pH.?> When a plateau could not be observed the pK, was
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determined to be the midpoint of the range at which the pH change is minimal following the

addition of acid. The results of the NDI-L and NDI-M titrations are shown in Figure 5.6.
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Figure 5.6. (a) The apparent pKi titration of NDI-L dispersed in water using () LiOH, (m)
NaOH, (m) KOH, (m) CsOH and (b) the area of the plot showing both pK. values with x axis
on a logarithmic scale. (¢) The apparent pK, titration of NDI-M dispersed in water using (m)
LiOH, (=) NaOH, (m) KOH, (m) CsOH and (d) the area of the plot showing both pKa values

with x axis on a logarithmic scale.

The pK. values are tabulated in Table 5.1. These results show that despite using different
alkali hydroxides, the apparent pK. values did not fluctuate significantly. All solutions
exhibited two apparent pK. values: one between pH 6 and 7 (the first pKa), and another
between pH 9 and 10 (the second pKa). Below the first pKa, the NDI will predominantly be
in the fully protonated state. Above the first pKa, the NDI will primarily be in the singly
deprotonated state. Finally, above the second pKa, the NDI will be in the doubly deprotonated
state. We would therefore expect different aggregates to be present between each pKa. The
amount of acid required to reach each pK, fluctuated depending on the counterion present,
with the Li* ion requiring the most acid to dissociate. The Li" ion is less labile on account
of its high charge density causing it to bind more strongly to the “hard” carboxylate moiety. '
From these results, it was decided to perform any further experiments at a pH of 6 and 9 due
to the existence of a pKa between these values. At pH 6, the NDI can only be ionically bound

to a single counter cation (or none), while at pH 9 the NDI will be associated with either 1
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or 2 counterions. By switching between these states, it is probable that the self-assembly of
the NDI will be altered. At pH 12 the NDI will exist solely in the doubly deprotonated state
and will be ionically bound to 2 counterions. Previous studies have shown that the EC
properties of the NDI decrease markedly at pH 12 due to the existence of less structured or
fewer aggregates.! For this reason, we did not focus on this pH in our study. Based on this

observation, are focusing on pH 6 and pH 9 for the rest of this work.

Table 5.1. The apparent pK, values of NDI-L and NDI-M dispersed in water using different

counterions. All measurements have an error of £0.1.

NDI-L NDI-M
Counterion First pKa Second pKa First pKa Second pKa
Li* 6.8 9.7 6.3 9.3
Na* 6.7 9.6 6.5 9.3
K* 6.6 9.7 6.6 9.4
Cs* 6.8 9.7 6.5 9.3

To assess the influence of the different counterions on the aggregation of the NDIs in solution,
UV-Vis absorption spectroscopy measurements were performed (Figure 5.7). Each solution
was tested at a pH of 6 and 9 due to the existence of an apparent pK, between these values.
Both spectra show absorption profiles with two distinct So.; absorbances at 365 nm and 385
nm, as well as a small shoulder at 345 nm, typical of NDIs.*° The NDI-L solutions prepared
with Li", Na’, and K all show similar absorption profiles, suggesting the aggregation is
unaffected by the different counterions. The Cs™ solution showed a change in the ratio
between the peaks at 365 nm and 385 nm, indicating a change in the molecular packing of
the aggregates.’! The NDI-M solutions showed more variable behaviour, with the Na*, K*
and Cs" solutions showing small changes in the molecular packing, while the Li" shows the
largest difference. These results prove that changes to the counterion can influence the
aggregation of NDIs in solution and that the different amino acids substituents can cause the
NDI to respond differently. All solutions showed nearly identical absorbance at pH 6 and 9,
suggesting that there was no significant change in aggregation at these pH values. This
agrees with previous studies highlighted in Chapter 2. At pH 12 the NDI-L solutions showed
a change in the ratio between the peaks at 365 nm and 385 nm, suggesting a change in the

packing of aggregates (Appendix A.5.1). At pH 12 the NDI-M solutions show a more
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pronounced change in the ratio of the peaks, suggesting a significant change to aggregation
at high pH (Appendix A.5.2). It has been shown in the literature that the aggregates become
smaller or less well defined as the result of increased solubility.! This change in aggregation
at high pH results in a decrease in the EC performance of the NDI such as forming low

amounts of the radical anion and a weak colouration in the reduced state.
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Figure 5.7. The normalised absorbance of NDI-L at pH 6 (a) and pH 9 (b) and NDI-M at

pH 6 (¢) and pH 9 (d) with () Li", (—) Na", (—) K", and (—) Cs" counterions showing
the So.1 transitions . Data is normalised to peak at 365 nm. Full data is shown in the Appendix

(Appendix A.5.3-A.5.6).

Rheological tests were performed to assess the impact of different counterions on the
mechanical properties of the NDIs in the presence of various counterions. Hyaluronic acid
(HA) was added to the NDI solutions at a concentration of 15 mg/mL; this concentration is
typically used in the preparation of NDI films (see Section 5.2.3). Importantly, absorbance
measurements show that the aggregation of NDI-L remains unchanged in the presence of the
polymer (Appendix A.5.7-A.5.10). This suggests that any observed differences in viscosity
are not due to changes in the NDI structure caused by the polymer. However, the absorbance
of NDI-M indicates subtle differences in molecular packing in the presence of the polymer
(Appendix A.5.11-A.5.14). It is possible that the methionine amino acid group of NDI-M
interacts differently with the polymer compared to the hydrophobic leucine substituent of

NDI-L,*? potentially altering the molecular packing of the NDI-M aggregates. While this
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change in aggregation may contribute to observed viscosity differences, the bulk mechanical
properties of the solution are likely dominated by the high molecular weight polymer. The
viscosity of the solutions was measured using a rotational rheometer fitted with a cone and
plate system. Full viscosity flow curves of NDI-L and NDI-M solutions were with different
counterions can be found in the Appendix (Appendix A.5.15-A.5.16). Again, we tested each
solution at pH 6 and 9 as these are the pH values we adjust our solutions to prior to casting
into thin films. At 1 s”' the NDI-L and NDI-M solutions all show a relatively high viscosity,

which is caused by the presence of the high-molecular weight polymer.

The viscosity of the NDI-L solutions did appear to vary slightly depending on the counterion
used (Figure 5.8a). The viscosity of the NDI-L solutions at both pH 6 and 9 decreases when
the counterion increases in size from Li* to Na". The viscosity increases again in the presence
of the K* counterion, before decreasing again in the presence of Cs*. Previous studies of
amino-acid functionalised NDIs showing that different aggregates can be directly influence
the viscoelastic properties of the material. However, from absorption spectroscopy, we
observe minimal changes in the aggregation of the solutions prepared with Li*, Na*, and K.
We would therefore expect these solutions to have similar viscosities. Therefore, the
viscosity differences between the solutions are due to the interactions between the metal ions
and the polymer rather than any effect from the NDI. The influence of the NDI on the
mechanical properties will be minimal. Similar behaviour is observed with the NDI-M
solutions (Figure 5.8b), where the viscosity remains largely unchanged irrespective of the
counterion used, which again doesn’t align with absorbance data where the aggregation was
shown to change when different counterions were used. However, as previously mentioned,
the bulk mechanical properties will be dominated by the polymer. Importantly, as we wish
to utilise these materials in flexible devices in the solid state, it is promising that the
mechanical properties are not negatively impacted when different counterions are used. This
is discussed later in this chapter. In most instances there is no significant change in
mechanical properties at the different pH values. This aligns with absorption data, where no

change in aggregation could be observed between pH 6 and 9
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Figure 5.8. The viscosity of (a) NDI-L/HA and (b) NDI-M/HA solutions prepared with
different counterions at pH 6 (pink) and 9 (purple) at shear rate of 1 s'. Error bars calculated

from standard deviation of three measurements.

SANS measurements were performed to probe the morphology of the aggregates formed by
the NDIs in the presence of different counterions. As SANS requires contrast between the
solvent and the NDI,'* the samples were dispersed in deuterium oxide (D-0), using the
corresponding deuterated base. Therefore, in the following discussion, we refer to pD instead
of pH. We do not expect significant changes in aggregation between samples prepared in

D-O compared to water.>*

At pD 6, the SANS data collected for NDI-L fitted best to a combined sphere and power law
model, regardless of the counterion used (Figure 5.9). The SASView fit parameters in Table
5.2 provide information on the sphere scale, which relates to the relative amount of spherical
aggregates, and the sphere radius, which gives their average size. The power law scale and
exponent describe larger, shape-independent structures, and the x? value reflects the quality
of the fit. As discussed in previous chapters, the NDI self-assembles in solution due to a
combination of intermolecular m-stacking and solvophobic effects,®® resulting in the
formation of supramolecular aggregates. These results suggest that the NDI is forming a
combination of spherical aggregates and shape-independent large structures, as indicated by
the power law.>* Alternatively, the spheres themselves could be assembling into larger
structures. As the overall structure remains the same in the presence of different counterions,
it suggests that the counterions are not significantly impacting the self-assembly of the NDI.
The NDI forms very similar structures in the presence of Li* and K*, with comparable sphere
radii and power law exponents. This is consistent with absorption data, where the Li* and K*

solutions showed near-identical absorbance. The Na* solution, however, shows larger values
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for the sphere radius and power law exponent, which could explain the slight difference in
molecular packing observed in the absorbance measurements. Finally, the Cs* solution
showed both the largest sphere radius, suggesting the presence of larger spherical aggregates,
and the smallest power law exponent, meaning that the structures formed by the NDI are

less-extended.
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Figure 5.9. The small angle neutron scattering data (hollow circles) of NDI-L at pD 6 with
(a) Li", (b) Na", (¢) K', and (d) Cs" counterions. The fits (solid lines) on (a), (b) and (c) are

to a combined sphere and power law model, and the fit on (d) is to a power law model.

Table 5.2. The tabulated parameters of SANS model fits for NDI-L solutions at pD 6

prepared with different counterions.

Counterion Li* Na* K* Cs*
Model Power law + Power law + Power law + Power law +
sphere sphere sphere sphere
Background 0.00724 + 0.01068 + 0.00888 + 0.00935
0.00020 0.00016 0.00018

Sphere scale 2.0828 x 105 | 8.2987 x 1073 1.2139 x 10* | 5.3563 x 103
Sphere radius (A) | 12.4 + 0.60 17.07 + 0.87 13.71 £ 0.95 21.82+0.87
Power law scale | 3.9135 x 10°® 1.7437 x 10® | 7.7869 x 10® | 7.6735x 10°®
Power law 3.150 £ 0.0082 | 3.466 + 0.0047 | 2.997 +£0.0085 | 2.949 + 0.011
X 1.1234 1.0636 1.15 1.0214
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This result explains the observed difference in the So-1 absorbance peaks in the Cs™ solutions.
These results confirm that, although the different counterions do not change the shape of the
structures formed by NDI-L, the counterions do impact the size of the aggregates which we
theorise may impact the EC properties of the material. SANS measurements were also
performed on the same solutions at pD 9 and similar results were collected (Appendix
A.5.17 and Table A.5.1), suggesting the morphology of the NDI-L aggregates remains
largely unchanged above and below the apparent pK, of the solutions, as previously theorised

from absorption measurements.

SANS measurements were also performed on the NDI-M solutions at pD 6 (Figure 5.10).
All samples were fitted to a combined sphere and power law model, suggesting that the
choice of counterion had minimal impact on the self-assembly of the material in terms of its
overall structure. However, the sphere radius and the exponent of the power law did change
significantly depending on the counterion. For example, in the presence of Na®, the NDI
exhibited a significantly higher value for the power law exponent, which indicated the
formation of larger, more extended structures. In contrast, the K" solution showed a
significantly larger sphere radius, implying the presence of bigger spherical aggregates.
Finally, the Cs" solution exhibited a smaller power law exponent, indicating smaller
aggregates. This variability in the size and shape of the aggregates explains the differences
in the So1 absorbance peaks observed in spectroscopic measurements. Based on
observations from the literature, we hypothesised that these size differences in the aggregates
could influence the EC properties of NDI-M, such as its ability to form and stabilise the
radical anion.! As with NDI-L, there were minimal differences in aggregation between pD 6
and pD 9, suggesting that the formation of the charged carboxylate group does not
significantly affect the self-assembly of the material (Appendix A.5.18 and Table A.5.2).

This explains the near-identical absorbance between the solutions at pH 6 and 9.
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Figure 5.10. The small angle neutron scattering data (hollow circles) of NDI-M at pD 6 with
(a) Li", (b) Na', (¢) K, and (d) Cs" counterions. The fits (solid lines) are all to a combined

sphere and power law model.

Table 5.3. The tabulated parameters of SANS model fits for NDI-M solutions at pD 6

prepared with different counterions.

Counterion Li* Na* K* Cs*
Model Power law + | Power law + | Power law + | Power law +
sphere sphere sphere sphere
Background 0.00764 0.0065 0.00809 + 0.0070
0.00013 0.00012
Sphere scale 5.3175x10° 4.2926x107 3.5783x10° 1.9146x107
Sphere radius (A) | 26 + 7.8 22.35+0.87 44.1+£7.7 28.4+£2.0
Power law scale | 2.8022x10® 1.7437 x 108 | 8.4598x10°° 3.3836 x 1077
Power law 3.284 £0.0065 [ 3.5+ 1.0 3.03 £ 0.066 2.822 £ 0.015
X 1.2064 1.0114 1.4347 1.0208

CV measurements were performed to investigate the influence of counterions on the
electronic properties of NDI solutions. This was achieved using a three-electrode setup with
an aqueous reference electrode and a background electrolyte containing the chloride salt of
the corresponding alkali metal (LiCl, NaCl, KCl, CsCl) to match the alkali metal in the NDI
solution, thereby ensuring that the alkali metal in the electrolyte would not displace the

ionically bound atom in the NDI. A total of five scans were performed for each solution, and
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the results from the fifth scan are shown, allowing for the stabilisation of the electrode and
system, minimising any irreversible effects or material changes that might occur during the
initial cycles. The solutions were tested at pH 6 and pH 9. As discussed previously, the NDI
will be in different protonation states at these pH values, which could influence its electronic

properties.

At pH 6 (Figure 5.11a), the CV measurements for the Na", K*, and Cs" solutions were near
identical, indicating that the electronic properties are largely unaffected by the different
counterions. In contrast, the Li" solution exhibited larger currents at both the reduction
potential (-0.70 V) and oxidation potential (-0.44 V), suggesting that the overall redox
process is more efficient in the presence of Li*. There are several possible explanations for
this observation. As previously determined from the pKi titration, Li" binds more strongly
to the NDI due to its small size and high charge density.'* This tighter binding could enable
the NDI to more easily reach the electrode surface due to a reduction in steric bulk,
facilitating efficient electron exchange and resulting in larger currents. Additionally, the
strong interaction between the NDI and Li" may help stabilize the NDI, making the redox
processes more efficient. Importantly, the position of the redox peaks did not change
significantly, indicating that the different counterions did not affect the redox potentials of
the NDI. At pH 9 (Figure 5.11b), the Li" solution showed larger currents at the redox
potentials, again likely due to more efficient electron transfer at the electrode surface. While
the Na" and K solutions show near identical scans, the Cs" solution drew smaller currents.
Importantly, the redox potentials were nearly identical, regardless of counterion used. This
observation suggests that the electronic properties of the NDI itself was unaffected by the
different counterions. At pH 9, the NDI can be bound to two Cs* cations. Due to the relatively
large size of these solvated ions, the salt introduces significant steric bulk, meaning the
complex occupies more physical space. This may hinder the NDI from approaching the
electrode surface, reducing electron transfer efficiency and lowering the current. Similarly,
the bulky Cs salt likely diffuses more slowly in solution, likely reducing the availability of
the NDI for redox reactions at the electrode surface. When directly comparing the scans
collected at pH 6 and pH 9 (Figure 5.11c¢-f) there is a small change in the currents observed
at the redox potentials, with the pH 6 solutions drawing larger currents. At pH 6 the NDI can
only be ionically bound to one counterion (or none at all), thereby possessing lower steric
bulk than the NDI at pH 9, allowing for more efficient electron transfer. The redox peaks

also appear to shift, suggesting that the difference in protonation is influencing the electronic
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properties of the NDI. While previous studies have often attributed similar observations to
changes in morphology, SANS and absorption spectroscopy measurements in this case
indicate only small changes in aggregation between the two pH values. Therefore, it is more
likely that the change in protonation is altering the electronic structure of the NDI (i.e.
modifying the energy levels), which in turn affects the redox potentials. From this

observation, we would expect there to be a difference in the EC performance of the material

between pH 6 and 9.
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Figure 5.11. The cyclic voltammograms of NDI-L solutions at (a) pH 6 and (b) pH 9
prepared with Li* (), Na" (—), K" (—), Cs" (—) counterions (Vs. Ag/AgCl). The CV
measurements of solutions prepared with (¢) Li", (d) Na', (e) K, (f) Cs" at pH 6 (—) and
pH 9 (—), with the corresponding. A scan of just the electrolyte (—) containing LiCl, NaCl,
KCl or CsCl for (a), (b), (c) and (d) respectively.

The above experiment was repeated with NDI-M to observe the effect of different
counterions on its electronic properties. At pH 6 (Figure 5.12a), the shape of the CV scans
appeared to change depending on the counterion used. Since CV waveforms reflect how
electrons move through the system, this suggests the formation of different structures in
solution, likely affecting their electronic properties. This also explains the small shift in
redox potentials. This observation correlates with absorption spectroscopy data, which
indicated that the different counterions influenced the molecular packing of the aggregates.
Consequently, we would expect these solutions to show variability in their EC properties.
As with NDI-L, the Li* solution exhibited larger currents at the redox potentials, likely due
to more efficient electron transfer at the electrode surface, facilitated by lower steric bulk.

Similar observations were made at pH 9 (Figure 5.12b). Except for the Li* solutions, the
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scans collected at the two pH values appeared very similar, with only small differences in
current at the redox potentials (Figure 5.12¢c-f). Again, this aligns with absorption
spectroscopy and SANS data, which indicated no significant change in morphology between
pH 6 and pH 9. Therefore, we theorised that there would be no significant change in EC

performance between these two pH values.
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Figure 5.12. The cyclic voltammograms of NDI-M solutions at (a) pH 6 and (b) pH 9
prepared with Li* (—), Na" (—), K (—), Cs" (—) counterions (Vs. Ag/AgCl). The CV
measurements of solutions prepared with (¢) Li*, (d) Na', (e) K, (f) Cs" at pH 6 (—) and

pH 9 (—), with the corresponding. A scan of just the electrolyte (—) containing LiCl, NaCl,
KClI or CsCl for (¢), (d), (e) and (f) respectively

5.2.3 Preparation of Films

Next, films were prepared from the different counterion solutions described above, which
were cast onto conductive fluorine-doped tin oxide (FTO) glass using doctor blade coating.
All films prepared were uniform in appearance with no obvious structural defects (Appendix

A.5.18-A.5.19) and were therefore suitable for further experimentation.

5.2.4 Absorbance Spectroscopy of Films

Absorbance spectroscopy was performed on the films to assess any changes to the molecular
packing of the aggregates. Importantly, it was unknown whether the aggregates present in
solution would persist into the solid state, and to what extent they are affected by the drying

process. During this process the NDI will become more concentrated and be subjected to a
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heat-cool cycle during thermal annealing, both of which have been shown to the self-
assembly of comparable small organic molecules.?!*® As these structures are known to affect
the EC properties of the NDI in solution, probing the morphology in the solid state is of
interest. To ensure that the films were measurable by the spectrophotometer, the films were
cast thinner than typically used for our experiments. The NDI-L films prepared at pH 6
(Figure 5.13a) exhibited two absorption peaks at 365 nm and 385 nm, characteristic of the
So-1 electronic transitions, as well as a shoulder at 345 nm. This observation is consistent
with the absorption spectra obtained in solution. The ratio of these peaks varied depending
on the counterion used, indicating a change in the molecular packing of the aggregates.?*
The difference in the peak ratios was more pronounced than in the corresponding solutions,
suggesting that the counterion has a larger effect on the structures formed in the solid state.
Additionally, films prepared with larger counterions (Na*, K*, and Cs*) displayed broader
and less-well defined peaks compared to the Li* film, suggesting that these films are more
aggregated.’” Similar trends were observed at pH 9, indicating that the counterion also plays
a significant role in aggregation at this pH. It is possible that the small differences in
aggregation observed in solution persisted and became more pronounced upon transitioning
to the solid state. Alternatively, during the thermal annealing and drying processes, new
structures may have formed, leading to the observed changes in absorption profiles. Based
on these results we hypothesised that the NDI-L films would have variable EC performance
depending upon the counterion used. Notably, when comparing films prepared with the same
counterion at pH 6 and pH 9, we observed significant changes in the molecular packing of
the aggregates between the two pH values (Appendix A.5.20). Since this was not observed
in solution, this change likely occurred during the drying process. We would therefore expect
films prepared with the same counterion to exhibit different behaviour depending on the pH

of the casting solution.
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Figure 5.13. The normalised absorbance of NDI-L films at pH 6 (a) and pH 9 (b) with ()
Li", (—) Na', (—) K", and (—) Cs" counterions showing the So.i transitions. The data is

normalised to peak at 365 nm.
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The absorbance of the NDI-M films was also measured to investigate the impact of the
different counterions on aggregation. At pH 6 (Figure 5.14a) the difference in the ratio of
the peaks at 365 nm and 385 nm changed depending upon the counterion used, indicating a
change to the molecular packing of the NDI aggregates.®! This change was more drastic than
in solution, again confirming that the counterion has a more pronounced effect on
aggregation in the solid state. The films prepared with Na®, K*, and Cs" showed broader
absorption and less well-defined peaks, indicating a higher degree of self-assembly
compared to the Li" film.3” As with the NDI-L films, we would therefore expect the NDI-M
films to show different electronic and EC properties depending upon the counterion used.

The counterion also had an effect on aggregation of the pH 9 films (Figure 5.14b).
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Figure 5.14. The normalised absorbance of NDI-M films at pH 6 (a) and pH 9 (b) with (—)
Li", (—) Na’, (—) K", and (—) Cs" counterions showing the S.; transitions. The data is

normalised to peak at 365 nm.

When directly comparing the pH 6 and pH 9 films there was found to be a small difference
in the ratio of the peaks at 365 nm and 385 nm. This result confirms that pH is also having
an effect on the aggregation of NDI-M in the solid state (Appendix A.5.21), which we

theorised would result in different EC performance.

5.2.5 Imaging of Films

Atomic force microscopy (AFM) was used to investigate the morphology of the films in
tapping mode, where a cantilever with a sharp tip oscillates at its resonance frequency and
gently taps the surface of the sample to generate high-resolution topographic images.*®
Understanding the structures present in the films is important, as it can provide insights into
the electronic behaviour of the material. Notably, AFM enables us to observe whether the
films exhibit different surface morphologies depending on the counterion present. Previous

studies of other rylene-based films have used AFM to probe surface morphology, which has
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been correlated with electronic properties.!” The NDI-L films show different levels of
roughness depending on the counterion used. Films prepared with Na*, K*, and Cs™ exhibit
entirely flat surface topographies and amorphous structures, suggesting that these ions do
not promote any significant aggregation or structure formation, resulting in a uniform,
featureless surface (Figure 5.15b-d). In contrast, the Li" film displays a rough surface
(Figure 5.15a), likely due to the smaller size and higher charge density of the Li" cation,
which may promote the formation of more ordered structures, leading to the observed
roughness. These results suggest that the choice of counterion can significantly influence the
structure of the final film. We hypothesised that the Li" film, due to its unique structure,
might exhibit different electronic properties compared to the other films. However, it should
be noted that these observations do not provide direct insight into how the different
aggregates formed by the NDI affect the surface properties. As in solution, the bulk structural

properties of the films are likely dominated by the larger molecular weight polymer.

T R BT g
Figure 5.15. The AFM images of NDI-L films prepared at pH 9 with (a) Li", (b) Na’, (c)
K", and (d) Cs".

AFM was used to investigate the morphology of the NDI-M films in the presence of different
counterions (Figure 5.16). Both the Na"and Cs" films (Figure 5.16b and d, respectively)
exhibit a high degree of surface roughness, suggesting the formation of aggregated structures.
In contrast, the Li* and K films are very flat (Figure 5.16a and ¢), with no discernible large-
scale structures, indicating a more homogeneous, smooth surface. This data demonstrates

that the choice of counterion significantly impacts the morphology of the film, which may

197



Chapter 5: The Influence of Counterions on the Electrochromic and Mechanical Properties of Naphthalene

Diimide Films

contribute to variability in electronic behaviour and EC performance. For example,
differences in surface morphology could affect the ability of ions to intercalate into the film
during electrochemical reduction, thereby influencing its EC performance. While the results
do not align with those observed for the NDI-L films, this suggests that surface morphology
is not solely determined by the interaction between the polymer and the counterion. The
differences observed between the NDI-L and NDI-M films, despite being compared under
the same experimental conditions, imply that the interaction between all three components
of the film (the NDI, the HA, and the counterion) plays a role in determining the resulting
film topology and, potentially, the material’s EC properties. Smaller area AFM topology
images of both the NDI-L and NDI-M films are provided in the Appendix (Appendix
A.5.23-A5.24)
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Figure 5.16. The AFM images of NDI-M films prepared at pH 9 with (a) Li", (b) Na", (c)
K", and (d) Cs".

5.2.6 Electrochromic Behaviour of Films

CV measurements were performed to assess the influence of the different counterions on the
electronic properties of the films. Voltammograms of the NDI-L films were collected, which
were tested at pH 6 and 9 (Figure 5.17). Measurements were ran using a potential range of
-2.0 V to +2.0 V and scan rate of 0.05 v/s. A total of 5 scans were collected on each film to
allow for stabilisation of the system, with the results of the fifth scan being shown. When
different counterions were used, the shape of the scans changed. As CV waveforms change

depending on how electrons move through the system, this observation suggests the
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formation of different structures in the film, with varying electron transfer abilities. As
previously shown from absorption measurements of the NDI films, these structures are likely
influenced by the counterion present. Additionally, AFM measurements show that the
surface roughness of the films changes depending on the counterion, which could influence
the ability of ions to intercalate into the film thereby affecting its electronic properties. The
NDI-L films at both pH 6 (Figure 5.17a) and pH 9 (Figure 5.17b) generally show a direct
positive correlation between counterion size and the current at the reduction potential of -
1.8 V. This result suggests that the resistivity of the system is generally lowered as the

counterion increases in size.
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Figure 5.17. The cyclic voltammograms of NDI-L films prepared at (a) pH 6 and (b) pH 9
with Li" (—), Na* (—), K* (—), Cs" (—) counterions (Vs. Ag/AgNOs3). Measurements were

performed at a scan rate of 50 mV/s, and the results of the fifth scan are shown.

A similar trend could be observed with the NDI-M films prepared at pH 6 (Figure 5.18.a)
and pH 9 (Figure 5.18.b), where an increase in counterion size generally corresponded to
an increase in current at the reduction potential. There are some exceptions to this trend;
when prepared with K" counterions the NDI-M films drew larger currents than when
prepared with Cs™. This would suggest that, for NDI-M films, a direct relationship between
counterion size and resistivity cannot be identified. Furthermore, the current difference
between the different NDI-M films was much smaller, with this observation suggesting the
resistivity is more consistent, regardless of counterion used. As with the NDI-L films, the
shape of the CV waveform changes in the presence of different counterions, confirming the
existence of different structures. Overall, the NDI-L films drew larger currents than their
corresponding NDI-M films, suggesting that the choice of amino acid is also impacting the
electronics of the system, confirming previous findings. Finally, both films showed similar
voltammograms when prepared at pH 6 and 9 regardless of counterion used, suggesting the
structures formed by the NDI are largely unaffected by changes to pH. Overall, the results

of this experiment confirm that differences in aggregation that arise in solution are, to some
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extent, persisting into the solid state, which in turn is influencing the electronic properties of

the film.
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Figure 5.18. The cyclic voltammograms of NDI-M films prepared at (a) pH 6 and (b) pH 9
with Li" (—), Na* (), K (—), Cs" (—) counterions (Vs. Ag/AgNO3). Measurements were

performed at a scan rate of 50 mV/s, and the results of the fifth scan are shown.

We then investigated the effects of the different counterions on the EC behaviour of the films,
such as their colour change, the rate of redox processes, and the amount of radical formed
upon reduction. This was done to assess the suitability of the films in ECD construction. The
films were electrochemically reduced by applying a potential of -1.8 V, using the
electrochemistry set-up. This potential was determined from CV measurements. Previous
studies of NDI films have shown that this voltage is sufficient to form the reduced species
and bring about the associated colour change. To measure the rate of reduction, the films
were electrochemically reduced for 300 seconds. After every 20 seconds of reduction the
experiment was halted, and the absorbance of the film was measured using UV-vis
absorption spectroscopy to monitor the formation of the reduced species, which is known to
absorb within the visible region of the electromagnetic (EM) spectrum.® Upon reduction, the
NDI-L films show the formation of several peaks within the visible region, characteristic of
the formation of the radical anion (Figure 5.19.a-h). The strength of the response, however,
varied significantly depending on the counterion used. The films containing Na*, K*, and
Cs" counterions all showed a strong response, evident by the strong absorbance within the
visible region following reduction with the peaks growing in intensity following each
reduction cycle. Conversely, the films containing Li" showed a significantly weaker response,
as evident by the relatively weak absorbance following reduction. Similar results were also
obtained with the NDI-M films, which also showed the formation of the radical anion peaks
following reduction (Figure 5.19.i-p). Again, the concentration of radical formed over the
duration of the experiment changed depending on the counterion used, with films prepared

with the larger counterions (i.e. Na*, K, Cs") performing better than the films prepared with
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Li". As the aggregation of the NDI is influenced by the counterion, and these aggregates
affect the ability of the NDI to form and stabilise the radical, from this data we can theorise
that the structures formed in the presence of different counterions are impacting the EC

properties of the material in the solid state.
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Figure 5.19. The absorbance of NDI-L films at pH 6 with (a) Li*, (b) Na*, (¢) K, and (d)
Cs" counterions and at pH 9 with (e) Li*, (f) Na*, (g) K, and (h) Cs" counterions and NDI-
M films at pH 6 with (i) Li", (j) Na, (k) K", and (I) Cs" counterions and at pH 9 with (m)
Li", (n) Na“, (o) K*, and (p) Cs" counterions upon application of -1.8 V for 300 seconds with

measurements taken every 20 seconds. Arrows indicate increasing reduction cycles.

The rates of reduction of the different films were directly compared by monitoring the
absorbance at 616 nm over time. This peak was chosen as it is characteristic of the radical
anion,* and in most cases remains measurable for the duration of the experiment. As shown
in Figure 5.20, the EC properties of the NDI-L films varied significantly depending on both
the counterion used and the pH. At pH 6 (Figure 5.20a) the Cs" film showed the strongest

201



Chapter 5: The Influence of Counterions on the Electrochromic and Mechanical Properties of Naphthalene

Diimide Films

EC behaviour, as evident by the fast rate of reduction and large concentration of radical
formed, resulting in a strong transparent-to-apparent black colour change and the film falling
outside of the measurable range of the spectrophotometer. The films prepared with Na* and
K" counterions performed similarly well, with both showing a strong colour change but
forming less radical than the Cs" film. The Li" performed very poorly, forming low amounts
of the reduced species resulting in a comparatively weak colour change. At pH 9 (Figure
5.20b) similar trend was observed, with the data showing a was a direct positive correlation
between counterion size and EC performance, with the amount of radical formed by the
conclusion of the experiment increasing with counterion size. It can therefore be inferred
that the larger counterions are forming structures more conducive to improved EC
performance. When considering the results of the CV measurements, it was concluded that
the resistivity of the system generally decreases with increasing counterion size, thereby
explaining why the films prepared with larger counterions exhibited better EC performance.
As altogether similar behaviour can be observed between the films prepared at pH 6 and 9,
we can assume that the small difference in the molecular packing of the aggregates at these
pH values is not sufficient to cause a significant change in EC performance. This aligns with
CV data, where there appears to be no significant change in electronic properties in the films
prepared at the two pH values. Importantly, these results confirm that the EC performance

of the NDI film is to some extent aggregation dependent.
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Figure 5.20. The absorbance at 616 nm of NDI-L films at (a) pH 6 and (b) pH 9 with Li*

(+), Na" (m), K" (m) and Cs" (m) over time upon application of -1.8 V. Photographs of NDI-
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Absorbance at 616 nm (a.u.)

L films at (¢) pH 6 and (d) pH 9 with different counterions prior to reduction (left-most
image) and after application of -1.8 V for (left-to-right) 20 seconds, 40 seconds, 80 seconds,

160 seconds, and 300 seconds. The scale bar represents 15 mm.

The absorbance of the NDI-M films at 616 nm following reduction also varied depending
upon the counterion used. As shown in Figure 5.21a, the pH 6 films showed a direct positive
correlation between the size of the counterion and the EC performance, with the Cs* film
showing the fastest and strongest response, resulting in a very darkly coloured film (Figure
5.21.c). The other films showed a progressively weaker response as the size of the counterion
decreased, with the Li" film showing the weakest response. As previously discussed, CV
data of these films show that the resistivity of the system generally decreased as the
counterion increases in size. Again, this is likely due to changes in aggregation which results
in the observed improvement of EC properties, like increasing reduction rates and overall
colour change. However, the current difference between the films was minor compared to
the NDI-L films, explaining why the response is more consistent, based on both the
absorbance data and the visual colour change of the films, which all achieve a dark

colouration upon the conclusion of the experiment. Similar behaviour could be observed
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with the films prepared at pH 9, with the larger counterions (K" and Cs") performing the best,
showing the largest concentration of radical anion and greater visual colour change (Figure
5.21.b and c¢). The films prepared at pH 9 performed very poorly in comparison. This
confirms observations made in Chapter 2, where pH 6 was identified as being the ideal pH
for NDI-M. However, this cannot be explained from CV data, with the CV results obtained
from the pH 6 and 9 films being very similar.

=20 —
E 1.5 X
©
Q
(8]
S 0.51
Ko}
a
0 0.04#

0 50 100 150 200 250 300

Time (s)

320 SRy BERY Py (W ]
) P P .
E 1.5 L
(o]
§. 1.0+ Na
©
(U]
g R
£ | EEEREN -
2 il
20.0

0 50 100 150 200 250 300 .. . .. >
Time (S) —

Figure 5.21. The absorbance at 616 nm of NDI-M films at (a) pH 6 and (b) pH 9 with Li"

(m), Na" (m), K* (m) and Cs"* (m) over time upon application of -1.8 V. Photographs of NDI-

M films at (¢) pH 6 and (d) pH 9 with different counterions prior to reduction (left-most
image) and after application of -1.8 V for (left-to-right) 20 seconds, 40 seconds, 80 seconds,

160 seconds, and 300 seconds. The scale bar represents 15 mm.

Next, the influence of the different counterions on the oxidation was investigated. As
discussed in previous Chapters, it is imperative that the films can be restored to their original
neutral state. The NDI-L films were reduced for 300 seconds using the previously described
electrochemistry set-up, following which the absorbance was measured. The films were then
oxidised via application of +2.0 V. This large oxidation potential is necessary to restore the
neutral species. Every 20 seconds the oxidation was halted, and the absorbance of the film
was measured, which was repeated until the film showed no absorbance within the visible
region (indicating the absence of radical anion and the reformation of the neutral species),
or until 300 seconds has passed. Full absorbance profiles and images of the films are shown

204



Chapter 5: The Influence of Counterions on the Electrochromic and Mechanical Properties of Naphthalene
Diimide Films

in the Appendix (Appendix A.5.25-A.5.32). The absorbance of the NDI-L films at 616 nm
over time is shown in Figure 5.22. At pH 6 (Figure 5.22a) the Li", K*, and Na" films could

be fully oxidised after 120 seconds, 160 seconds, and 220 seconds respectively, while the
Cs" film could not be fully oxidised within the experimental time frame. This is reflected in
images taken of the film, with the Li", Na" and K" regaining their initial colourless state. In
this instance it is difficult to draw any conclusions relating counterion size to the rate of
oxidation as the films begin with different concentrations of the radical anion. Indeed, the
films with larger amounts of radical anion take longer to oxidise, as would be expected. It
does however suggest that forming a large amount of the reduced species is not necessarily
ideal, as it prevents the film from being oxidised within a reasonable time frame. Indeed, it
is probable that the structures formed in the presence of certain counterions (Cs" for example)
stabilise the radical so well that it makes oxidation back to the original neutral species more
difficult. The altered supramolecular structures likely provide a more favourable
environment that lowers the radical anion’s energy, thereby increasing its stability and
hindering oxidation. Similar results can be observed at pH 9 (Figure 5.22b), where it is again
difficult to conclude if the different counterions are affecting the rate of oxidation as the
films begin with variable amounts of the reduced species. The K" film however does appear
to be irreversible back to the neutral state, with the absorbance at 616 nm plateauing after 20

seconds. It is possible that in this instance the radical anion is too well-stabilised to be

reversible.

=20 516

H @ 3 (b)

E15; E 1.2

© ©

€ 1.0 © (.81

o o

3 3

S0.5- g0.4-

2 2

2 2

g 00_ . . i . ; , , g 00' . . . . i . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Time (s) Time (s)

Figure 5.22. The absorbance at 616 nm of NDI-L films at (a) pH 6 and (b) pH 9 with Li*
(+), Na" (m), K" (m) and Cs" (m) over time following application of -1.8 V for 300 seconds

(corresponding to time 0) and following application of +2.0 V.

The oxidation rate of the NDI-M films was also investigated. Using the experimental set-up
detailed above, the films were first reduced for 300 seconds, and then oxidised until the
neutral state had been restored. Full absorption profiles and images from this experiment are

given in the Appendix (Appendix A.5.33-A.5.40). As shown in Figure 5.23, the oxidation
205



Chapter 5: The Influence of Counterions on the Electrochromic and Mechanical Properties of Naphthalene

Diimide Films

rates vary considerably depending on both the counterion used and the pH. At pH 6 (Figure
5.23.a), the films prepared with the larger counterions (Cs™ and K") oxidise considerably
more quickly than the films prepared with Li" or Na*. Again, it is difficult to directly compare
the rates of the different films as they begin with different amounts of the reduced species.
However, the Li" and Cs" film do begin with a comparable concentration of the radical anion,
and it can be observed that the Cs" film does indeed oxidise more quickly. Moreover, the
Na" and K" film also oxidise at different rates despite starting with similar amounts of the
radical, with the K" film oxidising at a significantly faster. These results can be observed
visually, with the Cs" and K" films regaining their original colour more quickly. This further
proves that the larger counterions are more conducive to improved EC performance and
redox kinetics. The pH of the film also appears to have a significant influence on the
oxidation rate, with the films prepared at pH 9 taking significantly longer to oxidise back to

the neutral state (Figure 5.23b), further confirming pH 6 is the optimal pH for NDI-M films.
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Figure 5.23. The absorbance at 616 nm of NDI-M films at (a) pH 6 and (b) pH 9 with Li"
(m), Na" (»), K" (m) and Cs" (m) over time following application of -1.8 V for 300 seconds

(corresponding to time 0) and following application of +2.0 V.

5.2.7 Mechanical Properties of Films

As NDI-based devices show promise for use in flexible ECDs, it is important to understand
how the addition of different counterions influences the bulk mechanical properties of the
films. As highlighted previously, previous studies have found that changing the counterion
of other small organic molecules can influence the mechanical properties of the materials.'*
A total of 9 force-displacement measurements were performed on each sample (Appendix
A.5.41-A5.56). The parameters for these measurements are detailed in the Experimental
section of this Chapter. To avoid the influence of the substrate (i.e. the FTO glass) on the
measurement, the total penetration depth was confirmed to be less that than 10% of the total

film thickness. The film thickness of NDI films was shown in Chapter 4 to be roughly 15
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um. No measurement penetrated at a depth greater than 1 um, and therefore the results are
reliable. Since the polymer is hygroscopic and absorbs water from the atmosphere over time,
all mechanical testing was performed within 24 hours of casting to minimise variability due

to environmental exposure and ensure consistent water content across samples.

As shown from the force-displacement graphs of the NDI-L films (Figure 5.24a-b) the
mechanical behaviour is influenced by both the counterion used and the pH of the initial
solution. The indentation profile shown for each sample is the one from which the median
elastic modulus value was generated from. At a pH of 6 the indentation profiles of the Li",
Na" and K" films all appear similar, while the Cs" film appears notably different. The
response of the films becomes more varied when the pH is increased to 9, with the Li* and
Cs" films showing markedly different indentation curves. This is reflected in the E* values
(Figure 5.24¢) and Hir values (Figure 5.24d). At pH 9, the Li* film shows a relatively high
E*, with the value decreasing significantly when progressively smaller counterions were
used, meaning that the films were becoming softer in character. A similar trend could be
identified with the pH 6 films, however the range of E* values is smaller, suggesting that the
mechanical properties are all together more consistent. When directly comparing the pH 6
and 9 results, the Li" films show the biggest difference in E*. Overall, this data appears to
confirm the existence of different morphologies in the films caused by the different
counterions, which had a direct impact on the elastic properties. This observation is
consistent with AFM measurements. While we have already shown via UV-Vis absorption
spectroscopy and SANS measurements that the different counterions can change the
aggregation of the NDI in solution, rheological measurements have shown that this has a
minimal impact on the viscosity of the NDI/HA solutions, with no trend relating counterion
size to viscosity being identified. As previously discussed, when processing these materials
into films several additional variables were introduced that could change the properties of
the material, resulting in a significant change to the molecular packing as identified from
solid-state absorption measurements. This difference in aggregation could have contributed
to the observed difference in elastic properties. Furthermore, absorption measurements
showed that the aggregation of the films was affected by changes in pH, possibly explaining
the difference in mechanical properties between pH 6 and 9. Importantly, as in solution, the
mechanical properties of the film are likely dominated by the high molecular weight polymer
and its interaction with the counterions, and it is difficult to determine the extent to which

changes to the aggregation of NDI-L directly affects the elasticity or hardness of the film.
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Figure 5.24. The Force-displacement curves of NDI-L films prepared at (a) pH 6 and (b)
pH 9 with Li* (), Na" (—), K (—), Cs" (—) counterions. The mean (¢) E* and (d) Hir
values of the NDI-L films prepared with different counterions at pH 6 (pink bars) and pH 9

(purple bars). Error bars calculated from standard deviation.

The influence of the different counterions on the mechanical properties of the NDI-M films
was also investigated. The force-displacement graphs show that the response of NDI-M is
dependent upon both the counterion and pH, with the pH 6 films (Figure 5.25a) showing
highly variable behaviour while the pH 9 films appeared more consistent in their behaviour
(Figure 5.25b). The films prepared at pH 6 showed a direct negative correlation between
counterion size and E* and Hir, with the films becoming softer with increasing counterion
size, as was observed with the NDI-L films. As discussed previously, this is likely the result
of the formation of different structures within the films caused by the different counterions.
While a direct relationship between counterion size and elasticity could not be identified
with the pH 9 films, the E* value of the Cs" film is significantly lower than that of the Li*
film, however the Hir data shows that there is no significant change in the hardness when
different counterions are used. These results further confirm that the pH of the initial solution
prior to casting does affect the resulting mechanical properties. Interestingly, while both the
NDI-L and NDI-M films showed the highest E* and Hir values when prepared with Li*, the
NDI-L film was most elastic at pH 9 while the NDI-M film was most elastic at pH 6. This
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observation suggests the bulk mechanical properties of the film is not determines solely by
the interaction between the polymer and the counterion, and that the NDI itself is having a
substantial influence. Importantly, both the NDI-L and NDI-M films retained the necessary
mechanical properties, regardless of the counterion or pH used, to be implemented into
flexible devices. If the E* dropped further (i.e. closer to the parameters of a very soft

material), the films would lack the sufficient robustness to be subjected to bending cycles.
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Figure 5.25. The Force-penetration curves of NDI-M films prepared at (a) pH 6 and (b) pH
9 with Li" (—), Na" (), K" (—), Cs" (—) counterions. The mean (¢) E* and (d) Hir values
of the NDI-M films prepared with different counterions at pH 6 (pink bars) and pH 9 (purple

bars). Error bars calculated from standard deviation.

5.3 Conclusions

In conclusion, we have shown in this Chapter that by changing the counterion used in the
formulation of NDI-based ECDs, we can alter the properties of our materials in the solid
state. We first solubilised the NDIs in water using different alkali hydroxides and found via
absorption spectroscopy that the molecular packing of the aggregates changed when
different counterions were present in the solution. This was further confirmed with SANS
measurements, where we confirmed that the different counterions were directly impacting
the size of the structures formed by the NDI in solution, which we theorised would alter the

resulting EC properties of the materials in the solid state.
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These solutions were the processed into EC films. Absorption measurements showed that
the aggregation of the NDIs was dependent upon the counterion used, with differences in
molecular packing appearing to be more drastic than in solution. AFM measurements
confirmed that the different counterions had an effect on the surface topology of the films.
CV measurements were first performed on the films that appeared to confirm the existence
of different structures, confirming that the aggregates formed in solution were, to some
extent, persisting into the solid state. For the NDI-L films, we successfully identified a direct
relationship between counterion size and resistivity, with the films appearing to become less
resistive as the counterion increased in size. While this direct relationship could not be
successfully identified with NDI-M, the films did generally achieve higher currents when
the larger counterions were used. We performed redox chemistry on our films using
chronoamperometry and found, using absorption spectroscopy, that both the rate of reduction
and the overall colour change was strongly affected by the choice of counterion. For both
the NDI-L and NDI-M films the larger counterions resulted in stronger EC behaviour,
quickly forming large amounts of radical anion resulting in an apparent black colouration.
We can therefore say that the different structures formed are indeed directly impacting the
EC behaviour of the film, with the structures formed in the presence of the larger counterions
generally being more conducive to improved performance. While there was no obvious trend
relating the counterion to the oxidation rate, we could observe that some films could not
achieve their initial colour, which we theorised being the result of the different structures
more effectively stabilising the reduced species and attenuating the oxidation to the neutral

state.

Finally, we looked at the influence of the different counterions on the mechanical properties
of the films to assess their applicability for use in flexible devices. We found that films
prepared with the smaller counterions were generally stronger and became weaker as larger
counterions were used. Again, we suggest that this is the result of the different structures
formed in solution persisting into the solid state, which in turn changes the elasticity of the
resulting film. The extent to which the counterions influenced the mechanical properties was
dependent upon the starting pH of the casting solutions. Importantly, all films tested
displayed sufficient robustness for use in flexible devices, although further work is needed
to assess their long-term durability. Overall, the results detailed here highlight the tunability

of our systems and will help optimise and guide future device construction.
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5.4 Experimental
5.4.1 Synthetic Procedures

Synthesis of the NDIs used in this chapter, NDI-L and NDI-M, can be found in Section
24.1.

5.4.2 Experimental Procedures

pH Measurements. The pH of solutions was measured using an FC200 pH probe (HANNA
Instruments) with a 6 mm x 10 mm conical tip calibrated using buffers of pH 4, 7 and 10

(HANNA Instruments). The stated accuracy of the pH probe is +0.1.

Solution preparation. Solutions were prepared with an NDI at a concentration of 10 mg/mL
and were dispersed in 2 molar equivalents of XOH (1M, aq), where X = Li", Na", K, Cs",
and the necessary volume of deionised water. The solutions were adjusted to the desired pH
with HCI (1 M, aq) and XOH (1 M, aq) using a HANNA instruments pH probe. For CV
measurements, a background electrolyte containing 400 uL mL™! of XCI (0.1 M, aq) was
used. The alkali metal of the chloride salt was chosen to match the alkali metal in the NDI
solution. To prepare solutions for film casting, HA was added to the NDI solutions at a
concentration of 15 mg/mL. These solutions were allowed to stir for 48 hours prior to use.

All solutions were used within one week of preparation

Apparent pKa titration. The NDI solution was adjusted to pH 12 using the necessary alkali
hydroxide (1M, aq). The pH was lowered via the addition of 5 or 10 microlitre aliquots of
HCI1 (0.1 M, aq) until a pH of 3 was achieved. Following each addition of acid, the pH of the
solution was allowed to stabilise for 5 minutes and was then recorded. The apparent pK. was

determined to be the point at which, upon additions of acid, the pH remained stable.

Viscosity Measurements. The viscosity of the solutions was measured using with Anton
Paar Physica MCR101 rotational rheometer fitted with a cone and plate system, using a 50
mm cone with a cone angle of 1.000°. The solutions were measured under a rotational shear

rate from 1 to 100 s™! with a plate gap of 0.1 mm. All measurements were ran at 25 °C to
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minimise the effects of changes in temperature on the samples. All measurements were ran

in triplicate.

Small Angle Neutron Scattering. SANS measurements were conducted using Larmor at
the ISIS facility, Rutherford Appleton Laboratory, Didcot, UK, under experiment number
RB2510438. A wavelength range of 0.9 to 13 A was used, covering a Q range from 0.004 to
0.7 A'. The solutions were placed in 2 mm path-length quartz cuvettes (Hellma) and
positioned in a temperature-controlled sample rack during measurements. All experiments
were performed at 25 °C. Solutions were prepared as described above, using D-O and the
necessary deuterated bases (NaOD and KOD). As LiOD and CsOD were commercially
unavailable, 1M solutions of LiOH and CsOH were prepared in D-O and used to disperse
the NDI. The pH of the solutions was adjusted using their corresponding base. The scattering
from D.O with LiOH, NaOD, KOD, and CsOH was also measured.

The data were processed into 1D scattering curves (intensity vs. Q) using the facility’s
software. The electronic background was subtracted, and the full detector images were
normalized. Scattering from the empty cell was removed, and the scattering from D-O with
the different bases added was subtracted using the Mantid software package in the ISIS
virtual machines (IDAaaS). The scattering of D-O with LiOH, NaOH, and KOH was similar
and was therefore combined for background subtraction for NDI solutions with Li*, Na*,
and K" counterions. The D-O solution with CsOH contained more water, likely due to the
hygroscopicity of CsOH. This background was used for subtraction only in the NDI

solutions with Cs* counterions.

The instrument-independent data were fitted to the models described in the text using the
SasView software package (version 5.0.6). The scattering length density (SLD) of each
material was calculated using the National Institute of Standards and Technology’s neutron
activation and scattering calculator. The SLD of D,O was determined to be 6.393 x 106 A2,
and the SLDs of NDI-L and NDI-M were calculated as 2.626 x 10 A2 and 2.716 x 10°¢
A2, respectively. The data were best fitted with a spherical model combined with a power
law. The optimal fit was selected based on how well the model overlapped the experimental
data, with the lowest ¥* value indicating the best fit. Errors were calculated using the
SASView fitting software, based on the error bars of the experimental data and the chosen

model. Fits with a ¢* value less than 1 were considered overfitted and were discarded. Some
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measurements required manual fitting of the background, and therefore an error range is

unavailable.

Film Formation. The films were prepared on FTO glass using a doctor blade. The NDI/HA
solution was added to the top edge of the glass using a pipette. The doctor blade was set to
a height of 3.5 mm. As the glass itself had a height of 2 mm, this resulted in the formation
of films with a blade height of 1.5 mm. The doctor blade was moved parallel across the glass
surface, thereby depositing the solution across the length of the glass. A casting speed of 10
mm/s and casting distance of 40 mm were used. The glass was then heated to 80 °C for 1
hour, causing the water in the solvent to evaporate and the film to dry down and adhere to
the glass surface. This process is represented graphically in Chapter 2. To measure the So-i
transitions, film were cast using the above procedure but at a smaller casting thickness of

roughly 40 pm.

Atomic Force Microscopy. AFM measurements were carried out using an Innova AFM
from Bruker. The surface topographies were probed using tapping mode and images were

processed with Gwyddion.

Electrochemistry. Electrochemistry of both solutions and films was performed using a
PalmSens4 potentiostat (Alvatek Ltd). Measurements were collected using PSTrace
software (Version 7.2). A three-electrode setup was utilised for both solution and film-based
electrochemistry. For solution measurements, a polished glassy carbon working electrode
was used, with a platinum counter electrode and an Ag/AgCl aqueous reference electrode
(BASIi). To test the films, an electrolytic solution of dichloromethane (DCM) with a
background electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) was
prepared and degassed with nitrogen gas for 10 minutes. The FTO glass, functioning as a
working electrode, was suspended in the solution, in addition to a platinum wire counter
electrode and an organic reference electrode containing 0.01 M AgNO3 in acetonitrile

(BASI). A diagram of the electrochemical set-up is shown in Chapter 2.

Cyclic voltammetry. CV measurements of solutions were performed using a voltage range
of -0.2 V to -0.8 V, with a starting voltage of -0.2 V. CV measurements of films were
performed using a voltage range of -2.0 V to +2.0 V, with a starting voltage of 0 V. Both

solution and film measurements were performed with an equilibration time of 5 seconds and
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a scan rate of 0.05 V/s. A total of 5 scans were performed for each measurement to allow

stabilisation of the system, with the results of the fifth scan being shown.

Chronoamperometry. Chronoamperometry was performed on the films using the
previously described set-up and the response measured using absorption spectroscopy. The
films were reduced via the application of -1.8 V. To oxidise the films, after electrochemical
reduction, a potential of +2.0 V was applied. These potentials were chosen from the CV
measurements from Chapter 2. To monitor the rate of redox processes, the required voltage
was applied in 20 second intervals, upon which time the film was removed from the

electrochemistry set-up and monitored using UV-Vis absorption spectroscopy.

UV-Vis Absorption Spectroscopy. All UV-vis absorption spectroscopy measurements
were collected using a Cary 60 UV-vis spectrophotometer from Agilent Technologies.
Spectra were collected from 300 nm to 1000 nm. Solution measurements were performed
using a scan rate of 600 nm/min, using a quartz glass cuvette with a path length of 0.01 mm.
Film measurements were performed using a scan rate of 4800 nm/min. As the NDI films can
oxidise in air, a faster scan ensured the measurement was accurate. When measuring films,
baseline measurements being performed on clean FTO glass. A 3D-printed holder was used
for all film measurements. This ensured the area measured by the spectrometer remained
consistent. The films were measured before and immediately after the desired

electrochemistry was performed. Photographs were taken of films after each measurement.

Nanoindentation. Nanoindentation was performed using a Step 7—Surface Testing
Platform (UNHT3, Anton Parr) fitted with a Berkovich indenter tip. Linear loading was
applied with a maximum load of 1000 uN, with a pause of 60 seconds. A loading and
unloading rate of 2000 uN/min was used. The contact force was set at 8 uN. The approach
distance was set at 7500 nm, and an approach and retract speed of 5000 nm/min and 2
nm/min were used, respectively. A total of 9 measurements were performed on each sample
consisting of triplicates performed across 3 films using a matrix with a spacing of 0.5 mm to
prevent any surface deformation from the previous indent affecting the next measurement.
The average elastic modulus (E*) and indentation hardness (Hir) were calculated from the
force displacement graphs using the Oliver-Pharr method. An adjust-depth offset
measurement was performed prior to each measurement to calibrate the depth sensor

measurement range to eliminate any issues due to film surface inhomogeneities. To ensure
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there was no interference from the glass substrate, the penetration depth was confirmed to

be less than 10% of the film’s total thickness.
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Electrochromic materials (ECMs) have found use in a wide range of technologies where a
controllable change in colour is desirable, like smart windows, displays, and sensors.
Electrochromic devices (ECDs) are traditionally based on transition metals or conductive
polymers, which often require harmful organic solvents in their processing. Alternatively,
small organic molecules such as naphthalene diimides (NDIs) can be used, which exhibit
strong, reversible EC behaviour. By appending NDIs with amino acids, we achieved water
solubility while retaining desirable EC properties, enabling device fabrication without the
use of organic solvents. We have previously only demonstrated the effectiveness of amino-
acid appended NDIs in solution state devices, however for applications purposes it is

preferable to process these materials into EC films.

In Chapter 1, we synthesised four amino acid-appended NDIs (NDI-L, NDI-M, NDI-Y, and
NDI-G) to investigate how side chain variation influences solubility and EC performance.
Solution studies across a range of pH values identified optimal conditions for each
compound. Electronic properties were evaluated using cyclic voltammetry (CV), and the EC
response was tracked using spectroelectrochemical methods. All NDIs underwent a
reversible colour change, with NDI-G showing unique optical properties. Each compound
was combined with hyaluronic acid and cast into thin films via doctor blade coating. Film
quality was strongly dependent on the side chain, with only NDI-L and NDI-M forming
uniform, well-cast films suitable for further study. These films were assessed using CV and
absorption spectroscopy to evaluate radical formation, reversibility, and redox rates, with
both films displaying reversible EC behaviour. Overall, these results demonstrate the
potential of amino acid-functionalised NDI films for ECD construction and establishes a

reliable fabrication method for future development.

In Chapter 2, we introduced non-contact computer vision analysis (CVA) as an alternative
to spectroscopic methods for studying the EC performance of NDI-based films.
Conventional spectroscopy can be limited when applied to solid-state samples, particularly
when dealing with strongly absorbing or non-uniform films. Using the Kineticolor software
platform, we obtained time- and spatially-resolved colour data from video recordings,
enabling detailed analysis of specific colour change variation, film homogeneity, and
saturation times, thereby providing insights that would be difficult to obtain through

spectroscopy alone. NDI-L films reached peak colour saturation more quickly, while NDI-
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M films displayed a more uniform EC response. We could also accurately track the
performance of the films over multiple redox cycles, significantly simplifying experimental
design. The use of CVA therefore offers a practical and accessible tool for characterising EC
materials and has the potential to support the future development of other stimuli-responsive

devices.

In Chapter 4, we optimised NDI-L films by adjusting fabrication parameters, including
solution formulation, film thickness, annealing time, and substrate resistivity. Systematic
variation of these parameters led to improvements in the films, such as enhanced radical
formation, stronger colour change, and faster redox kinetics, assessed using CV,
chronoamperometry, and absorption spectroscopy. Importantly, we also improved the films'
elastic properties, demonstrated through nanoindentation, making them more suitable for
flexible or wearable electronics. Similar adjustments to NDI-M films yielded comparable
results, suggesting that our optimisation approach is widely applicable to other NDI
derivatives. Flexible devices made from the optimised NDI-L films retained desirable EC
and mechanical properties after multiple bending cycles, as confirmed by nanoindentation.
Notably, these improvements were achieved without additional modification of the NDI
structure or the use of additives, offering a cost-effective and streamlined approach of film

optimisation.

In Chapter 5, we altered the alkali hydroxide used to disperse the NDI in solution, thereby
changing the counterion. Small-angle neutron scattering measurements showed that the
choice of counterion directly influenced aggregation in solution, with absorbance
measurements indicating that these aggregates persisted into the solid state. Using CV,
chronoamperometry, and absorption spectroscopy, we demonstrated that counterion
selection significantly impacted the electronic and EC properties of the films, with larger
counterions generally yielding improved performance. Nanoindentation and atomic force
microscopy measurements further revealed that the counterion also directly affected the
mechanical and surface properties of the materials. These findings highlight the tunability
of amino acid-functionalised NDIs and support the continued development of high-

performance, flexible ECDs

Building on the findings of this thesis, future work will focus on evaluating the long-term
stability of the NDI films. While moderate cyclability was demonstrated over several redox

cycles, long device lifetimes are crucial for real-world applications. Additionally, we plan to
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explore alternative substituents to access differently coloured materials, expanding the
commercial appeal of these devices. Furthermore, having identifying the “ideal” film, it will
be desirable to integrate the material into a fully solid-state device by using it in conjunction
with a solid electrolyte layer, eliminating the need for the liquid electrolyte used here. This
would enhance the commercial viability of the materials and represent a critical step toward
practical applications. Overall, the results of this thesis highlight the potential of amino acid-
appended NDIs for environmentally friendly ECDs, and we hope these findings will inform

future device development.
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Figure A.2.1. Photographs of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-G solutions at

different pH values. The scale bar represents 20 mm.
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Figure A.2.2. The (a) absorbance and (b) normalised absorbance of NDI-L solution at a pH
of —)6,(—)7,(—) 8, (—)9, (—) 10, (—) 11, and (—) 12 showing the So.i transitions.

The data is normalised to peak at 365 nm.
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Figure A.2.3. The (a) absorbance and (b) normalised absorbance of NDI-M solution at a pH
of -—)6,(—)7,(—)8 (—)9, (—) 10, (—) 11, and (—) 12 showing the So.i transitions.

The data is normalised to peak at 365 nm.
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Figure A.2.4. The (a) absorbance and (b) normalised absorbance of NDI-Y solution at a pH
of —)6,(—)7,(—) 8 (—)9, (—) 10, (—) 11, and (—) 12 showing the So.1 transitions.

The data is normalised to peak at 365 nm.
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Figure A.2.5. The (a) absorbance and (b) normalised absorbance of NDI-G solution at a pH
of —)6,(—)7,(—) 8, (—)9, (—) 10, (—) 11, and (—) 12 showing the So.i transitions.

The data is normalised to peak at 365 nm.
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Figure A.2.6. The Tauc plots of (a) NDI-L, (b) NDI-M, (¢) NDI-Y and (d) NDI-G solutions

showing linear fit (black line) and calculated E; values.
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Figure A.2.7. The normalised absorbance of NDI-L solutions at (a) pH 6, (b) pH 9 and (c¢)
pH 12. The data is normalised to the peak at 365 nm.
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Figure A.2.8. The normalised absorbance of NDI-M solutions at (a) pH 6, (b) pH 9 and (c¢)
pH 12. The data is normalised to the peak at 365 nm.
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Figure A.2.9. The normalised absorbance of NDI-Y solutions at (a) pH 6, (b) pH 9 and (c¢)
pH 12. The data is normalised to the peak at 365 nm.
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Figure A.2.10. The normalised absorbance of NDI-G solutions at (a) pH 6, (b) pH 9 and (¢)
pH 12. The data is normalised to the peak at 365 nm.
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irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.12. The absorbance of NDI-L at pH 9 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.13. The absorbance of NDI-L at pH 12 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken ofsolutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.14. The absorbance of NDI-M at pH 6 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.15. The absorbance of NDI-M at pH 9 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.16. The absorbance of NDI-M at pH 12 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.17. The absorbance of NDI-Y at pH 6 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm
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Figure A.2.18. The absorbance of NDI-Y at pH 9 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.19. The absorbance of NDI-Y at pH 12 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.20. The absorbance of NDI-G at pH 6 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.21. The absorbance of NDI-G at pH 9 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.22. The absorbance of NDI-G at pH 12 prior to irradiation (), and after

irradiation with 365 nm light for (—) 10 seconds, (—), 60 seconds, and (—) 300 seconds.

Images taken of solutions at corresponding irradiation times. The scale bar represents 10 mm.
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Figure A.2.23. The absorbance of NDI-L solutions at (a) pH 6 and (b) pH 9 prepared at a

Figure A.2.24. The absorbance of NDI-M solutions at (a) pH 6 and (b) pH 9 prepared at a

Figure A.2.25. The absorbance of NDI-Y solutions at (a) pH 6 and (b) pH 9 prepared at a
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Figure A.2.26. The absorbance of NDI-G solutions at (a) pH 6 and (b) pH 9 prepared at a
concentration of (—) 10 mg/ml, (—) 5 mg/mL, and (—) 1 mg/mL
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Figure A.2.27. The normalised absorbance of NDI-L solutions at (a) pH 6 and (b) pH 9

prepared at a concentration of (—) 10 mg/ml, (—) 5 mg/mL, and (—) 1 mg/mL showing the

So-1 transitions. The data is normalised to the peak at 365 nm.
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Figure A.2.28. The normalised absorbance of NDI-M solutions at (a) pH 6 and (b) pH 9

prepared at a concentration of (—) 10 mg/ml, (—) 5 mg/mL, and (—) 1 mg/mL showing the

So-1 transitions. The data is normalised to the peak at 365 nm.
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Figure A.2.29. The normalised absorbance of NDI-Y solutions at (a) pH 6 and (b) pH 9

prepared at a concentration of (—) 10 mg/ml, (—) 5 mg/mL, and (—) 1 mg/mL showing the

So-1 transitions. The data is normalised to the peak at 365 nm.
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Figure A.2.30. The normalised absorbance of NDI-G solutions at (a) pH 6 and (b) pH 9

prepared at a concentration of (—) 10 mg/ml, (—) 5 mg/mL, and (—) 1 mg/mL showing the

So-1 transitions. The data is normalised to the peak at 365 nm
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Figure A.2.31. The Absorbance of 0.5 mg/mL NDI-L solution adjusted to pH 6 () prior to
the application of a potential, and after application of -0.56 V for (—) 4 minutes, (—) 8

minutes, (—) 12 minutes, (—)16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.32. The Absorbance of 0.5 mg/mL NDI-L solution adjusted to pH 9 () prior to

the application of a potential, and after application of -0.55 V for (—) 4 minutes, (—) 8

minutes, (—) 12 minutes, (—)16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.33. The absorbance of 0.5 mg/mL NDI-M solution adjusted to pH 6 () prior to

the application of a potential, and after application of -0.55 V for (—) 10 minutes, (—) 20
minutes, (—) 30 minutes, (—) 40 minutes, (—) 50 minutes, and (—) 60 minutes.

Photographs of solutions at corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.34. The absorbance of 0.5 mg/mL NDI-M solution adjusted to pH 9 () prior to

the application of a potential, and after application of -0.60 V for (—) 5 minutes, (—) 10

minutes, (—) 15 minutes and (—) 20 minutes. Photographs of solutions at corresponding

reduction times. The scale bar represents 10 mm.
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Figure A.2.35. The absorbance of 0.5 mg/mL NDI-Y solution adjusted to pH 6 (-) prior to
the application of a potential, and after application of -0.55 V for (—) 4 minutes, (—) 8

minutes, (—) 12 minutes, (—)16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.36. The absorbance of 0.5 mg/mL NDI-Y solution adjusted to pH 9 (-) prior to
the application of a potential, and after application of -0.55 V for (—) 4 minutes, (—) 8
minutes, (—) 12 minutes, (—)16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm..

233



Chapter 7: Appendix

n
o

-y
(&)}

=2
o

Absorbance (a.u.)

3

0.0+

300 400 500 600 700 800
Wavelength (nm)

Figure A.2.37. The absorbance of 0.5 mg/mL NDI-G

6 () prior to
the application of a potential, and after application of -0.53 V for (—) 4 minutes, (—) 8

minutes, (—) 12 minutes, (—)16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.38. The absorbance of 0.5 mg/mL NDI-G solution adjusted to pH 9 () prior to
the application of a potential, and after application of -0.54 V for (—) 4 minutes, (—) 8
minutes, (—) 12 minutes, (—) 16 minutes, and (—) 20 minutes. Photographs of solutions at

corresponding reduction times. The scale bar represents 10 mm.
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Figure A.2.39. The absorbance of 0.5 mg/mL NDI-L solution adjusted to pH 6 ()

following the application of -0.56 V for 20 minutes and after application of -0.45 V for (—)

10 minutes, (—) 20 minutes, (—) 30 minutes, and (—) 40 minutes. Photographs of solutions

at corresponding oxidation times. The scale bar represents 10 mm.
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Figure A.2.40. The absorbance of 0.5 mg/mL NDI-L solution adjusted to pH 9 ()

following the application of -0.55 V for 20 minutes and after application of -0.43 V for (—)
10 minutes, (—) 20 minutes, (—) 30 minutes, and (—) 40 minutes. Photographs of solutions

at corresponding oxidation times. The scale bar represents 10 mm.
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Figure A.2.41. The absorbance of 0.5 mg/mL NDI-M solution adjusted to pH 6 ()
following the application of -0.55 V for 60 minutes and after application of -0.40 V for (—)
10 minutes, (—) 20 minutes, (—) 30 minutes, (—) 40 minutes, and (—) 50 minutes, and (—)
60 minutes. Photographs of solutions at corresponding oxidation times. The scale bar

represents 10 mm.
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Figure A.2.42. The absorbance of 0.5 mg/mL NDI-M solution adjusted to pH 9 ()
following the application of -0.60 V for 60 minutes, and after application of -0.40 V for (—)
20 minutes, (—) 40 minutes, and (—) 60 minutes. Photographs of solutions at corresponding

oxidation times. The scale bar represents 10 mm.
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Figure A.2.43. The absorbance of 0.5 mg/mL NDI-Y solution adjusted to pH 6 ()

following the application of -0.55 V for 20 minutes, and after application of -0.45 V for (—)
10 minutes, (—) 20 minutes, and (—) 30 minutes. Photographs of solutions at corresponding

oxidation times. The scale bar represents 10 mm.
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Figure A.2.44. The absorbance of 0.5 mg/mL NDI-Y solution adjusted to pH 9 ()
following the application of -0.55 V for 20 minutes and after application of -0.43 V for (—)
10 minutes, (—) 20 minutes, (—) 30 minutes, and (—) 40 minutes. Photographs of solutions

at corresponding oxidation times. The scale bar represents 10 mm.
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Figure A.2.45. The absorbance of 0.5 mg/mL NDI-G solution adjusted to pH 6 ()

following the application of -0.53 V for 20 minutes, and after application of -0.38 V for (—)
10 minutes, (—) 20 minutes, and (—) 30 minutes. Photographs of solutions at corresponding

oxidation times. The scale bar represents 10 mm.
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Figure A.2.46. The absorbance of 0.5 mg/mL NDI-G solution adjusted to pH 9 ()
following the application of -0.54 V for 20 minutes and after application of -0.39 V for (—)
10 minutes, (—) 20 minutes, (—) 30 minutes, (—) 40 minutes, and (—) 50 minutes.

Photographs of solutions at corresponding oxidation times. The scale bar represents 10 mm.

Figure A.2.47. The optical microscopy images of NDI-L film prepared without HA. The

scale bar represents 0.1 mm.
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Figure A.2.48: The cyclic voltammogram of (a) HA film and (b) FTO glass suspended in
electrolytic solution (vs Ag/AgNOs3). A scan rate of 50 mV/s was used, and the fifth scan is

shown.
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Figure A.3.1. Variations in the colour space of NDI-L film over time upon the application
of -1.8 V for 20 minutes. (a) HSV plot showing the intensity of the saturation (m) and value
(m) of the film. (b) LAB plot showing the intensity of the lightness (m), a component (m),

and b component (m) of the film.

160
a b) 80]
( )140- ( )70- S——
51204 3 604
s s 50]
3100- p > 40
2 80+ ‘3 30
£ 60- £ 200
40 - 10 o
] 0 "
20— : , ‘ -101= : : :
0 400 800 1200 0 400 800 1200
Time (s) Time (s)

Figure A.3.2. Variations in the colour space of NDI-M film over time upon the application
of -1.8 V for 20 minutes. (a) HSV plot showing the intensity of the hue (=), saturation (m)
and value (m) of the film. (b) LAB plot showing the intensity of the lightness (m), a

component (m), and b component (m) of the film.
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Figure A.3.3. Variations in the colour space of NDI-L film over time upon the application
of -1.8 V for 5 minutes and +1.6 V for 25 minutes. (a) RGB plot showing the intensity of
the red (m), green (m), and blue (m). (b) HSV plot showing the intensity of the saturation
(m) and value (m) of the film. (¢) LAB plot showing the intensity of the lightness (m), a

component (m), and b component (m) of the film.
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Figure A.3.4. Variations in the colour space of NDI-M film over time upon the application
of -1.8 V for 5 minutes and +1.6 V for 25 minutes. (a) RGB plot showing the intensity of the
red (m), green (m), and blue (m). (b) HSV plot showing the intensity of hue (m), saturation
(m) and value (m) of the film. (c) LAB plot showing the intensity of lightness (m), a

component (m), and b component (=) of the film.
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Figure A.3.5. Variations in the colour space of NDI-L film over time upon the application
of -1.8 V for 60 minutes. (a) RGB plot showing the intensity of red (m), green (m), and blue
(m). (b) HSV plot showing intensity of saturation (m) and value (m). (¢) LAB plot the showing

the intensity of the lightness (m), a component (m), and b component (m) of the film.
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Figure A.3.6. Variations in the colour space of NDI-M film over time upon the application
of -1.8 V for 60 minutes. (a) RGB plot the showing intensity of the red (m), green (m), and
blue (m). (b) HSV plot showing the intensity of hue (m), saturation (m) and value (m) of film.
(c) LAB plot showing the intensity of the lightness (m), a component (m), and b component
(m) of the film.
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Figure A.3.7: (a) Contrast, (b) homogeneity, (¢) energy and (d) entropy values of NDI-L (m)
and NDI-M (m) films over time upon the application of -1.8 V for 20 minutes.
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Figure A.4.1. The absorbance of reduced NDI-L films prepared with concentration of (a) 5
mg/mL and (b) 10 mg/mL upon application of +2.0 V, with measurements taken every 20
seconds. Arrow indicates increasing oxidation cycles. Photographs of (¢) 5 mg/mL and (d)

10 mg/mL NDI-L films at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.2. The absorbance of reduced NDI-M films prepared with concentration of (a)
5 mg/mL and (b) 10 mg/mL upon application of +2.0 V, with measurements taken every 20
seconds. Arrow indicates increasing oxidation cycles. Photographs of (¢) mg/mL NDI-M

films at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.3. The force-penetration curves of three HA films prepared at pH 6, showing

triplicate measurements performed on films (a) 1, (b) 2, and (c) 3.
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Figure A.4.4. The force-penetration curves of three NDI-L films prepared at 5 mg/mL,

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.5. The force-penetration curves of three NDI-L films prepared at 10 mg/mL,

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.6. The force-penetration curves of three HA films prepared at pH 9, showing

triplicate measurements performed on films (a) 1, (b) 2, and (c) 3.
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Figure A.4.7. The force-penetration curves of three NDI-M films prepared at 5 mg/mL

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.4.8. The force-penetration curves of three NDI-M films prepared at 10 mg/mL

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.4.9. (a) The surface profilometry data of NDI-L films prepared at (—) 5 mg/mL
and (—) 10 mg/mL. (b) The surface profilometry data of NDI-M films prepared at (—) 5
mg/mL and (—) 10 mg/mL. (¢) The film thickness of (purple bar) NDI-L and (orange bar)

NDI-M films prepared at different concentration.
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Figure A.4.10. (a) The surface profilometry data of NDI-L films prepared with a HA
concentration of (—) 5 mg/mL, (—) 10 mg/mL and (—) 15 mg/mL. (b) The film thickness
of NDI-L films prepared with different HA concentrations.
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Figure A.4.11. The absorbance of reduced NDI-L ﬁlms prepared with a HA concentration

of (a) 5 mg/mL and (b) 10 mg/mL upon application of +2.0 V, with measurements taken
every 20 seconds. Arrow indicates increasing oxidation cycles. Photographs of (¢) 5 mg/mL
and (d) 10 mg/mL NDI-L films at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.12. The force-penetration curves of three NDI-L films prepared with a HA

concentration of 5 mg/mL, showing triplicate measurements performed on films (a) 1, (b) 2,
and (c¢) 3.
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Figure A.4.13. The force-penetration curves of three NDI-L films prepared with a HA

concentration of 10 mg/mL, showing triplicate measurements performed on films (a) 1, (b)
2, and (¢) 3.
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Figure A.4.14. The absorbance of NDI-L film cast at 0.5 mm () prior to reduction and

after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—)
300 seconds, () 600 seconds, and (—) 1200 seconds. Photographs of film at corresponding

oxidation times The scale bar represents 15 mm.
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Figure A.4.15. The absorbance of NDI-L film cast at 1.0 mm () prior to reduction and
after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—)

300 seconds, (—) 600 seconds, and (—) 1200 seconds. Photographs of film at corresponding

oxidation times. The scale bar represents 15 mm
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Figure A.4.16. The absorbance of NDI-L film cast at 2.0 mm () prior to reduction and
after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—)

300 seconds, (—) 600 seconds, and (—) 1200 seconds. Photographs of film at corresponding

oxidation times. The scale bar represents 15 mm
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.Figure A.4.17. The absorbance of NDI-L film cast at 3.0 mm () prior to reduction and
after the application of -1.8 V for (—) 10 seconds, (—) 30 seconds, (—) 60 seconds, (—)
300 seconds, (—) 600 seconds, and (—) 1200 seconds. Photographs of film at corresponding

oxidation times. The scale bar represents 15 mm.
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Figure A.4.18. The absorbance of NDI-L films cast at 0.5 mm (- ) following the application

of -1.8 V for 20 minutes and after the application of +2.0 V for (—) 10 seconds, (—) 30
seconds, (—) 60 seconds, (—) 300 seconds and (—) 600 seconds. Photographs of film at
corresponding oxidation times. The scale bar represents 15 mm.
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Figure A.4.19. The absorbance of NDI-L films cast at 1.0 mm (- ) following the application

of -1.8 V for 20 minutes and after the application of +2.0 V for (—) 10 seconds, (—) 30
seconds, and (—) 60 seconds. Photographs of film at corresponding oxidation times. The

scale bar represents 15 mm.
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Figure A.4.20. The absorbance of NDI-L films cast at 2.0 mm (- ) following the application
of -1.8 V for 20 minutes and after the application of +2.0 V for (—) 10 seconds, (—) 30
seconds, (—) 60 seconds, (—) 300 seconds. Photographs of film at corresponding oxidation

times. The scale bar represents 15 mm.
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Figure A.4.21. The absorbance of NDI-L films cast at 3.0 mm (- ) following the application

of -1.8 V for 20 minutes and after the application of +2.0 V for (—) 10 seconds, (—) 30
seconds, (—) 60 seconds, (—) 300 seconds, and (—) 600 seconds. Photographs of film at

corresponding oxidation times. The scale bar represents 15 mm
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Figure A.4.22. The absorbance of reduced NDI-L films cast at 0.5 mm upon application of

+2.0 V, with measurements taken every 20 seconds. Arrow indicates increasing oxidation

cycles. Photographs of film at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.23. The absorbance of reduced NDI-L films cast at 1.0 mm upon application of

0s
a7

+2.0 V, with measurements taken every 20 seconds. Arrow indicates increasing oxidation

cycles. Photographs of film at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.24. The absorbance of reduced NDI-L films cast at 2.0 mm upon application of

+2.0 V, with measurements taken every 20 seconds. Arrow indicates increasing oxidation

cycles. Photographs of film at different oxidation times. The scale bar represents 15 mm

2.0

=1.61
=

8

.

(8]

{ e

8 0.84

o

§0.4-
0.0+

400 500 600 700 800 900 1000
Wavelength (nm)

80s 1005 120

Figure A.4.25. The absorbance of reduced NDI-L films cast at 3.0 mm upon application of

+2.0 V, with measurements taken every 20 seconds. Arrow indicates increasing oxidation

cycles. Photographs of film at different oxidation times. Scale bar represents 15 mm.
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Figure A.4.26. The TGA results of NDI-L films that were thermally annealed at 80 °C for

60 minutes and dried in a 60 °C vacuum oven for 24 hours.
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indicate increasing oxidation cycles. Photographs of films prepared on (¢) TEC 5 and (d)

TEC 7 mg/mL glass at different oxidation times. The scale bar represents 15 mm.
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Figure A.4.28. The force-penetration curves of three unbent NDI-L films, showing triplicate

measurements performed on films (a) 1, (b) 2, and (c) 3.
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Figure A.4.29. The force-penetration curves of three NDI-L films after bending at 9.5°,

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.30. The force-penetration curves of three NDI-L films after bending at 11.5°,

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.31. The force-penetration curves of three NDI-L films after bending at 14.3°

Penetration depth (nm)

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.32. The force-penetration curves of three NDI-L films after bending at 19.1°,

showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.4.33. The force-penetration curves of NDI-L films (a) prior to bending and
following (b) 20, (c) 40, (d) 60, (e) 80 and (f) 100 bending cycles at 19.1°. Each measurement

was performed in triplicate.
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Figure A.4.34. Photographs of NDI-L film (a) prior to irradiation, (b) following irradiation

with 405 nm laser pen, and following application of +2.0 V for (¢) 30 minutes and (d) 60

minutes. The scale bar represents 15 mm.
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Figure A.5.1. The normalised absorbance of NDI-L with (a) Li", (b) Na', (¢) K', and (d)

Cs" counterions at pH 6 (), pH 9 (), and pH 12 (). The data is normalised to peak at 365

nm.
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Figure A.5.2. The normalised absorbance of NDI-M with (a) Li*, (b) Na*, (¢) K", and (d)
Cs" counterions at pH 6 (—), pH 9 (—), and pH 12 (—). The data is normalised to peak at
365 nm.
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Figure A.5.5. The normalised absorbance of NDI-M with (a) Li*, (b) Na', (¢) K", and (d)

Cs" counterions at pH 6. The data is normalised to peak at 365 nm.
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at 365 nm.
T4 514
s @ s, [
o 1.0 o 1.0
e 2
5099 5099
% 0.8 % 0.81
§ 0.7 g 0.7 N
g 0.6 g 0.6
S05 SR Y-} A
Z 77330 340 350 360 370 380 390 400 < 330 340 350 360 370 380 390 400

Wavelength (nm)

Wavelength (nm)

Figure A.5.8. The normalised absorbance of NDI-L with Na" counterions without (solid line)

and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to peak

at 365 nm.
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Figure A.5.9. The normalised absorbance of NDI-L with K* counterions without (solid line)

and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to peak

at 365 nm.
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Figure A.5.10. The normalised absorbance of NDI-L with Cs* counterions without (solid
line) and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to

peak at 365 nm.
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Figure A.5.12. The normalised absorbance of NDI-M with Na* counterions without (solid

line) and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to

peak at 365 nm.
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Figure A.5.13. The normalised absorbance of NDI-M with K* counterions without (solid
line) and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to

peak at 365 nm.
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Figure A.5.14. The normalised absorbance of NDI-M with Cs" counterions without (solid

line) and with HA polymer (dashed line) at (a) pH 6 and (b) pH 9. The data is normalised to

peak at 365 nm.
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Appendix A.5.17. The small angle neutron scattering data (hollow circles) of NDI-L at pD

9 with (a) Li", (b) Na', (¢) K", and (d) Cs" counterions. The fits (solid lines) are all to a

combined sphere and power law model.

Table A.5.1. The tabulated parameters of SANS model fits for NDI-L solutions at pD 9

prepared with different counterions.

Counterion Li* Na* K* Cs*
Model Power law + | Power law + | Power law + | Power law +
sphere sphere sphere sphere
Background 0.0102 + 0.00717 £ 0.0094 0.00844 +
0.00014 0.00022 0.00016
Sphere scale 2.5249 x 10 0.0003198 1.3582 x 107 | 5.233 x 107
Sphere radius (A) | 23.0+1.9 11.32+0.51 346 £2.2 195+ 1.2
Power law scale | 3.0769 x 108 1.0988 x 10® | 2.8846 x107® | 2.0601 x 108
Power law 3.14+0.011 3.5767 £ 3.18+0.010 | 3.256+0.0092
0.0044
X 1.0834 1.0011 1.0036 1.1019
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Appendix A.5.18. The small angle neutron scattering data (hollow circles) of NDI-M at pD

9 with (a) Li", (b) Na', (¢) K, and (d) Cs" counterions. The fits (solid lines) are all to a

combined sphere and power law model.

Table A.5.2. The tabulated parameters of SANS model fits for NDI-M solutions at pD 9

prepared with different counterions.

Counterion Li* Na* K* Cs*
Model Power law + | Power law + | Power law + | Power law +
sphere sphere sphere sphere
Background 0.00671 £ 0.008 0.0085 0.0076
0.00025
Sphere scale 0.0004981 2.1148x107 6.201x107 0.00013991
Sphere radius (A) | 9.83 +0.48 20.0+2.8 20.26 £0.89 | 16.83 £0.45
Power law scale | 2.5169x10® 4.7311 x 106 | 4.3084x1077 | 1.5544 x 108
Power law 3.253 £0.0079 | 1.837£0.027 |2.11+£0.089 |3.05+0.029
X 1.0009 1.0006 1.1793 1.02097
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(@)

Appendix A.5.19. Images taken of NDI-L films prepared at (a) pH 6 and (b) pH 9 with (left-

to-right) Li*, Na*, K*, and Cs* counterions. The scale bar represents 15 mm.

Appendix A.5.20. Images taken of NDI-M films prepared at (a) pH 6 and (b) pH 9 with

(left-to-right) Li*, Na*, K*, and Cs" counterions. The scale bar represents 15 mm.
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Figure A.5.21. The normalised absorbance of NDI-L films with (a) Li", (b) Na", (¢) K*, and

(d) Cs* counterions at pH 6 (solid lines) and pH 9 (dashed lines), showing the So.; transitions.

Data is normalised to peak at 365 nm.
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Figure A.5.22. The normalised absorbance of NDI-M films with (a) Li", (b) Na’, (¢) K,
and (d) Cs" counterions at pH 6 (solid lines) and pH 9 (dashed lines), showing the So-1

transitions. Data is normalised to peak at 365 nm.
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Figure A.5.23. The smaller area AFM images of NDI-L films prepared at pH 9 with (a) Li",
(b) Na*, (¢) K, and (d) Cs".
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Figure A.5.24. The smaller area AFM images of NDI-M films prepared at pH 9 with (a)
Li*, (b) Na*, (¢) K, and (d) Cs".
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Figure A.5.25. The absorbance of an NDI-L film prepared with Li" at pH 6 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.26. The absorbance of an NDI-L film prepared with Na* at pH 6 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.27. The absorbance of an NDI-L film prepared with K" at pH 6 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.28. The absorbance of an NDI-L film prepared with Cs™ at pH 6 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.29. The absorbance of an NDI-L film prepared with Li" at pH 9 following

Absorbance (a.u.)

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles.
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Figure A.5.30. The absorbance of an NDI-L film prepared with Na“ at pH 9 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The
scale bar represents 15 mm.
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Figure A.5.31. The absorbance of an NDI-L film prepared with K™ at pH 9 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The
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Figure A.5.32. The absorbance of an NDI-L film prepared with Cs™ at pH 9 following

scale bar represents 15 mm.
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application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.34. The absorbance of an NDI-M film prepared with Na* at pH 6 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.35. The absorbance of an NDI-M film prepared with K™ at pH 6 following
application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates
increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.36. The absorbance of an NDI-M film prepared with Cs" at pH 6 following
application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.37. The absorbance of an NDI-M film prepared with Li" at pH 9 following
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application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.38. The absorbance of an NDI-M film prepared with Na* at pH 9 following

2.0

60s
Vs

-
»

-

Absorbance (a.u.)
o
£ oo N

©

A

0.0+

400 500 600 700 800 900 1000
Wavelength (nm) '

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.39. The absorbance of an NDI-M film prepared with K™ at pH 9 following

application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.40. The absorbance of an NDI-M film prepared with Cs™ at pH 9 following
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application of -1.8 V for 300 seconds, followed by the application of +2.0 V. Arrow indicates

increasing oxidation cycles. Photographs of films taken at different oxidation times. The

scale bar represents 15 mm.
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Figure A.5.41. The force-penetration curves of three NDI-L films with Li" counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.5.42. The force-penetration curves of three NDI-L films with Na* counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.5.43. The force-penetration curves of three NDI-M films with K™ counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.5.44. The force-penetration curves of three NDI-L films with Cs* counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (c¢) 3.
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Figure A.5.45. The force-penetration curves of three NDI-L films with Li" counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (c¢) 3.
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Figure A.5.46. The force-penetration curves of three NDI-L films with Na* counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.5.47. The force-penetration curves of three NDI-L films with K™ counterions at pH

9, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.5.48. The force-penetration curves of three NDI-L films with Cs" counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (c¢) 3.
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Figure A.5.49. The force-penetration curves of three NDI-M films with Li* counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (c¢) 3.
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Figure A.5.50. The force-penetration curves of three NDI-M films with Na* counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3

1000{(a) 10004(b) 10001 ()
__ 800 __ 800 __ 800
= =z =
= 600 = 600 = 600
)] @ @
o &4 o
2 400 0 400+ 2 4004

200 2004 ) 200+

0L / 0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Penetration depth (nm) Penetration depth (nm) Penetration depth (nm)

Figure A.5.51. The force-penetration curves of three NDI-M films with K counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.5.52. The force-penetration curves of three NDI-M films with Cs" counterions at

pH 6, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3.
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Figure A.5.53. The force-penetration curves of three NDI-M films with Li* counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (c) 3.
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Figure A.5.54. The force-penetration curves of three NDI-M films with Na* counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (c) 3.
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Figure A.5.55. The force-penetration curves of three NDI-M films with K counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (¢) 3
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Figure A.5.56. The force-penetration curves of three NDI-M films with Cs"™ counterions at

pH 9, showing triplicate measurements performed on films (a) 1, (b) 2, and (c¢) 3.
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