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ABSTRACT

We describe the synthesis of naphthalene diimides (NDI) appended with simple amino acids and
dipeptides. These systems can form a highly coloured reduced species by photo- and electrochemical
reduction, which is reversible upon oxidation. In their neutral state these systems are transmissive
and pale in colour. This transition from transmissive to coloured occurs quickly, using small potentials,
and is reversible, making NDI systems a promising candidate for electrochromic devices. Their chromic
properties, as well as their water solubility and tuneable aggregation, give such self-assembling small
organic molecules many advantages over conductive polymers and transition metal oxides, which

dominate the literature in this field.

The behaviour of five NDIs in different pH solutions is explored, and we identify ideal aggregated states
for each chemical structure (found by altering pH) and identify parameters of their ideal structures
that stabilise the formation or stability of the reduced species. These parameters facilitating highest
contrast between neutral and reduced states changes with chemical structure, highlighting the
sensitivity and importance of aggregation. We also identify aggregate types consistent with poor

chromic behaviour and use this information to explain poor colouration of one NDI system.

Using neutron scattering we evaluate the long-term stability and cyclability of our best performing
systems. Using in situ electrochemical techniques, we critically analyse our prior methodology and
facilitate a truly representative measurement of the electrochemically reduced state of some NDI

systems and analyse the susceptibility of NDIs to changes in aggregation with cycling between states.

We report multicomponent systems using two NDIs mixed with a transparent low molecular weight
gelator (LMWG) in different ratios and observe that the chemical structure of the NDI, the pH and the
component ratio affects their aggregation and chromic properties. We observe the decrease and
enhancement of radical anion formation upon reduction in different multicomponent systems and
select certain systems to evaluate long-term use. A combination of diffusion and aggregation

dependent factors contribute to the cyclability of these systems.

Lastly, the effect of heat-cooling upon multicomponent systems is investigated. We find that different
ratios of components respond differently. Radical anion formation and cyclability are affected. We
identify different methods of improving cyclability (buffering, electrochemical scripting,
multicomponent tuning) and open possibilities for future work using hydrogels with these
multicomponent systems. At every point we try to understand and link aggregation types or
parameters to desirable chromic properties such as colour intensity and efficiency of electrochemical

processes.
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1.1 Smart materials

Smart materials are responsive to external stimuli such as temperature, pH, electrical or magnetic
fields, light or secondary chemical compounds.! This response could be a change in shape, electrical
charge or colour for example. Shape-memory materials are used in products such as glasses that
return to their original shape after deformation.? Piezoelectric materials are used in products such as

lighters and pickups in acoustic-electric guitars.?
1.1.1  Chromic materials

Chromic materials that change their colouration upon exposure to stimulus are perhaps the broadest
ranging in their application.* A change in colour is recognisable and obvious to the eye. Chromic
changes are marketable as they can be universally identified and require little or no training to be
understood (i.e., no need for scientific understanding or of different languages.). Chromic materials
can be used for many categories of product. They have aesthetic (colour changing mugs® and
clothing®’), safety (thermochromic baby clothing® and thermometers®), medical (pregnancy tests™,
lateral flow COVID-19 tests) and environmental (Smart Windows*!172%) applications. They are already
apparent in everyday use (reusable price labels, protective eyewear, glare-reduction systems,

).14

camouflage materials and displays).'* Commercial chromic materials often change colour reversibly

when exposed to external stimulus such as temperature, light, pressure, electricity, and pH.%
1.1.2  Electrochromic materials

Electrochromism is defined as the reversible and visible change in transmittance and/or reflectance
associated with an electrochemically induced redox reaction.**® Electrochromic materials change
colour as the result of an electrochromic species within the system changing from a bleached or
coloured state to a (differently) coloured state.!*'® Each state has distinct electronic and optical

properties. Electrochromic devices include at least two electrodes and an electrolyte.’

Electrochromic materials have advantages over chromic materials that are triggered by other stimuli.
Electricity is perhaps one of the simplest stimuli to control with ease compared to pH, temperature or
light, as it can be done on demand. Electrochromic devices were initially outperformed by liquid
crystal displays.'® However, it was then reported that liquid crystal displays have disadvantages such
as poor contrast (except when back lighting is provided), decreased legibility from some viewing
angles and narrow temperature operation range.*® Electrochromic materials can be used in a wide
range of display applications. This wide usage is due to properties such as multicolour appearance,

high contrast, optical memory, and no visual dependence upon viewing angle.*
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1.2 Smart Windows

Among the many applications of electrochromic materials, so called Smart Windows are one of the
most relevant to a growingly environmentally conscious society. Smart Windows have a focus towards
reducing the effects of climate change and are in line with a growing public interest in more efficient
energy systems.’®1%2! Smart Windows can change transmittance on demand, changing the tinting,
optical depth, or colour of a window, Figure 1.1. They are of great interest because energy

consumption in a building’s heating, ventilation, and air conditioning systems accounts for 25% of the
world’s total energy use.?

B EE L

Figure 1.1. Transition of colour of a Smart Window from Gesimat as reported by Baetens et al.*?

In the winter, windows are the cause of a lack in energy efficiency in buildings as they let out heat but
are needed to let in light for workers.?® In the summer, windows heat up buildings by letting in
ultraviolet and infrared light and so money is spent on air conditioning. This problem is something that
tintable (or smart) windows are seeking to solve.!? Sustainable Technologies Australia Ltd stated in
2001 that electrochromic windows that were able to achieve absorbance of 95% of solar infrared (IR)
could cut 30% of working environment costs.?* The “potential for savings” is thought to be higher for

certain building types, for example “highly glazed facades in modern urban office design”.?

Smart Windows have been reported to provide a 54% energy reduction when compared to standard
single-glazed windows for a 25-year life cycle.?® This figure suggests that initial set-up costs are
outweighed over a long term use. A WOs + Ag nanocomposite layer based Smart Window with a
change in transmittance of 39.65% between bleached and coloured states was reported.*’ It facilitated
a reduction in thermal energy consumption in different climates in Iran between 25-45% relative to a
typical window.® Recent studies have used electrochromic windows within a new classroom design
in school buildings in Nanjing.?” These studies found that annual energy consumption decreased by
around 250 kWh, and that parameters such as the number of hours of “thermal discomfort” were

significantly decreased.”
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Not all Smart Windows are electrochromic. The term Smart Window has been applied to windows
that do not alter transmittance or colour at all. These windows instead are composed of systems of
thin-film coatings designed to modulate near-infrared absorption.”® The disadvantage of these
systems is that static tinted windows are inconvenient. They may unnecessarily darken rooms during
winter months (driving up lighting costs) and therefore offset any heating savings. The ability to alter
transmission of radiation on-demand is preferable as it can allow a window to be tailored to seasonal
and daily weather changes. This ability has the potential to drastically reduce energy consumption.!2
Altering the transmission of windows is also beneficial for privacy within buildings.?* Smart Windows

also have the potential to significantly improve running costs of vehicles, aircraft etc.?

Flexibility is advantageous for application to Smart Windows as the specific requirements of each
environment may be different. Factors such as frequency of use, desired colour, ambient temperature

etc. will alter and therefore tunability is important.°
1.2.1  Requirements for Smart Windows

There are several requirements that an electrochromic material must possess to be commercially

viable for use in Smart Windows. These criteria have been defined within the literature:?32426:30-33

e Reversibility of colour change

e uniformity and intensity of colour change that can be maintained

e fast switching (a few minutes) between coloured states using potentials no more than 5 V313

e operating glass surface temperatures of -20 — 80 °C.3%3* Although currently available
electrochromic windows have been tested in hot climate regions within the USA (giving an 80
— 4% transmission change over a few minutes, on a 28 cm x 35 cm scale?*), performance in

cold climates is not as fully validated®

e low maintenance, processing, and set-up costs
e an acceptable colour for the non-coloured state. This state must be transmissive enough not

to compromise the visibility of the window

e the ability to achieve a device with large area
e acceptable material cost (around $100 m).3%3* The quoted maximum permissible additional

cost per m? of electrochromic glass over a period of 10 years is 33.44 €%

e durability for lifetime use over 20 years (around 100,000 cycles)®*

e transparent, high conductivity electrolyte durable to solar irradiation and resistant to
moisture3?

e low toxicity and/or non-hazardous to the public.?®
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There are also some factors that, while not essential, would be beneficial commercially for such as:

e photosensitivity (which can be easily controlled)
e easily tailoring of the colour response

e the ability to create patterns (for potential branding applications)

1.3 Existing Smart Window systems

Common examples of electrochromic material classes are metal oxides or metal coordination
complexes, conducting polymers (CPs) and small organic molecules.'* Electrochromic devices are
commonly characterised in terms of their transmittance, speed of change (of approximately 90-95%

of the transmittance change®®) and cyclability.

Cyclic voltammetry (CV) is used to show the required redox potentials for devices. Occasionally
chronoamperometry plots are also shown.?” Depending upon the type of device, imaging can also be

included in articles to indicate either structure or changes, to a film surface for example.3%%°

Absorbance spectra (specifically spectro-electrochemical spectra) are commonly shown to indicate
the changes in colour with an applied voltage, showing absorbance in the visible region of light in a
particular state. This technique can also assess transmittance in “on and off” states. Taking these
values, colouration efficiency is often quoted. This property depends upon the total transmittance
change, the size of the device and the electrochemical measurement of current through the cell. The
dependence upon these factors makes it easier to compare across reported systems which may be of

different sizes, require different potentials etc.

The international commission on illumination (CIE) colour space is often used to report specific colours
in coloured-to-coloured devices, Figure 1.2.%°%2 The parameters that determine the exact position in
the space depend upon thickness of material and light source.®® Coordinates a* and b* are used to

indicate the colour itself while L* describes brightness.
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Figure 1.2. CIE 1931 XYZ colour space at 50% luminosity (mid-tones).*?

Cyclability is typically measured by switching between the states of a device and measuring how the
transmittance or colouration efficiency is altered through cycling. Typically, the number of cycles
achieved without detriment to these properties is quoted as a measure of stability, or a plot of
transmittance with cycling is shown.3®3%%2 Less commonly is the specific aggregation or structure

reported and how this may change with electrochemical use.
1.3.1 Metal oxides

Transition metal oxides (TMOs) such as Ir**4>, W746-%8 Co, Mn and Ru* oxide make up a large section
of the electrochromic field. TMO films are the most common usage.? There have also been reports of
Smart Windows constructed using metal oxides and polyester-based foils (such as W and Ni oxide
films laminated together).13* TMO films are electrochemically switched to a non-stoichiometric redox
state. An absorption band due to optical intervalence charge transfer causes an intense coloured

state.* While effective, the use of such such materials are generally energy intensive.?

An advantage of TMO based materials such as doped metal oxides is that they can sometimes act both
as electrochromic devices and pseudo capacitors in a sandwich-like configuration. This factor is an
advantage because a single system can act as both a Smart Window and an energy storage system.

A reported example can power a light emitting diode (LED) for 90 seconds in a coloured state.3

A common example used in electrochromics is WO3 systems, achieving a transparent to blue colour

12,17,34,46,49-51 W03

change. has an almost cubic crystal structure with empty space inside.* These spaces

6
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allow the process of insertion of guest ions such as Li*, altering the oxidation state. For example, WO;
is a transparent film when all W sites have the oxidation state W® whereas W>* has a blue colour.*
Intervalence charge transfer between adjacent W and W® sites allow an intense blue colour in
M, WOj3 systems when x (of My) has a low value.* At higher x values, there is an irreversible formation

of a bronze colour.? Irreversible colour changes are a large disadvantage, causing a significant loss in

suitability of use.>?

Coatings based on TMOs are not always practical. For example, VO, coatings can have poor
transmittance of ~ 40 %> (although this can be improved by adding a band gap widening agent such
as magnesium).®®* TMO films often require complex techniques such as vacuum evaporation, spray
deposition, electrodeposition, electrochemical oxidation, chemical vapor deposition and sol-gel
methodology®*46>354 to be deposited onto electrode surfaces. The complicated nature of these
techniques is a disadvantage as they require specific equipment and training, high temperatures and
vacuum.55, 56 Such techniques may encounter problems or high costs when scaled up. This factor can
only be calculated in a commercial setting as literature examples of devices are typically under 5-10

cm in size.®®

A general issue with scaling up metal-based devices is that quality and cost are restrictions.>®%’
Maintaining good optical transparency with electrical conductivity is also challenging for heat sensitive
polymer substrates in electrochromic films.3® Even transmissive bleached states may not be optically
clear enough for use in windows, creating a yellowish or cloudy view through the metal film. For
example, a gold nanoparticle-gold nanorod system deposited on a porous WOz substrate (AuPR/WOs3)
show in Figure 1.3.%8 The coloured state in this case is very intense and shows a good contrast to the
bleached state. Nevertheless, the yellowish colour of the transmissive state makes this system less
appealing for application in Smart Windows. The requirement of high temperatures to achieve a

coloured state is a disadvantage, as it would be energy intensive and offset Smart Window savings.
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Figure 1.3. Photographs of the AuPR/WOs film on fluorine-doped Sn oxide (FTO) at the bleached state

and the coloured state. Reproduced from Xu et al.>®

lon insertion and extraction can be used to change the lattice structure of an inorganic electrochromic
material.?? Changing the potential applied and the thickness of a film can impact colouration to form
tuneable devices. However, these systems are reported to suffer from issues with irreversible side

reactions, instability and slow switching times in large area devices.?

One of the advantages of TMOs is the variety of colour achieved. Phthalocyanines are compounds
with a metal ion at either the centre of a phthalo-cyanine ring or between two rings.>>%° [Lu(Pc),] has
a range of colours from orange to violet, although mostly a blue-green transition is used in
electrochromic devices.* While performing reversible and uniform chromic changes in a range of
tuneable colours, TMOs are not without fault. They are costly,>* with examples such as IrO described
as “excessively expensive”.’> TMOs are also inherently brittle and often require long switching times
to achieve colouration.®*? Finally, TMOs tend to have high stability to ultraviolet (UV) radiation.
Although not a direct disadvantage for Smart Windows, it takes away the possibility of windows that
respond to sunlight.3® The ability to respond to natural light automatically is a property that other

classes of material can achieve.

Overall, TMOs offer many beneficial properties that fulfil the criteria of a Smart Window. Nevertheless,
the disadvantages in terms of stability and cost can outweigh these benefits. Some systems also have
poor colour intensity in a coloured state.®? Other classes of material could fulfil these criteria without

the challenges associated with mining, processing and recycling TMOs, creating a ‘greener’ alternative.
1.3.2 Conducting polymers

CPs are more processable than inorganic electrochromic materials and have a higher propensity to

4,63

tune colour via functionalisation, copolymerisation, blending and lamination. Redox processes

(accompanied by ion insertion or expulsion) result in changes to the polymer’s electronic properties

8
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and thus changing the colour of the material.* CPs have advantages such as the ability to finetune

band gap, high colouring efficiency and contrast and fast switching speeds.®* %’

Unfortunately, transmissive states of electrochromic polymers are rarely reported. Electrochromic
responses are either between two differently coloured states, or between a dark and yellowish or
white transmissive state.®®*72 Although transparent CPs exist, they may not be electrochromic
themselves. They are instead used as electrodes for the construction of flexible devices.” The lack of

a visually colourless state is a large disadvantage of CPs in the application for Smart Windows.

For organic polymers to achieve a contrast ratio of over 60%, thick films of over 1 um are often
required which comes at a detriment to switching times between coloured and non-coloured states.>®
Polymer films are also susceptible to degradation if there is a large amount of charge insertion and
deinsertion.®* Size changes and cracking of electrode with cycling (mechanical breathing) are a large
issue, which effect the lifetime of organic film electrochromic devices. This issue arises from electron

transport and ion intercalation in a redox active material, Figure 1.4.74

Increasing cycle number

|
[
- G

Figure 1.4. Experimental observation of mechanical breathing of a film and after every 60 cycles

reproduced from Wang et al.”

The multicoloured aspect of polymer systems is an advantage in electrochromic applications such as
displays (although this ability is not essential for Smart Windows). Multicoloured responses can be
achieved by systems with different reduction processes produced by; metal centred and ligand

centred reduction,* different states of oxidation or reduction or different ratios of mixes, Figure 1.5.7°
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Figure 1.5. (a) Representative electrochromic polymers. Colours are representations of thin films

based on measured CIE 1931Y,, colour coordinates. 0 = neutral, | = intermediate, + = oxidised - and --
= reduced states. Reproduced from Argun et al.’”® from a compilation of reported systems” 2 (b)
Chemical scheme of electropolymerisation formation of a copolymer.’® Photographs of neutral

copolymer films on conductive glass with varying ratio of component parts.”®

Another category of polymer-based devices is a polymer gel. Polymer gel electrolytes are a
combination of copolymer, electrolyte and high boiling point solvent (such as butane-1,4-diol). One of
the key advantages of a polymer gel electrolyte is that these systems can be “self-sticking”,®
eliminating the need for binders to stick onto an electrode surface. This property also facilitates a

system that stands up to some amount of mechanical strain. These systems demonstrate good ionic

10
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conductivity and tuneable mechanical properties.** However the solvents used may be harmful.
Gelation can also require additional processing such as heating to high temperatures, which may not
be practical on a large scale. Scalability must be considered, for example, while methods such as

electropolymerisation are suitable for low surface area films, they may be unsuitable for larger areas.®

The flexibility of polymer devices is advantageous. Wang et al. reported a co-assembled nanowire
network used to produce flexible transparent electrochromic devices.>® Films could be bent more than
1000 times without significant reduction in performance. The level of colouration could be tailored by
stacking layers of film and a dark blue reversible electrochemically induced colouration was
achieved.’® Flexibility, although not essential for Smart Windows, could have potential application in
displays or wearable technologies!’*®%°7 giving organic systems another advantage over TMOs. The
use of films could also mean that technology could be added to existing windows as a coating rather

than replacing the whole windowpane, another advantage to reduce set-up costs.

Polymers have many advantageous properties, but their sensitivity to common weather conditions
can make them unsuitable for Smart Windows. Issues have been reported where device stability is
compromised by oxygen or moisture.’® Moisture is likely to be a particular issue due to rain and
condensation formed by the difference in outdoor and indoor temperature. Some devices must be
made inside glove boxes, which is unsuitable for a scale up.® Electrochromic polymers can also
degrade under UV irradiation.3® This property poses an issue of durability as well as suitability for use

in Smart Windows, which are exposed to UV radiation regularly in the form of daylight.
1.3.3  Small organic molecules

Many organic species have redox states with distinct electronic absorption spectra that absorb along
the UV-visible region.®® Organic compounds have many advantages over inorganic oxides. Domination
of the field by TMOs is most likely due to initial reports of organic electrochromic materials suffering
from secondary reactions during switching between states.®®> More stable systems have since been
reported.®> With precious metals being mined from the Earth (posing many social and environmental
issues®) a move towards organic materials which can be sourced from more sustainable feedstocks3®
could be a better, ‘greener’ approach to this field. One report found that 84% of Pt resources and 70%

of Co resources are located in “high-risk contexts”.%®

Advantages of organic systems include processability, fast switching times, multiple coloured states,
colour tunability, switching stability, high colouration efficiency and a great variety of colours.00101
Surface-bound organic electrochromes have been reported to demonstrate better colouration

efficiency and switching responses than TMOs.5°
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Small organic molecules can demonstrate chromic effects via multiple processes such as redox,
isomerisation, bond breaking or forming. These processes are not all triggered by application of a
potential.12 Small organic molecules have an advantage over larger systems such as polymers in terms
of facile production and low cost.”%1%% Polymers have faced challenges related to efficient

electrochemical bleaching and can require extra processing such as doping.

Organic systems can suffer from degradation (from mechanical stress, UV exposure or moisture) and
slow kinetics.1°? These drawbacks could affect reversibility and processing costs. Thermal instability

can also be an issue.’® However, these disadvantages are not the case for all organic systems.

Polycyclic aromatic hydrocarbons (PAHs) have been reported to exist as stable species (stabilised by
resonance structures) with the addition or removal of an electron. Neutral PAHs are mostly colourless
as they have large HOMO-LUMO energy gaps.'® In charged states however, they are highly coloured.
As both reduced and oxidised species are stable, these systems can be dual coloured. A reported
system using perylene can exist in a blue, olive and pale yellow colour in anionic, cationic and neutral
states respectivley.'® A large variety of PAHs exist and some have been reported to show
electrochromic behaviour in organic solvents.1%%7 A disadvantage is that some of these reported

107

systems are dissolved in tetrahydrofuran®’ which is flammable and a health hazard.

1.3.3.1 Self-assembling systems

Small organic molecules often have the ability to self-assemble into stable, complex structures or
networks%% through non-covalent molecular (intra- and inter- depending on the size of the
molecule) interactions such as electrostatic attraction, Van der Waals forces, m—m stacking and
hydrogen bonding and/or through solvent interaction with phobic/philic parts of the system,108:110-112
This process occurs either spontaneously (thermodynamic and kinetically driven!®) or in response to

a trigger (for example, a change in solvent or pH).1%1% A variety of shapes can be formed depending

upon the systems used and some can be seen in Figure 1.6.
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Figure 1.6. Cartoon of self-assembly into a variety of structures.

The interactions holding together these assemblies are weaker than covalent bonds and more
labile.1%® The assemblies can therefore be easily changed, broken apart or reformed by changing the
chemical structure of the molecules, changing solvent, adding components, or adding energy to the
system.3 This tunability has made organic self-assemblies attractive to different fields of research

such as pigments, sensors, bioprobes, and photovoltaics.'*®

Host-guest chemistry is also utilised in multicomponent systems where one molecule can fit inside of
a larger structure or self-assemble with another.1% Such co-assembly can be useful in donor acceptor
systems, where assembly can affect photophysical and charge transfer properties.*'7 Larger
assemblies and networks can be made up of smaller parts and linked together by entanglement or salt

108,111,118,119

bridging.

The self-assembling nature of small organic molecules has some advantages for electrochromics.
Assembly can be tuned simply by alteration of functional groups or chemical structure or lengthening
of a repeating unit.®! Formation of fibrous networks has also been shown to be able to aid electron

transfer and result in more efficient redox reactions.'?°

1.3.3.1.1  Characterisation
The self-assemblies of small organic molecules are commonly measured with a variety of techniques.
Depending upon the specific systems, each technique has different advantages and disadvantages.

127127 hyclear magnetic resonance (NMR)

Some common examples are absorbance spectroscopy,
spectroscopy,*?®132 rheology,'** '3 dynamic light scattering (DLS),**13°743 small angle scattering

(SAS),136:144-150 circular dichroism (CD),***~*°¢ and microscopy.!4%143:157-160
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Absorbance spectroscopy is an effective technique to probe molecular packing® but cannot tell
information about the specific structures formed (i.e. a sphere, a cylinder, a sheet etc). Similarly, NMR
spectroscopy is a useful in situ technique to assess the kinetics of assembly but cannot tell information
about the types of aggregates forming. Instead, this technique can provide information about the
percentage of molecules that are assembled (for example over the course of gelation).'?® Absorbance
spectroscopy is of particular use in chromic materials as it can be used to assess how much of the
visual spectrum of light is absorbed or transmitted by a sample as well as noting any significant
aggregation changes. However, the absorbance wavelengths of some systems are out of the range of
a spectrometer, and highly coloured dyes can be challenging to measure even at relatively low

concentrations.

CD can give information about packing and chiral assemblies!®!

and is most commonly used in
biochemical fields, for example to assess the secondary structures of proteins.'®2CD can also be used
to monitor gelation of chiral monomers.!%® However, properties such as turbidity, birefringence and

anisotropies of the sample may “seriously affect the data” 163164

The rheological properties of gels can be indicative of network type and rheology can be used to
understand the kinetics of assembly.'®! Trends in viscosity with shear or the magnitude of viscosity
can indicate the presence of micelle assemblies or of networks.2>% Similarly to absorbance and NMR
spectroscopy, we cannot infer specific information about the structures. This technique provides

information about bulk properties only.

Optical microscopy is not commonly used to assess self-assembly due to the need for very large
structures. Fibrous structures can be imaged using scanning electron microscopy (SEM) or
transmission electron microscopy (TEM) to give information about fibre thickness or porosity. The
drawback of this technique is that drying is required which means one may not gather a true
representation about the sample in solution or gel state.?8%167-169 The use of a stain in TEM can also
change structures during imaging.'®! For electrochromics, where a background electrolyte is often
required, the presence of salt would not be conducive for drying samples. Another issue with
microscopy as a technique is that it could be challenging to see the structures of smaller aggregates
(in other words, if a well-defined fibrous network is not formed as in gels). Alternatively, if a
multicomponent system is used, it can be challenging to determine components from each other,

although some examples are reported.17%172

DLS and SAS are both scattering techniques. SAS is the most commonly reported technique for
assessing the self-assembly of small organic molecules. This technique will be discussed in more detail

later in this chapter. As a non-destructive technique which measures aggregation in the sample
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without pre-processing, over a variety of length scales, it is an attractive tool with some drawbacks
such as the time scale of measurement and availability of neutron and X-ray sources. DLS is affective
in assessing the size of aggregates but cannot discern molecular organisation and structure.* It is a
more readily available instrument but is more suited for spherical particles than more complex

aggregate types. DLS can also be sensitive to impurities in the sample such as dust.

The best understanding of structures comes from a combination of bulk measurements with
molecular level measurements. By combining techniques, a variety of length scales of assembly can

be investigated, giving as much understanding as possible for each system.

1.3.3.2 Viologens

Viologens are salts of quaternised 4,4’-bipyridine. The starting material for viologens (4,4’-bipyridine)
is readily available and synthetic routes are relatively simple.’* Viologens dominate the organic
electrochromic field*143238173-180 que to the intense colour (attributed to optical charge transfer
between nitrogen atoms with different valences)®>14176.177.181.182 of thejr radical species. The radical
cations of viologens are stable due to delocalisation of the radical electron throughout a m-framework,

Figure 1.7.16%

o+
— — e //'_'\\ //'_'\\ e — —

Colourless Blue (as monomer) Light coloured

Figure 1.7. Example of viologen in the dicationic, radical cationic and neutral state.

The functionalisation of viologens influences colouration, which makes them easy to tune. For
example, alkyl groups promote blue or violet colours and aryl groups promote green colouration,®
Figure 1.8. Dimerised viologens also have different spectral properties to monomers, exhibiting very

different coloration in some cases.®”
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Figure 1.8. Colour change from transparent achieved using a TiO, moderated film alongside
corresponding chemical structures (colour coded) Adapted from Cinnsealach et al. (chemical

structures and scale bar added to figure).'’®

Viologens are also capable of multicoloured responses when different potentials are applied
corresponding to different states of reduction and oxidation, and mixing multiple species together can
increase the number of colours achieved, Figure 1.9.'% There are many examples of viologens as
modified films7318418 gr ge|s3294187-189 sed in electrochromic devices but solution based devices are

less commonly reported due to issues such as leakages and side reactions.!”®

Figure 1.9. Images of the device reported by Alesanco et al. demonstrating multicoloured

responses.'®
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Switching times may rely on diffusion rates which can slow the chromic changes.?® Fading in intensity
of colour and poor cyclability long term efficiency are also issues.7%189185 prolonged cycling has been
reported to cause irreversible colouration.’®® Viologen systems can often form a residue due to
crystallisation (which is referred to as ageing).}%'% Sometimes ageing causes colouration to appear
patchy within films, which causes a “ghost image”.'®> Redox mediators such as hexacyanoferrate can
resolve these issues; adding cost to the system.%® Unfortunately, mediators themselves can cause

coloured residues or precipitates.!®

Incomplete conversion to a transmissive state can also be compromised by the presence of side
reactions.’®1%2 These side reactions (such as dimerisation) occur during the electrochemical
operation. Such side reactions can cause “incomplete bleaching” of the highly coloured viologen

radical cation.'® This occurrence can be removed by a number of approaches, for example, using

3 194 177

bridging ions®® or bulky subsitutents,’® anchoring to a substrate!’” or incorporating a polymer

network.'® Aggregation of coloured viologen species can also cause issues with “bleaching”.'® In
cases like this, thermal curing is required to avoid this phenomenon which adds cost and additional

processing to the system, which is a disadvantage to the application of Smart Windows.

In addition to cyclability issues, although highly coloured, viologens still may not be best suited for the
application of Smart Windows due to a lack of neutral transparent state.®” A colourless to coloured
state is not always viable, rather coloured to coloured is seen. Some reported examples are yellow”?

192in colour. Some can appear transparent in a neutral state in a thin gap.!® The intensity of

or white
colour is also not very powerful in non-radical states of viologens. This phenomenon is due to a lack
of optical charge transfer or internal transition (which correspond to wavelengths in the visible

196

region).”® The toxicity of viologens is also a disadvantage!®® as concerns to public safety will likely

outweigh most other advantages.
1.3.3.3 Naphthalene diimides

1,4,5,8-Naphthalenediimides (NDIs) are neutral, planar, chemically robust, electron-deficient and
easily functionalised.®1%® They have many of the same advantages of viologens such as easy
synthesis, high colouration intensity and stability of radical species through a t network, Figure 1.10.
NDlIs are easily photo- and electrochemically reduced to form their stable radical anion and dianion in
high yield. These reduced species can be identified easily through absorbance spectroscopy or
electron paramagnetic resonance (EPR) spectroscopy as well as by eye due to high colouration.71%°

NDI radical anions can be oxidised electrochemically or slowly relax over time.?®® One advantage of

some NDI systems (for example, those appended with simple amino acids) is that they are soluble in
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water. Water is a cheap and benign solvent which is advantageous for Smart Windows. Aqueous

systems are a greener approach to electrochromics and preferable to be used in public places.

UV light —- .
@) 0] Negative Potential @) 0]
O Reducing Agent O
R-N N-R = = R-N N-R
O Oxidation in air O
o) o) Positive Potential 'e) 0

Oxidising Agent

Figure 1.10. Redox states and triggers of NDIs.

The radical anions of NDIs are effective chromophores, absorbing strongly in the visible and near
infrared regions.2%#21741% Thjs property makes them well suited for application in Smart Windows.
Zheng et al. reported an NDI-based gel which undergoes colour changes from brown to purple upon
electrochemical reduction.?®® These colours can be characteristic of the radical anion and dianionic
species of NDIs respectively.192%! pink and yellow colours have also been associated with the radical

anion.*’

NDIs have been reported to give uniform, dark colour changes at low potentials that can be
maintained without the need for constant application of potential.*® Low potentials not only save
energy consumption, but also prevent degradation and are safer to use.'® Reducing the magnitude
of potential required for colour change (as well as the frequency of applying potential) gives NDIs
advantages over viologens. Viologens require bursts of potential in order to replenish dark colouration
in aqueous systems.®7° A replenishing potential is required as the coloured species diffuse into bulk

solution easily and are quenched by water.%>7

NDIs can self-assemble into a variety of structures in solution depending on solvent and chemical

structure. NDIs have been reported to form assemblies such as m-stacks,’#197:202 nano-tubes, honey-

116 203

comb like structures and nano-sheets'** as well as vesicles,”>® nano-belts and microcup structures in
chloroform.?®* This variety of structure is an advantage of self-assembling organic molecules generally.
Self-assembly can be achieved spontaneously as well as through methods such as metal-ion
coordination and solvophobic control.'®® Influencing assembly by external stimuli as well as changes
within the molecules chemical structure or functionalisation is facile for small organic molecules such

as NDIs and tuning ability can be used to fit to a set of criteria for a commercial product,.116:200.204,205
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206 and hydrogels,” a property which allows them the additional

Certain NDIs can form organogels
advantage of application in patterning, Figure 1.11. Due to slower diffusion rates, gel-based devices
hold the shape of a pattern for longer than solutions. The photo- and electro-chromic sensitivity of
NDIs allow multi-stimuli systems which can respond to light as well as on-demand electricity. This is
an advantage for Smart Windows as it facilitates a dual trigger, meaning the windows could be

automatically tinting as well as responsive on demand.

Figure 1.11. Patterned solutions (a—d) and gels (e-h) of an NDI based electrochromic device as
reported by Gonzalez et a/.?° a and e show the initial solution and gel, respectively. The photographs
were taken at 0 minutes (a and e), after 1 minute (b and f), 5 minutes (c and g) and 10 minutes (d and

h) after applying a reducing potential. The scale bar represents 1 cm.

NDIs have not been as commonly reported as viologens, although some examples with good cyclability
have been reported.??”2% Viologens may be preferred because the range of colouration is not as wide
or because some examples of NDIs show weak colouration.?%82% However, in an ideal Smart Window,
only a transition to a dark colour is required. Another reason may be this class of molecule is more

commonly reported as part of semiconducting applications.?!02!

The chromic properties of NDIs have been used in combination with metal organic frameworks
(MOFs)207:212-214 +4 form chromic systems but MOFs can be challenging and costly to synthesise and

sometimes the colour change by eye is weak in such systems.?*
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The highly pale colour of neutral NDIs makes these devices appear almost transparent to the eye in a
thin gap,2>%72%  Figure 1.11(a and e). The coloured state of devices can be highly
contrasting.29199.207.212.215 goth of these factors are very great advantage for the application of Smart

Windows. NDIs have great potential but are not commonly reported as Smart Window systems.
1.4 Aqueous systems

Many electrochromic systems operate within organic media (polar organic solvents are conventionally
used as electrolytes due to high dielectric constants needed to facilitate ion migration3>14). The use
of volatile or harmful solvents (organic solvents are very commonly skin irritators or harmful if inhaled

or swallowed)?®

offsets some of the advantages of organic materials such as their derivability from
renewable resources.® Such hazards will increase the safety procedures required during scale up and
will be more harmful if products were to leak or break. Some systems can alternatively be dissolved

into an aqueous solution.?’” In general, these systems are more likely to be organic.

Using any solution as an electrolyte can cause issues and challenges with device set-up. Common
problems include leaking, containing the solution whilst sealing?'® and bubbles or gaps in the filling
process. Hydrogels are an example of aqueous systems which can solve issues such as leakage.?%4219
For example, a reversible thermally triggered system using hydroxypropyl methyl cellulose switches
between optically clear and opaque states.?’® The reported system uses an application of 8 V through

a tin mesh to generate the heat required for this process. This potential is very high and energy

intensive which is non ideal for Smart Windows.

Aqueous solutions have restrictions in operating potentials of approximately +1 V due to water
limits.22° Another limit is that the temperature range of water as a solvent is acceptable for buildings
but unsuitable for automotive glass.??! The drop in temperature in winter could prove a complication
for aqueous systems due to freezing. One solution is that adding ethanol or glycerol to aqueous

electrolytes can aid functionality in cold temperatures by lowering the freezing point.??

Water soluble systems are, nevertheless, preferable to organic systems. Volatile or toxic solvents are
hazardous and unsuitable for Smart Windows. Conventional liquid electrolytes using organic solvents
can also have issues with contamination.®*® Furthermore, as aqueous systems offer advantages such
as minimised cost, ease of handling and disposal, environmental friendliness and safety to the public,

and so would be good candidates for Smart Windows.54¢>

Solution-type electrochromic devices are not always possible. CPs can become redox-inactive when
interfaced with aqueous salt solutions® and are commonly non-aqueous due to the hydrophobic
nature of some polymers. Side chain modification with amide functional groups has been reported as

a way to facilitate aqueous systems for CPs.5> Water soluble polymer-based electrolytes have some
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disadvantages. Their thin films often need post-modification in order to prevent delamination or

dissolution in aqueous electrolytes.??

Dimerisation of viologens is particularly prevalent in aqueous solutions.®® The electro-oxidation of the
radical cation dimer of a viologen is slow and therefore this phenomenon effects switching times of
aqueous devices.” It has also been reported that the efficiency of displays based on short-alkyl chain
viologens in aqueous electrolytes is lowered by the coloured species diffusing away from the electrode
surface due to high solubility.%>?%* Aqueous environments also facilitate quenching of the viologen
radical by H,0 and 0,.1° This quenching gives rise to a requirement of a continuous small current in

95

order to replenish the coloured state.” This drawback should be considered a flaw of viologen

systems rather than a disadvantage of solution-type devices.

Metal based aqueous devices have been reported but are not common. Using water as a solvent is an
issue in such systems as electrochemical redox of metal compounds is usually performed at high
potentials which would cause H; production from water and cause bubbles.??! More oxophilic metals
have a greater likelihood of irreversibly forming metal oxides on the surface of electrodeposited

metals as well as insoluble hydroxides in basic solution.??

Huang et al. reported a pH-tuneable aqueous electrolyte which exhibits electrochemical switching in
pseudocapacitive devices via reactions of C0304.222 This system relies on two redox reactions
converting between Co?" and Co®* or Co* and Co*. “Large amounts” of OH" ions are generated and
used up as a potential of 0.5 V is applied.??? Colour changes (pink, blue and yellow) in this system are
brough about as the pH of solution changes.??? The yellow colour change is not particularly intense,
Figure 1.12(c). This chromic effect is facilitated by pH indicators (phenolphthalein, thymolphthalein
and 3-nitrophenol) which allow different three colour changes, and mixing of the indicators could
allow a further range of colours. An issue with this system is the chemical stability of the pH indicators
is poor due to the application of high voltages and CO, dissolving into the electrolyte.??? Another issue
is that the bleaching process takes 10 times as long as the colouring process (100 and 10 seconds

respectively) which is not ideal.??? This difference is due to ion diffusion processes.
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Figure 1.12. Photographs of the colour change in one cycle including bleaching and colouring
processes with the applied voltages of +0.5 V and -0.5 V. Systems contain acid-base indicator, (a)

Phenolphthalein, (b) Thymolphthalein and (c) 3-Nitrophenol. Reproduced from Huang et al.???

Metal based electrochromic windows have been reported using an aqueous media (agitated to form
a gel electrolyte) using metal deposition and dissolution to form coloured and transparent states.?*
This system provides a high contrast transmissive to dark colour change and so is a very good
candidate for Smart Windows, Figure 1.13. Such examples shows that aqueous based systems can
yield promising results and that such choices can be made to maximise the safety and minimise the

cost of such systems if they were to be scaled up. Lower cost is of particular benefit to metal containing

systems, which can be very costly.
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Figure 1.13. (a) Schematic of a 25 cm? 2-electrode window containing a Cu-Ag gel. (b) Photographs of
the window during switching outside (top) and inside with a white background (bottom) after 0, 15,
and 30 seconds of metal electrodeposition by applying - 0.6 V and subsequently 30 seconds of metal

stripping at 0.8 V (from left to right). Reproduced from Barile et al.?*

1.5 Transmissive to dark materials

It is not common for one system to be able to transmit and/or absorb all the visible region of light on
demand. It is challenging to synthesise or fabricate materials with the significantly large band gap
required to be both transmissive and broadly absorbing in bleached and coloured states.>>®% A
transparent native state is also hard to achieve, with a light yellow being commonly seen and
accepted.?® The transition from transparent to black has been referred to as the “holy grail” of organic

optoelectronics.??

The transition from a transmissive state to a coloured state is essential to Smart Windows and a
visually transparent to black transition is the most aesthetically pleasing. Transition between two
coloured states compromises the visibility through a window. Black is a neutral colour and is
associated with privacy windows already and so this transition would be most desired for a chromic

window device.

The transmittance of the window must be sufficiently altered in order to achieve significant energy
savings and so a high contrast between states is important.?* Grey or black coloured devices can filter
light in an effective way. However, colourless to black or grey electrochromic materials are challenging

due to slow switching responses and issues tuning absorption properties.3?

Transmissive to black electrochromic films have been prepared from aromatic polyamides!® which

are soluble in organic solvents. Although this material shows broad absorbance in the visible and near
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infrared region, the colouration is not dark enough for an application in Smart Windows and the use

of organic solvents is a disadvantage.

One strategy to achieve a transmissive to dark colour change was reported by Hernandez et al.®
Reversible metal electrodeposition was used to achieve a uniform black colour. This colouration was
facilitated via electrochemical reduction of metal cations in the electrolyte of the window to a film.
Windows based on this method of electrodeposition tend to suffer from poor durability if scaled up

to areas beyond 1-4 cm?2.3®

Single electro-chromophores are not common in transmissive to black devices. Sometimes two
colouring materials are instead used.>> An example of a single electro-chromophore is reported by
Nguyen et al.>> based upon p-aminotriphenylamine anchored to a mesoporous Sn-doped In oxide (ITO)
electrode surface. This system achieved fast switching times of 4 and 2 seconds and contrast ratios of
64% but still required additional steps such as annealing and drop casting.>® The colour change itself
is also not of very high contrast as an image can still be seen through the glass, Figure 1.14. Depending

upon requirements, this factor could be a disadvantage to Smart Windows.

@ L ®

Figure 1.14. (a) Chemical structure of the reported p-aminotriphenylamine system (b) photographs of
the off (-0.47 V vs Fc/Fc+) and on states off state and coloured on state (1.13 V vs Fc/Fc+). Reproduced

from Nguyen et al.>®

This system has poor cyclability, with solution becoming “progressively bluer during electrochemical
cycling” > There is also partial loss after 50 cycles and complete loss after 270 cycles®® of switching
performance due to deterioration of the scaffold of mesoporous ITO. A long life time is required for a
Smart Window to warrant the initial set-up costs. A radical cation is responsible for a black state in

this system. It is generated upon oxidation which itself means that oxidation in the air could discolour
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the device. This occurrence is a disadvantage in Smart Windows as colouration should be on demand.
As the transmissive state is seen upon application of a potential, a constant potential would be

required to maintain a transmissive colour. This aspect is another disadvantage of this system.

Polymerised materials have been reported in black to transmissive devices. Copolymerisation,
blending and layering is used in order to create a material which can absorb the largest amount of the

visible spectrum.®*® However, reported systems experience issues with cycling.%

Switching from dark to light colouration is less suitable than light to dark states.’%9%2% As 3
transmissive state is likely the default state for a window, the energy expended maintaining that state
in a dark to light system would offset the energy savings facilitated by a Smart Window. Safety hazards

must also be considered with constant potential flow through windows.
1.6 Colour mixing and multicomponent systems

Some methods of achieving a transmissive to dark colour change are through colour mixing, multi-
layered devices and multielectrode systems.3%2%” By combining the absorbance in the visible region of
multiple components, the device can appear closer to black by eye. Colour matching is an example of
mixing components to create a complex system, combining the advantages of its constituent parts to
228

achieve a specific colour transition. This can also be utilised to other ends such as multi-responsive

or multi-coloured devices.222°

Mixing TMOs that give complimentary coloured states is a way to improve the contrast between
states. For example, a charge transfer from Ni to W oxide darkens both species, thus increasing the

intensity of colour change, which is a benefit.?® The opposite charge transfer bleaches both species.

A reported example of mixing involves two processes with MnO, and Mo-doped WOs at two
electrodes. These processes produce dark colouration (Mn3* = Mn* and W® = W>*) which mix
brown and blue respectively,® Figure 1.15. Bleaching/discharging processes yield the reverse.
Combination of two metal species introduces additional cost and complexity into the system, which a
single component system does not incur. The high potentials needed for this device would also result
in a higher cost of operation. A compromise between performance and cost of production and
operation is likely to be made on a commercial scale and so it is important to look towards more cost

efficient alternatives to metal oxides.
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Figure 1.15. Colouration from Mn0O;(a) and Mo-doped WQOs (b) separately and then combined (c) into
a device on FTO glass with a Pt foil counter electrode. 2 V and -2 V vs Ag/AgCl reference applied to

achieve the coloured and bleached state. Reproduced from Xie et al. (scale bar added).

Organic systems are sometimes mixed to achieve a black colour, for example, mixing anthracene and
benxo {a} -pyrene. This system results in absorbance across the majority of the visible spectrum upon
the application of -4 V, Figure 1.16.2% This system uses tetrahydrofuran as its medium which is
hazardous.?®® Reported switching times are also not ideal (with dark colouration taking 5 minutes and
reversal taking up to 40 minutes).1% Similar to metal oxide mixing, the more components within a
system, the more costly the production will be (depending upon the individual synthetic requirements

of each component). Therefore, if systems are mixed, the benefit of mixing must outweigh this cost.

(b)

3= =
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Figure 1.16. Colouration achieved in a device reported by Stec et al. (scale bar added)
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Another example mixes an asymmetric viologen with a poly(2-isopropyl-2-oxazoline)-based molecule,
utilising a combination of thermo- and electrochromic properties to achieve transmissive to black
chromic changes.?®! This system achieved an intense black colour at 52 °C with application of 2 V.
While an impressive transmittance change, the energy required to achieve this transformation is

unlikely to be feasible and such high temperatures would not be conducive to use in a workplace.

Mixing organic and metal systems is another method to produce dark colouration. These systems can
utilise MOFs and modified metal oxide films.”%173174212.232 yowever, there are issues with such hybrid

devices, as some show poor cycle reversibility, lack of tuneability and low colouration.*’

A transparent to dark device using a MOF with an incorporated NDI was reported.?!? The colour
change speed was faster than comparable TMOs such as WO3 (which sometimes need up to minutes
to produce a colour change).>?23%2% The speeds were also comparable to polymeric electrochromic
materials.23¥2% This reversible colour change was found to yield the darkest reduced state with Ni and
a 1:1 ratio of the NDI radical and dianionic species. MOFs are not commonly used within

electrochromics due to difficulties with processing.?'?

1.6.1 Mixing for other reasons

The mixing of components is not always for colour matching. Sometimes the physical properties of
one component can be combined with a chromic system to yield a new device. for example, utilising
the gelating, or film flexibility of a component whilst maintaining the chromic properties of another.
A UV-crosslinked ethoxylated trimethylolpropane triacrylate polymer network is used to immobilize a
heptyl and phenyl viologen.'® This device can achieve green, marine, transparent and grey-blue
colouration with switching times of between ~1 and 12 seconds.'®® Solutions of this system do not
perform well due to m-it aggregation of the viologen radical.'® Therefore, the solid state properties

facilitated by the polymer network are a solution to this problem.

The nature of polymers means that two or more molecules can be combined, bringing positive
properties from both into the new system. Polymer networks allow different organic molecules to be

combined into one system in order to achieve multicoloured electrochromics.10%18

Combination is not always beneficial. Polymer and TMOs are used in the form of films as electrodes in
a combined inorganic and organic electrochromic device. This combination is not always successful if
the processes of each electrode are not complimentary. Colouration efficiency has been reported for
such devices as lesser than the constituent parts of the device.*® Design of such devices is an additional

challenge which could be time consuming.
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Multi stimuli responsive materials that are both electro- and photo,- thermo- or hydro-chromic (a
colour change in response to moisture, such as humidity) have been highlighted in a recent Smart
Window review.??® Dual functionality was also highlighted in this review, using examples of windows
that generate power through photovoltaics or are self-cleaning or air purifying, improving ease of use
in an office type setting.?? Such devices used dyes and liquid crystals or a mix of metal oxide layers
within one device. Electrochromic windows with multifunctional chromic and power charging
properties have also been reported with the ability to self-colour and bleach without the need for
external potential which would give additional environmental and financial benefits over a long term

(but the initial cost a such a multicomponent system is higher than a singular system).?>
1.7 Measuring the structures formed from small organic molecules

As discussed, the aggregation of self-assembling molecules is crucial to their properties,111:122128,204,236-
28 Differences in structure can be linked to various properties, such as viscosity, gelation, conductivity,
colour and stability. To better understand these relationships, it is important to use a technique that
gives insight into aggregation that can be linked to experimental data. SAS is a highly effective
technique to assess non-crystalline aggregates of a 1-1000 nm size.**2*7 We gain insight into structure
types and properties (such as radius and flexibility) by fitting SAS data, obtained from the scattering
of neutrons or X-rays by samples, to theoretical models.?*® Larger structures scatter at a smaller angle
of around 0.1-10°.** The scattering is elastic and coherent meaning there is no net loss of energy.
Incoherent scattering arising from the solvent can be removed by background subtraction during data
processing. When neutrons/X-rays are scattering from a sample, Figure 1.17, the intensity of
scattering at different length scales is a result of molecular weight, size of object and concentration*

and is measured with varying scattering angle. The scattering variable Q which intensity is plotted

Q= <4TT[> sin <§> Equation 1.1

where A is the beam wavelength and 8 is the scattering angle.

against, is resolved by Equation 1.1:
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Figure 1.17. Cartoon representation of SAS. 6 is the scattering angle of the beam from the sample.

Small angle neutron scattering (SANS) and small angle X-ray scattering (SAXS) have differences in
sample preparations and various advantages and disadvantages. Neutrons interact with the nucleus
(whereas X-rays interact with the electrons) of atoms?*’ but both techniques are comparable in terms
of the Huygens-like description of wave propagation. SAS is a highly beneficial technique as it allows
measurement of aggregates over a variety of length scales, allowing insight into network level and
molecular level interactions and aggregates.1#9161.249-252 The sensitivity of SAS makes it an attractive
tool to measure self-assembling organic compounds. It is highly penetrating whilst not destroying the
sample and gives insight into structures, crosslinking and distribution in space that we cannot gain

from techniques that give more insight into local assemblies like packing (absorbance, and

CD).144'161'247

Another technique to study aggregates is using imaging, however imaging is not always suitable and
will not always give a true representation of the sample as previously discussed.’®”%3 |t is also a
possibility that there is a difference in bulk and surface aggregation which leads to unrepresentative,
incorrect or misleading characterisation.?>* By penetrating into the bulk sample, SAS overcomes this

issue.

The disadvantage of SAS is that it requires a neutron/X-ray beam (typically using advanced and
physically large facilities). While some lab sized SAXS equipment is available, both SANS and SAXS
typically requires application for measurement time at a specific location with facilities such as a

spallation source (SANS).

1.7.1  SANS vs SAXS

There are various advantages and disadvantages of SANS and SAXS which depend on the specifics of
a given experiment and its requirements. For example, while SAXS is not damaging, some biological
molecules are more susceptible to damage from X-rays than neutrons.?* SANS requires contrast

between the scattering length density of the solvent and the object being measured. This contrast is
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achieved by using a deuterated solvent which will not scatter as much as hydrogenated objects. In
SAXS this contrast comes from a difference in electron density.?*® Due to this factor, SAXS can be
performed using standard aqueous solutions (the same solutions used in experiments in a lab) which
is advantageous if samples have different properties in D0 than H,0. For example, the hydrolysis of
glucono-delta-lactone (a common gelation trigger®®) is different in DO than H20 2°® which could lead

to differences in gel properties.

Contrast matching can be used to make specific parts of the sample less ‘visible’ to neutron
scattering.144149254257 By deuterating parts of the molecule synthetically or by altering the mix of D,O
than H,0 to match the scattering length density of one of the components, this technique facilitates
in-depth analysis of multicomponent systems or a method of following processes such as gelation*

or elongation rate of fibrils.1>°

An advantage of SAXS over SANS is that it has a high flux and can perform measurements within
seconds, whereas neutron scattering, depending on the source, can take an hour for a well resolved
measurement. This timescale depends on the number of neutrons available and how well the samples
scatter. Therefore, if an experiment uses SAS to follow a short period of kinetics 28 or if a large number
of samples is required, SAXS is a more appropriate technique. SANS kinetic experiments are more

suited to long term processes occurring overnight or over several hours.1*®

In situ SANS or SAXS is a highly advantageous strategy to track changes in self-assembly, combining all
the advantages of SAS for analysing self-assemblies of small organic molecules with those of in situ
measurement (being able to measure and track changes in a property in real time, without the
possibility of disturbing or transferring the sample). In situ SANS is reported when measuring the
response to an initial stimulus such as a change in temperature, pH, or stress. This method can be used
136,261-263

to follow phenomena such as dealloying,%%° gelation, 148260261 or response to applied shear

but could be restricted by timescales and data quality.

A field in which this technique is not highly utilised is electrochemistry. The use of spectro-
electrochemistry (an in situ electrochemical technique combining electrochemistry with absorption
spectroscopy) is common but the use of in situ scattering alongside electrochemical processes is not.
This phenomenon is largely due to complex experimental considerations, such as electrolyte
reservoirs and cells within the beamline.'¥:%>3 |t is challenging to perform electrochemistry in a
beamline (usually needing custom made cells?®*) and electrochemically active species may not have
stability if a potential is not applied, meaning a cell must be in use for the whole measurement.
Irradiated samples have been used instead if samples are photo-and electrochemically active.?®

However, this method is not always possible, relies upon the stability of the irradiated species (which
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may not be the length of a typical SAS measurement) and whether photo- and electrochemically
triggered species are comparable. A combination of electrochemistry and SAS would be useful for the

study of small organic electrochromic molecules.

1.8 Introduction to the work in this thesis

NDIs show a lot of potential for the application of Smart Windows, but they are not widely studied for
this purpose. An NDI based hydrogelator has been reported with the intention for this application by
the Draper group.? This system combines the benefits of an aqueous system, small organic molecules,
and transmissive to dark colour change, Figure 1.18. Such NDIs (appended with simple amino acids or
dipeptides) have many of the properties set out as requirements for Smart Windows in 1.2.1. They
can exist as a neutral transmissive and an intensely coloured state, and the transition is reversible.
This colour change occurs uniformly, quickly (within seconds for the reduction and within minutes for

the oxidation) via the application of potentials less than 3 V. ?°

Negative Potential

>

Positive Potential

Figure 1.18. Transparent-to-dark colour change achieved hydrogel NDI based electrochromic device,

reproduced from Gonzalez et al.®®

NDIs are also chemically robust, and so are likely to be stable within the operating temperatures of
most buildings. NDI radicals have been found to be stable in aqueous solutions at high temperatures
of 40-60 °C.2% The stability of the NDI radical means that an intense coloured state can be maintained
without the requirement of constant application of potential and the simplicity of synthesis means

that cost would be relatively low.?° This factor is an advantage over aqueous viologens.

In order to compete with other Smart Window organic systems as well as TMO systems, on a
commercial scale, NDlIs need to prove that they can operate with the same or comparable colouration

intensity, uniformity, switching times and cyclability.

As discussed, organic systems such as NDIs can self-assemble spontaneously into high-order organised
structures. These assemblies are maintained by non-covalent interactions.?®>2%¢ These interactions are

relatively weak and therefore structures can be influenced easily by factors such as pH (which creates
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charge within a system) or adding different appended group to the molecule (that effect the attractive
or steric forces that govern structure).?®® The self-assembling nature of NDIs is of great interest as it
has the potential to make these systems highly tuneable which is advantageous to Smart Window

systems. %8

Continuing work from the reported system,?® questions about tunability and durability can be
investigated. Properties such as absorbance, stability, colour and efficiency of redox processes could
all be affected by aggregation. NDI reduction has been notably affected by structure.?!?” No links
have been made to colouration and aggregation, nor has tailoring or improvement of the set up and
system been attempted. Other amino acid appended, water-soluble NDI systems not been

investigated for this application to our knowledge.

The overall aim of this thesis is to evaluate how chemical structure and pH can be used to affect the
chromic properties and/or stability of NDIs appended with amino acids/dipeptides (allowing water
solubility). We believe these systems have great potential as a water-soluble organic alternative to
TMOs and by understanding the relationship between aggregation and electrochromic properties, we
can understand how to tune devices in terms of properties we would value in a Smart Window

application.
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CHAPTER TWO

Investigation into the effect of pH on solubility, colour,

redox values, and reversibility of colour change
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2.1 Introduction

As discussed in Chapter 1, electrochromic devices that utilise aqueous media are beneficial as they
make use of a benign, cheap solvent but are often overlooked due to issues such as leakage.'™ On an
industrial scale, such drawbacks could be minimised through engineering methods not accessible in
most labs. For our ideal Smart Window, the system we aim to create must adhere to several

parameters which we have set out below:

e solubility or dispersion in water

e fastreversible switching between a transmissive and a dark state

e adark reduced state and a pale and transmissive neutral state

e asmall potential needed to switch between states

e cyclability of at least 100 cycles without detriment of the above parameters (the ability to
switch between states as many times as possible)

e stability (material should not degrade with use or age)

In this chapter we will be looking at the first four of these parameters as these can be used to quickly
screen potential suitable candidates before any longer terms testing is done. This will ensure we are

testing the best materials and therefore save time and resources.

To achieve these parameters, we looked at using naphthalene diimides (NDIs), a class of self-
assembling small organic molecules which are promising candidates for Smart Windows. NDIs
appended with simple amino acids or dipeptides form highly coloured reduced species photo- and
electrochemically which can be reversed by oxidation?, Figure 2.1. Due to the carboxylic acid present,
these systems are water soluble with the addition of base. From previous studies using a dipeptide
appended NDI at concentrations of 10 mg/mL, it was seen that the colouration is sufficiently dark to
be of notable contrast while the neutral state appears colourless or very pale yellow! to the eye,
especially in a thin gap of around 0.1-0.5 mm (such as is used throughout this work). This high level of
contrast is particularly beneficial and highly sought after in this field and forms the basis of this work.®
It was found that these NDI systems are not conductive enough alone to form highly contrasting states
when electrochemically reduced and so background electrolyte of NaCl was required, which is

inexpensive.!
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Figure 2.1. Reversible formation of the different reduced species of NDI-R.

NDIs can self-assemble, this assembly can be influenced easily by chemical structure or
environment.»”8 These systems are known to form one-dimensional it dimers and stacks® which then
fold or assemble into larger aggregates®® such as spheres or cylinders. The structure has been reported
to influence the radical anion production of NDI systems, for example, improved charge carrier
transport upon formation of the radical anionic species when fibrous networks are present with
increased hydrogen bonding.’* A canopy structure between NDI molecules has also been associated
with radical anion stability.!? The self-assembly, and consequent properties such as photoconductivity
and catalytic activity of related materials, has been reported to be heavily influenced by both chemical
structure, packing and pH.»**® We hypothesise that one or more of the parameters set out for our

ideal system can be influenced by self-assembly.

In general, and from the literature, we would anticipate less defined aggregates and less self-assembly
at high pH due to increased solubility, and more complex structures forming at lower pH due to
reduced solubility,'® Figure 2.2. Some NDIs have the ability to form hydrogels from complex structures
forming fibres and networks as the pH is lowered.?>22 As well as lower solubility, at lower pH the
structures have less electrostatic repulsions between them. This reduction in charge can also lead to
the formation of more stabilised or larger structures as molecules can move closer together and
entangle. The chemical structure of the molecule will also have an influence in this respect. For
example, bulky groups have the potential to sterically hinder certain structures from forming and can

be more or less hydrophobic.
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High pH Mid pH Low pH

SELF ASSEMBLY PROCESS

Figure 2.2. Cartoon showing NDI molecules forming different aggregation as pH changes and NDI-R is

in various forms of deprotonation. A single amino acid R groups are assumed for simplicity.

As the amino acid appended NDIs have two free carboxylic acid moieties within their chemical
structure, this will allow for different levels of protonation and therefore solubility, Figure 2.2. From

2324 e anticipate two apparent pK; values corresponding to the

previous studies on similar systems
different carboxylic groups. These apparent pK; values relate to a change in aggregation from a change
in solubility rather than simply a carboxylic acid protonation (we would expect both carboxylic acid
groups to have the same pK; value at around pH 3-5 in unaggregated systems). Therefore, at each pK.,
we would expect the aggregation to change in the NDIs. This change may be subtle, but we anticipate
that pH can potentially be used to tailor our systems to a particular aggregation above and below each

pKa,. The value of the apparent pK, will be influenced by chemical structure. By tailoring aggregation

with pH, we will investigate whether consequent chromic properties can be influenced.

By understanding any relationship between aggregation and chromic performance, the advantages of

these systems could be maximised for the application of Smart Windows. Many things can affect self-

15,29-33

assembly such as pH,®2>2528 functionalisation/chemical structure, additional components or

3439 5olvent, 334043 46,47

additives, counter ions and salts *** and temperature*®*” and so it is not likely to

find one consistent overriding factor that corresponds to a state that fulfils all our criteria. More likely,
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we hypothesise the influence of both pH and R group will be at play to influence an aggregation that
can stabilise the coloured radical anion without detriment to the reversibility of the chromic
properties of these systems. We are therefore going to investigate the effect of ‘R’ group in varying
the amino acid in the imide position, and the effect of pH upon the depth on colour of neutral and

reduced states, switching ability and reduction potentials.

2.2 Results and discussion

The NDIs used will be referred to as NDI-R, where R corresponds to the amino acid at the imide
position, Figure 2.3. Full IUPAC names are (2S,3S)-2-{13-[(1S,2S)-1-carboxy-2-methylbutyl-5,7,12,14-
tetraoxo-6,13-diazatetracyclohexadeca-1,3,8,10,15-pentaen-6-3-methylpentanoic acid (NDI-I), (2S)-
2-{13-(1S)-1-carboxy-2-methylpropyl-5,7,12,14-tetraoxo-6,13-diazatetracyclohexadeca-1,3,8,10,15-
pentaen-6-3-methylbutanoic acid (NDI-V), (25)-2-{13-[(1S)-1-carboxy-2-phenylethyl-5,7,12,14-
tetraoxo-6,13-diazatetracyclohexadeca-1,3,8,10,15-pentaen-6-3-phenylpropanoic acid (NDI-F), (2S)-
2-{2-[13-(1S)-1-carboxy-2-phenylethylcarbamoylmethyl)-5,7,12,14-tetraoxo-6,13
diazatetracyclohexadeca-1,3,8,10,15-pentaen-6-acetamido}-3-phenylpropanoic acid (NDI-GF) and
(25)-2-[(2S)-2-{13-[(1S)-1-{[(1S)-1-carboxy-2-phenylethyl]carbamoyl}-2-phenylethyl]-5,7,12,14-
tetraoxo-6,13-diazatetracyclohexadeca-1,3,8,10,15-pentaen-6-3-henylpropanamido]-3

phenylpropanoic acid (NDI-FF).

NDI-R

Figure 2.3. Chemical structures of NDI-l, NDI-V, NDI-F, NDI-GF and NDI-FF.

In order to assess the suitability of these systems by the parameters set out in the introduction to this
chapter, initial investigations are undertaken. As pH will influence the protonation of the carboxylic
acid groups within R, aggregation and solubility will ultimately be affected. We must determine the
solubility limits of these systems and their apparent pK.. The pK, will indicate at what pH structures

change. With this information we can investigate the structures formed above and below these pK,
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values. Using cyclic voltammetry (CV), we must also determine the redox potentials of these systems

and investigate whether pH has a large effect upon their value.

2.2.1  Solubility
Solubility in water, a pale neutral state and dark coloured state were requirements for our systems
set out in the introduction of this chapter. These properties must be evaluated, starting with solubility

and neutral colour.

Solutions of the NDIs are soluble within water over approximately pH 6. Below this pH, solutions are
turbid to the eye and the NDI starts to form precipitate. In a thin gap (0.1 mm) solutions are
transmissive and in a standard Sterilin™ vial they appear a pale colour beige, yellow or brown, Figure

2.4.

(a) Ty (b)

10 mm

Figure 2.4. Images of solutions of (a) NDI-I, (b) NDI-V, (c) NDI-F, (d) NDI-GF and (e) NDI-FF in a thin gap

of 0.1 mm (left) and in a vial (right) at 10 mg/mL, pH 9.

Solutions form suitably dark reduced states at a concentration of 10 mg/mL, however this
concentration is too high to accurately measure the neutral state using absorbance spectroscopy. A
concentration of 5 mg/mL was used for the measurement of the neutral state. A concentration series
shows dilution has no influence on the spectra collected and the structures are diluted rather than
changed, Figure 2.5. We can therefore assume the spectra at 10 mg/mL would be comparable to those

at 5 mg/mL.
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Figure 2.5. Absorption spectra of (a) NDI-I, (b) NDI-V, (c) NDI-F, (d) NDI-GF and (e) NDI-FF in neutral
state at 5 (black), 2.5 (red), 1.25 (blue) and 0.625 (green) mg/mL at pH 9.

2.2.2  Apparent pK, determination

We need to determine the apparent pK, values of each system. Where pH is buffered during a pH
titration will indicate a pH value at which structures change. Apparent pK, titrations (Figures A.2.1-
A.2.5, Appendix) are summarised in Table 2.1. Two pK, values are found relating to each of the two
ionisable carboxylic groups on each end of the molecule. Two apparent pK,values are also reported
in similar systems.?® The difference in pKa in different NDIs is not substantial. Two pK. values were

found at approximately 9.4 and 6.6.
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Table 2.1. Tabulated pK, values calculated from pH titrations of different NDlIs.

NDI First pKa Second pK;,
NDI-I 9.3 6.4
NDI-V 9.6 6.8
NDI-F 9.4 6.6
NDI-GF 9.2 6.5
NDI-FF 9.6 6.5

2.2.3  Neutral state colour

Next, we wanted to see the effect of pH on the neutral states, so we varied the pH between pH 6 and
12 and measured the neutral state of the NDI systems using absorbance spectroscopy. More detailed
information about structure can be inferred from a combination of absorbance spectra and neutron
or X-ray scattering measurements but the accessibility to the prior technique makes it suitable for

initial investigation. Neutron scattering data is discussed in Chapter 3.

By eye, varying the pH does not affect the colouration of the neutral state for NDI-F, NDI-GF or NDI-
FF (Figure 2.6(c-e)). The neutral state of NDI-l and NDI-V changes visually from a pale-yellow to a pink
colour as pH increases, which could suggest a change in structures, Figure 2.6(a-b). After 30 minutes
at pH 12, this pale-yellow colour is restored in NDI-I, Figure 2.6(a). This delayed change in colour is
likely due to a change in aggregation that is not instantaneous. Changes in aggregation are not always
instantaneous.*® The colour change was noted to occur faster if the solution was shaken and so the
delay may also be due to a diffusion of base through the whole solution. This change occurred whilst
the sample was protected from UV light and so is not due to a photo-induced process. The neutral
state spectrum is more equal in the absorbance intensity between 350 and 365 nm, Figure 2.7, after

this colour change. This observation does not suggest significant changes to structure.
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Figure 2.6. Photographs of neutral solutions of (a) NDI-I, (b) NDI-V, (c) NDI-F, (d) NDI-GF and (e) NDI-
FF at 5 mg/mL at pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 (turquoise), 11 (purple) and 12 (blue

dashed) and after (blue solid) sitting for 30 minutes.
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Figure 2.7. Absorbance spectra of NDI-I in neutral state at 5 mg/mL at pH 12. Measurements taken

before (solid line) and after (dashed line) noted colour change of bulk solution.

A paler colour at pH 12 is also observed in NDI-V, Figure 2.6(b). This observation suggests that
aggregation is altered at low and high pH. At high pH, we would expect these systems to be dispersed
or forming very small or poorly defined aggregates*® and so a change in aggregation is expected as pH
is lowered. When placed in a thin gap of 0.1 mm, any difference in colouration of the neutral state of

all NDIs can no longer be detected by eye, Figure 2.4.

The absorbance spectra of the neutral state of NDI-I, NDI-V and NDI-F show two distinct absorbances
at 365 and 385 nm as well as a small shoulder at 345 nm, Figure 2.5(a-c) and Figure 2.8(a-f). These
absorbances are observed in the spectra of NDI-GF at an approximately 5 nm shorter wavelength,
Figure 2.5(d) and Figure 2.9(a-b). A difference in the ratios of 365 and 385 nm absorbances would
suggest a difference in molecular packing of aggregates.’>*>5° We anticipate changes will occur around
the pK, of each system. Comparable absorbances at a longer wavelength in the neutral spectra of
perylene bisimides (PBIs) have been attributed to one m = 1" electronic transition, coupled with
vibrational transitions, corresponding to S = S: transitions.?>5>2 Absorbances at 380, 360 and 340

nm have been linked to vibrational transitions 0 = 0, 0 = 1 and 0 = 2 respectively in NDI systems.>3

No shifting in the wavelength of absorbances are observed as pH changes in any NDIs and so we infer
no drastic changes in structure occur with pH. The relative ratio of absorbances at 365 and 385 nm
changes as pH increases in both NDI-I and NDI-V, Figure 2.8(a-d). A decrease in intensity in the
absorbance at 385 nm is observed at pH 10 and 11. At pH 12 one broad absorbance is observed instead
of two distinct absorbances. This observation suggests that a subtle aggregation change in packing

occur above the first pK, and becomes more significant as pH increases.
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NDI-F is less susceptible to aggregation changes between pH 6-11 than NDI-l and NDI-V, Figure 2.8(e-
f). The aromatic groups could facilitate more rigid or less changeable structures due to inflexible
nature of aromatic rings and their steric bulk®*>> (which could also affect packing?®) or additional mt-it
interactions.>® For NDI-l and NDI-V, as pH increases, first packing changes, then a larger change at pH
12 occurs. Spectra of NDI-F suggest that only the latter change occurs in this system which could

suggest that the structures are less flexible than those formed by NDI-I and NDI-V.
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Figure 2.8. Absorbance of neutral solutions of (a-b) NDI-l and (c-d) NDI-V and (e-f) NDI-F at 5 mg/mL
at pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). (b), (d) and (f)

show absorbance spectra of pH 6-11 between 250-600 nm normalised between 0 and 1.
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We would expect dipeptide appended NDIs to be capable of forming larger aggregates than simple
amino acid appended NDIs due to their increased size. The additional steric bulk of a second amino
acid may also result in more crowded structures being formed. The neutral state of NDI-GF is the
most influenced by pH compared to the simpler NDIs, however (similarly to NDI-F) NDI-FF is largely
unaffected until high pH, Figure 2.9. This observation suggests that the role of the first amino acid in
the dipeptide is important within aggregation. The glycine in NDI-GF could be providing more flexibility
in the structure with freedom of movement and therefore allow the NDI to more freely change

aggregation in response to pH.
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Figure 2.9. Absorbance of neutral solutions of (a-b) NDI-GF and (c) NDI-FF at 5 mg/mL at pH 6 (red), 7
(pink), 8 ( ), 9 (black), 10 ( ), 11 (purple) and 12 (blue). (b) show absorbance spectra of

NDI-GF between pH 6-10 normalised between 0 and 1 for clarity.

Similarly to NDI-I and NDI-V, a change in the ratio of absorbances is observed in the spectra of NDI-
GF, Figure 2.9(a-b). The absorbance at 380 nm decreases in relative intensity to that at 360 nm. This
trend was observed around pH 10 in NDI-I and NDI-V but with NDI-GF, this phenomenon is observed
from pH 8, Figure 2.9(b). The ratio of absorbances at pH 6 and 7 is comparable in absorbance intensity

whereas at pH 8-10, the absorbances at 365 nm is larger. Changes to the packing of aggregates occurs
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closer to the second pK, than with other NDIs. A broad absorbance is observed at pH 11 whereas with
the other NDIs this spectral change is only seen at pH 12, Figure 2.9(a). NDI-GF has the lowest first
pKa, which may be the reason changes occur at slightly lower pH values than the other NDIs. The added

bulk of the dipeptide group may also cause changes in structure to occur at lower pH values.

NDI-FF has the most notably different neutral spectra to other NDIs investigated. One broad
absorbance is observed centred around 365 nm, Figure 2.5(e) and Figure 2.9(c). This significant
difference in spectra suggests a difference in the aggregation of this NDI compared to the other NDIs.
This observation again suggests an importance in the first amino acid group of a dipeptide R group. At
pH 12, a shoulder peak is now observed around 310-320 nm, Figure 2.9(b) which again, implies a
change in aggregation. This behaviour is comparable with other NDIs as a change to the absorbance
spectra is also noted at high pH. Only at pH 12 is there significant changes to the spectra, suggesting
a consistent aggregation in this NDI through most pHs. This observation could suggest that this NDI

does not form well defined aggregates.

2.2.4  Electrochromic response

NDIs can be reduced using photo- or electrochemistry to form the radical anion and dianion, in turn
changing the colour of the system.! One of the criteria set out in the introduction was a dark coloured
state. We hypothesise that the changes in aggregation of the neutral state discussed previously will
influence the colouration of the reduced state of the NDIs. Firstly, we must investigate what the

oxidation and reduction potentials are and whether they are pH dependent.

2.2.4.1 pH and redox potential values

Electrochemical reduction of the NDIs is achieved by application of a potential, which can be found by
CV. In order to clearly see the colour change by eye, a two-electrode window cell as described in
2.4.2.8 is used. We intend to use this set-up for all measurements including spectro-electrochemistry
for consistency. The diffusion rates within three-electrode spectro-electrochemistry cells may lead to
data that is unrepresentative of the set-up we would use in real world applications (a window cell).
CV of our systems performed in a two-electrode cell results in an asymmetric cyclic voltammogram.
As a control, a 10 mg/mL hydroquinone solution was used as electrolyte in our two- and three-
electrode set-ups, Table 2.2. and Figure A.2.6, Appendix. Oxidation and reduction peaks are shifted in
the unreferenced set-up. Comparably to NDI systems, the reduction potentials are shifted to a greater

extent than the oxidation potentials.
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Table 2.2. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL

hydroquinone with 10 % 0.1 M NaCl. Cyclic voltammograms performed in referenced glassy carbon

set-up (Ag/AgCl) orin a1 x 1 FTO window set-up. The scan rate of the cyclic voltammograms was 0.5

V/s.

Set-up Reduction Potential(s) (V) | Oxidation Potential (V)
Referenced glassy carbon | -0.2,-0.5 0.2
1x1cm FTO window -1.2,-1.9 0.9

CV carried out in a referenced set-up with our systems at pH 9 show more symmetrical peaks in the

voltammograms, around +0.7-1 V, Figures A.2.7-A.2.11, Appendix (this data is summarised in Table

2.3). Due to a small amount of reduction at the counter electrode (a colour change is observed by

eye), a small shoulder at -0.3 V is observed in CVs. This peak is most pronounced in NDI-l1 and NDI-V,

Figure 2.10. The large difference between oxidation and reduction potentials in a window cell is due

to the unreferenced nature of the set-up and does not suggest an irreversible reduction.

200+

Potential (V)

Figure 2.10. Cyclic voltammogram collected from 10 mg/mL solution of NDI-I (green) and NDI-

V (blue) adjusted to pH 9. Voltammograms measured using a referenced glassy carbon set up

(vs Ag/AgCl). The scan rate of the cyclic voltammograms was 0.2 V/s.
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Table 2.3. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL

solutions of NDI-I, NDI-V, NDI-F and NDI-GF adjusted to pH 9. Cyclic voltammograms performed in

referenced glassy carbon set-up (Ag/AgCl). The scan rate of the cyclic voltammograms was 0.2 V/s.

The values for NDI-GF are shown at 0.2 and 0.5 V/s to see the oxidation potential.

Reduction Potential(s) (V) Oxidation Potential (V)
NDI-I pH 9 -1 0.7
NDI-V pH 9 -0.8 0.8
NDI-F pH 9 -1 0.7
NDI-GF pH9 0.2 V/s -0.9,-0.5 Unseen
NDI-GF pH 9 0.5 V/s -1,-0.5 0.8
NDI-FF pH 9 -0.6,-1.3 1.6

CV was performed at different pH values to see whether the aggregates formed at different pHs as

seen by UV-vis absorbance spectroscopy influenced the redox values, Figures A.2.12-A.2.16, Appendix.

Data is summarised in Table 2.4-Table 2.8. An example of a voltammogram is shown in Figure 2.11.

0-
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-1000 1
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-1500 1
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Figure 2.11. Cyclic voltammogram collected from 10 mg/mL solutions of NDI-I adjustedto pH 6inal

x 1 FTO window cell. The scan rate of the cyclic voltammograms was 0.1 V/s.
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As pH varies, we observe a small shift in reduction and oxidation potentials. The most significant

difference in potential is observed at pH 12 compared with pH 6-11, Table 2.4-Table 2.8. This

observation supports the evidence of absorbance spectroscopy, that a more significant aggregation

change (which influences the redox potentials) occurs at pH 12 than between pH 6-11. Reduction

potentials vary by roughly 0.7 V between pH 6 and 12 whilst oxidation potentials vary by 0.8, 0.8, 0.2,

0.4 and 0.5 V for NDI-I, NDI-V, NDI-F, NDI-GF and NDI-FF respectively.

Table 2.4. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL

solutions of NDI-I adjusted to different pH values. Cyclic voltammograms performed in FTO windows.

The scan rate of the cyclic voltammograms was 0.1 V/s.

pH | Reduction Current at Reduction Oxidation Potential(s) Current at Oxidation
Potential(s) (V) | Potential(s) (1A) (V) Potential(s) (1A)

6 |-2.4,-3.2 -656, -1453 0.2 218

7 |-2.6,-3.3 -981, 1459 0.3 309

8 |-27 -956 0.3 275

9 |-24,-33 -651, 1652 0.2 157

10 | -2.7 -666 -0.1,0.4 43,71

11 | -2.1,-2.7 -732,-1021 0.4 345

12 | -2.0,-3.3 -507, -2363 0.1,1.0 22,308

Table 2.5. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL

solutions of NDI-V adjusted to different pH values. Cyclic voltammograms performed in FTO windows.

The scan rate of the cyclic voltammograms was 0.1 V/s.

pH | Reduction Current at Reduction Oxidation Potential(s) Current at Oxidation
Potential(s) (V) | Potential(s) (1A) (V) Potential(s) (1A)

6 |-2.8 -289 0.3 144

7 |-25 -1365 0.2 422

8 |-25,-3.1 -1155, -1452 0.01,0.9 649, 337

9 |-2.7,-33 -1810, -1348 0.3 1053

10 | -2.7,-3.3 -1668, -1418 0.3 830

11 | -2.5,-3.2 -1053, -1567 0.1,0.7 455, 371

12 | -2.5,-3.1 -1274, -2139 02,1 147,105
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The values of reduction and oxidation potentials are comparable across NDIs with the reduction
around -2.5 V and the oxidation around 0.5 V. The reduction potential of NDI-F is found to be greater
than other NDIs, Table 2.6. This observation suggests that R group influences redox potentials just as
much as pH. The disparity with NDI-F is not significant, and an application of -2.5 V was found to result
in a comparable colour to the other NDIs. Applying a more negative potential led to small amounts of
water splitting in the 1 x 1 window cells which resulted in bubbles forming. For this reason, -2.5 V was
chosen as the reduction potential for all NDls at all pH values for consistency. This potential elicited a
chromic response and was applied for 10 seconds. Spectra of the reduced states were observed using

spectro-electrochemistry as described in 2.4.2.10.

Table 2.6. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL
solutions of NDI-F adjusted to different pH values. Cyclic voltammograms performed in FTO windows.

The scan rate of the cyclic voltammograms was 0.1 V/s.

pH | Reduction Current at Reduction Oxidation Current at Oxidation
Potential(s) (V) Potential(s) (HA) Potential(s) (V) Potential(s) (HA)
6 -2.8 -1971 0.2 880
7 -2.8 -1307 0.2 365
8 -2.7 -2165 0.4 856
9 -2.9 -1777 0.2 798
10 |-2.7 -1749 0.3 581
11 |-2.1,-3.0 -545, -1856 0.2 752
12 | -2.2,-3.0 -290, -456 0.2 149

We would expect two reduction and oxidation peaks, corresponding to the generation and oxidation
of the radical anion and dianionic species. Both peaks are not always observed (especially the
oxidation potentials) either because they are outside the range of the voltammogram in water or
because both peaks are so close that they are overlapping or merged into one. Both reduction peaks
are most clear in the voltammograms of NDI-GF, Table 2.7. In this set-up we cannot seem to selectively
form one or the other reduced species specifically by choosing a specific potential, and there is no
visible difference in colour observed by eye. This suggests perhaps our set-up is not suitable for this
level of control, or something more complicated is occurring with the materials. For example, the

dianionic species may not be stable.
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Table 2.7. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL
solutions of NDI-GF adjusted to different pH values. Cyclic voltammograms performed in 1x1 cm FTO

windows. The scan rate of the cyclic voltammograms was 0.1 V/s.

pH | Reduction Current at Reduction Oxidation Current at Oxidation
Potential(s) (V) Potential(s) (HA) Potential(s) (V) Potential(s) (HA)

6 -2.5,-3.1 -579, -1184 0.8 111

7 -2.4,-3.0 -614, -1203 0.8 143

8 -2.3,-2.9 -631, -1133 0.8 208

9 -2.3,-2.9 -717, -1168 0.7 234

10 |-25,-3.2 -994, -1930 0.7 400

11 |-2.0,-3.2 -588, -1966 0.04,1.1 21, 286

12 | -1.8,-2.6 -476, -1798 0.2,1.1 18, 201

Table 2.8. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL
solutions of NDI-FF adjusted to different pH values. Cyclic voltammograms performed in FTO windows.

The scan rate of the cyclic voltammograms was 0.1 V/s.

pH | Reduction Current at Reduction Oxidation Current at Oxidation
Potential(s) (V) Potential(s) (HA) Potential(s) (V) Potential(s) (LA)

6 -2.6 -492 0.6 60

7 -2.6 -489 0.4 175

8 -2.5 -359 0.7 112

9 -2.5 -357 0.6 124

10 |-2.4 -465 0.5 86

11 | -2.2,-3.2 -413, -1348 0.7 57

12 | -1.9,-2.6 -326, -554 0.9 44

2.2.4.2 Electrochemically reduced colour

The radical anion can be generated in seconds by application of a reducing potential and is evidenced
by a significant colour change as well as the appearance of absorbances in the visible/near-infrared
(IR) region.X**> |n the reduced spectra, absorbances at long wavelength (>700 nm) have been
attributed to Do = D; transitions in comparable NDIs.>® These transitions arise from the unpaired
electron doublet state of the radical anionic species.”® We would expect peaks arising from n > m*
and n 2 1t* transitions.> The darkest possible coloured state is a desirable quality for Smart Windows.

Having confirmed pH does not significantly change the colour of the neutral states of the NDIs, we
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must now investigate the coloured state. Having decided upon a reduction potential to be used across
all experiments for consistency, we can now analyse whether electrochromic behaviour is affected by

changes in aggregation triggered by pH.

Between pH 6-11, pH does not affect the position of absorbances related to the radical anion, but the
absorbance intensity is affected, Figure 2.12-Figure 2.16. These observations imply that any difference
in aggregation as pH changes does not affect the type of radial anion produced but does influence the
amount of radical anion produced. Certain aggregations either facilitate electrochemical processes
(through increased charge transfer, for example by 1t stacking) or can stabilise the radical anion once
it is formed. Either factor will result in a higher concentration of radical anion and a darker colouration

and higher absorbance intensity.

(a) 2Oy (b)

Absorbance
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Figure 2.12. (a) Absorbance spectra of 10 mg/mL solutions of NDI-I after a 10 second application
of -2.5 V. Solutions adjusted to pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple)
and 12 (blue) (b) Images of the resulting colouration in FTO windows are shown. Any bubbles caused

by loading.

There have been reports of mixes of both the radical and dianion (Figure 2.1) in solution but we
assume the radical anion to be dominating in solution as the dianionic species relax to form the radical
and the radical is formed readily.>” This dianionic species is reported to be evidenced by an absorbance
at approximately 410 nm.>*” A purple colouration has been reported to be characteristic of the NDI
dianionic species whilst the radical is brown.>” However, other reported systems observed the dianion
and radical anion as pink and orange respectively.®® Colour alone is not an indication of the species

present. While there may be some dianionic species in solution upon reduction, we expect it to be
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minimal and relatively unstable compared to the radical anionic species. A strong electron
paramagnetic resonance (EPR) signal is observed for NDI reduced states and so we assume little

dianionic species are present.>* This data will be discussed further in Chapter 3.

The characteristic dianionic absorbance around 410-415 nm¥*7 is observed very weakly in the reduced
spectra of NDI-I and NDI-V at some pHs, Figure 2.12-Figure 2.13. This observation suggests that a small
amount of dianion is present in solution but does not affect colouration. The dianionic absorbance is
not observed in the spectra of NDI-F (Figure 2.14), but a consistent dark purple colouration is observed

comparable with NDI-l and NDI-V, Figure 2.12-Figure 2.13.
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Figure 2.13. (a) Absorbance spectra of 10 mg/mL solutions of NDI-V after a 10 second application
of -2.5 V. Solutions adjusted to pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple)

and 12 (blue) (b) Images of the resulting colouration are shown. Any bubbles caused by loading.



Chapter Two

3.0
= 2.51
3 .
S 20-
() ]
% 1.5— .
o - |
o 1.0
7 .
O
< 0.5— . .
0.0 ‘
400 600 800 1000 Tomm.
Wavelength (nm)

Figure 2.14. (a) Absorbance spectra of 10 mg/mL solutions of NDI-F after a 10 second application
of -2.5 V. Solutions adjusted to pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple)

and 12 (blue) (b) Images of the resulting colouration are shown. Any bubbles caused by loading.

Across all NDlIs, solutions at pH 12 produce very little radical anion and any colouration is almost
undetectable to the eye, Figure 2.12-Figure 2.16. This observation is consistent with the more

significant change in aggregation observed across all NDIs in the neutral state (nonreduced) spectra.

With the exception of NDI-I and NDI-FF (Figure 2.12 and Figure 2.15), peaks are still observed in the
visible/near IR region at pH 12 which suggests that a small amount of radical anion is produced. In
NDI-V and NDI-GF spectra at pH 12 (Figure 2.13 and Figure 2.16), one broad absorbance around 500
nm is observed instead of more distinct absorbances seen in NDI-F at pH 12, Figure 2.14. This
observation suggests that the absorbances are weak and poorly defined or else a difference in

aggregation results in a different spectrum in some NDIs.

It is hypothesised that the consistent broad absorbance observed in all neutral NDIs at pH 12 is
representative of an aggregation associated with poor electrochromic response. This type of spectra
was observed at all pH values of NDI-FF, Figure 2.9(c). As a direct result, the electrochromic response
across all pH values is also poor for NDI-FF, Figure 2.15. Compared to other NDIs investigated, the
colour intensity was much weaker upon reduction. We hypothesise that the aggregation of this NDI
does not significantly change as much as others with pH because that NDI-FF is incapable of forming
comparable structures to other NDIs. As previously stated, the lack in freedom in structure can be

linked to the chemical structure of NDI-FF.
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Figure 2.15. (a) Absorbance spectra of 10 mg/mL solutions of NDI-FF after a 10 second application of
-2.5 V. Solutions adjusted to pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and

12 (blue) (b) Images of the resulting colouration are shown. Any bubbles caused by loading.

With the added flexibility of NDI-GF as discussed previously, we observe that this NDI can form darker
reduced states than NDI-FF, Figure 2.16. This data supports our hypothesis that the aggregation of
NDI-FF is responsible for its poor chromic behaviour. In the reduced solutions of NDI-GF, a broad
absorption in the near IR region over 900 nm is associated with one-dimensional n-stacking of the
radical anion.>% This observation suggests different packing or aggregation compared to the other
NDIs and resulting in a brownish colour as opposed to a dark purple. As with the neutral states,

absorbances are found at a slightly shorter wavelength compared to other NDlIs.

In neutral spectra of NDI-GF, a broad absorbance was observed at pH 11 and pH 12, Figure 2.9(a). A
very weak colouration is observed at both pH values, Figure 2.16. This observation supports the
hypothesis that this aggregation type results in poor electrochemical reduction or else poor

stabilisation of the radical anion.
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Figure 2.16. (a) Absorbance spectra of 10 mg/mL solutions of NDI-GF after a 10 second application of
-2.5 V. Solutions adjusted to pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and

12 (blue) (b) Images of the resulting colouration are shown. Any bubbles caused by loading.

2.2.4.3 Ideal pH

It is quite clear from the data above that pH has an influence on the colour intensity of NDIs, therefore
we can deduce that there is an ideal pH in order to satisfy the colour aspect of our stated criteria. We
can compare the ideal pH of NDIs by monitoring the absorbance at 490 nm for NDI-I, NDI-V, NDI-F,
and NDI-FF and 450 nm for NDI-GF. This absorbance, referred to as peak A, is characteristic for the
radical anion in each species and is the Amax of each spectra. Taking the series of values, the
absorbance at peak A was normalised between 0 and 1 for clarity, with 0 being the pH at which the
weakest absorbance intensity is recorded, and 1 the highest. By eye, we can see that the darkest
colouration occurs at pH 9 for NDI-l and NDI-V whereas pH 6 gives darkest colour for NDI-F and NDI-

GF. Although all the colouration in NDI-FF is weak, the darkest colour is seen at pH 7.

The shape of the plot in Figure 2.17(a) supports the assertion that aggregation changes occur around
the pK, values of these systems. Above the second pK, of approximately pH 6.5, the production of
radical anion decreases in NDI-F and increases in NDI-l and NDI-V. Between pH 8 and 11 (covering the
range of the first pK, of approximately 9.5) we observe changes in intensity across all three NDIs. NDI-
GF and NDI-FF have generally more linear trends, Figure 2.17(b), than NDI-I, NDI-V and NDI-F.
Fluctuations in the decrease in colouration intensity as pH increases in NDI-F, NDI-GF and NDI-FF are

seen at pH 7 and pH 10 (more significantly at pH 10 in NDI-FF and NDI-F).
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Figure 2.17. Absorbance normalised between 0 and 1 showing trend in absorbance (at 490 nm for
NDI-I, NDI-V, NDI-F, and NDI-FF and 450 nm for NDI-GF) characteristic of the radical anionic species
electrochemically generated between pH 6 and 12. Measurements taken from spectra of (a) NDI-I

(green), NDI-V (blue) and NDI-F (purple) and (b) NDI-GF (brown) and NDI-FF (black) at 10 mg/mL.

These trends suggest a transition in aggregation between pH 6 and 10 and pH 10-12. Changes in this
first region are consistent with the apparent pK, values and the trends in packing of aggregates
observed in the neutral states of NDI-I, NDI-V and NDI-GF between pH 6 and 11 or 10. Changes in the
latter region are consistent with apparent pK; values and the more significant trends in aggregation
observed in the neutral states of all NDls at pH 12. The trends in colouration of the reduced states are
comparable between NDI-I and NDI-V and between NDI-F, NDI-GF and NDI-FF. We note these two
groups of NDIs are similarly appended in terms of aliphatic or aromatic moieties. Within the groups,
the NDIs have the same or comparable ideal pH. Without a larger library, we cannot make general
comments about aliphatic and aromatic aggregates. Such a scale of library is outside of the scope of

this investigation.

2.2.4.4 Switchability

While a dark colouration upon electrochemical reduction is of critical importance to the application
of Smart Windows, the rate of electrochemical oxidation is also a property that should be maximised.
As the efficiency of electrochemical reduction was found to be pH dependent, we hypothesised that
the oxidation process will be similarly influenced. Solutions at pH 6, 9 and 12 were investigated. These
three pHs will capture the systems within each state of aggregation, evaluating the NDIs above and
below each pK, value. Solutions were reduced for 20 seconds and the decrease in intensity at 540 nm
is tracked. After 20 seconds even at pH 12, some characteristic radical anionic absorbances are
observed in NDI-I, NDI-V, NDI-F and NDI-GF, Figure 2.18-Figure 2.19. NDIs that have darkest

colouration (before a consistent oxidising potential of 0.5 V is applied) will likely take a longer time to
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fully reverse the colour change because the concentration of radical anion to oxidise is higher. As the
colouration of NDI-FF was so weak across all pH values (Figure 2.15) compared to other NDI systems
and so did not meet our criteria, this system was not investigated for the application of Smart

Windows further. Aggregation of this NDI is discussed in Chapter 3.

The oxidation process took longer than reduction. This observation is likely due to the stability of the
radical anionic species.! In general, the initial loss in colouration is significant within the first minute
of application of oxidising potential but then the rate decreases. Similar perylene bisimides (PBls) have
been shown to become more conductive when irradiated in films due to the production of the radical
anion.’®? While these PBIs are more conductive than our systems, it is likely that a higher
concentration of radical anion in our system would also aid conductivity which is likely to contribute

to a consequently initially fast electrochemical oxidation, dropping as radical concentration decreases.
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Figure 2.18. Absorbance spectra (lines) collected from electrochemically reduced solutions of (a) NDI-
I and (c) NDI-V at 10 mg/mL after 20 second application of -2.5 V and a measure of absorbance at 540
nm (squares) taken every 30 seconds as oxidising potential of oxidation potential of 0.5 V was applied
for 300 seconds to electrochemically reduced solutions of (b) NDI-I at and (d) NDI-V 10 mg/mL after
20 second application of -2.5 V. Solutions adjusted to pH 6 (red), 9 (black) and 12 (blue).
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Because colouration is so weak at pH 12, the oxidation to a neutral state is very fast, Figure 2.18-Figure
2.19. Solutions of NDI-I demonstrate the fastest oxidation at pH 9, Figure 2.18(b) whereas oxidation
at pH 9 and 6 are more comparable for NDI-V, Figure 2.18(d). The intensity of the reduced states are
also more comparable at pH 6 and 9 for NDI-V. Oxidation is complete after approximately 150 and 90
seconds for NDI-I and NDI-V respectively. These NDIs form comparably intense states upon reduction

at pH 9. For these NDIs, their ideal pH for reduction and oxidation are pH 9.

NDI-F and NDI-GF show similar trends to NDI-V in that the rate of oxidation is more comparable
between pH 6 and 9 than observed in spectra of NDI-I, Figure 2.19(b and d). In both cases pH 6 shows
a steeper rate of oxidation than pH 9, which is the same pH at which reduction was the most efficient
(the same trend as demonstrated in NDI-I and NDI-V). Oxidation is completed in NDI-F and NDI-GF in

30 and 120 seconds respectively.
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Figure 2.19. Absorbance spectra (lines) collected from electrochemically reduced solutions of (a) NDI-
F and (c) NDI-GF at 10 mg/mL after 20 second application of -2.5 V and a measure of absorbance at
540 nm (squares) taken every 30 seconds as oxidising potential of oxidation potential of 0.5 V was
applied for 300 seconds to electrochemically reduced solutions of (b) NDI-F at and (d) NDI-GF 10

mg/mL after 20 second application of -2.5 V. Solutions adjusted to pH 6 (red), 9 (black) and 12 (blue).
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At their ideal pH of 9, NDI-I and NDI-V form the most intense coloured states and are comparable to
each other. NDI-GF forms the least intense coloured state at its ideal pH of 6 compared to other NIDs
at their ideal pH. The speed of oxidation is quickest in NDI-F. NDI-V demonstrates the next quickest
oxidation, followed by NDI-GF and NDI-l is the slowest. While NDI-F has the quickest oxidation, it does
not form the darkest reduced states. NDI-V seems the most promising, forming darkest coloured

states and fully reversing colouration after 90 seconds.

2.3 Conclusions

Referring to our criteria for the application of Smart Windows, we can conclude at this stage that all
NDIs investigated were able to be dispersed in water between pH 6 and 12. All NDIs were also a pale
colour before reduction, especially when in a thin gap. NDI-I, NDI-V, NDI-F and NDI-GF can form dark
coloured states within 10 seconds that are reversible. NDI-FF cannot form comparably dark states,
most likely due to an aggregation which does not favour stabilisation of the radical anion. Due to the

poor electrochemical performance of NDI-FF, it is not suitable to the application of Smart Windows.

We have found a pH for each of these NDIs at which electrochemical reduction and oxidation is
maximised. Reduction occurs within a few seconds whereas oxidation can take several minutes. pH
can be used to tune colouration intensity and ‘switchability’ by forming an aggregation that improves
charge transfer through the system and /or stability of the radical anionic species, leading to efficient
reduction and oxidation. Because the oxidation process takes longer than the reduction, we
hypothesise that the aggregation stabilised the radical anion once formed. The final criteria of stability
and cyclability will be assessed in Chapter 3. We can investigate the aggregates of each system at
different pHs and infer more about what makes favourable or unfavourable structures with regards
to electrochemical processes using more in-depth SAS techniques. The initial data supports our
hypothesis that chemical structure and pH impact chromic properties and that this is likely linked to

aggregation.

2.4 Experimental

2.4.1 Synthetic procedures

All chemicals and solvent were purchased from Merck Life Sciences, or Alfa Aesar and used as received
except for naphthalenetetracarboxylic dianhydride (NTCDA). NTCDA was purchased from Flurochem,
Alfa Aesar and Merck Life Sciences but impurities were found by nuclear magnetic resonance (NMR)
spectroscopy in all batches. Following this, all NTCDA was purchased from Fluorchem and purified
according to the procedure below. Deionised water was used throughout. Light was excluded using

aluminium foil to reduce generating the radical anion which is hard to remove from solid material.
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NMR spectra and high resolution mass spectrometry (HRMS) can be found in the Appendix (Figures
A.2.17-A.2.54).

2.4.1.1 Purification of Isochromeno[6,5,4-deflisochromene-1,3,6,8-tetraone (NTCDA)

0-..0._.0 0-_0._.0
()~ A
SOCI,

HO 00 OH o~ ~0” SO
NTCDA - Hydrolysed NTCDA

Figure 2.20. Reaction scheme of the purification of NTCDA.

More Information about this purification can be found in Appendix.

Impurities were removed by combining 32.1 g of impure material with 100 mL SOCI, and heating to
90 °C under reflux overnight. The reaction vessel was wrapped in aluminium foil to prevent light
exposure. The SOCl; was then removed under vacuum and the product stirred in isooctane for 1 hour
to remove any remaining SOCl,. Isooctane was removed under vacuum and the product stirred in Et,0
for 1 hour. The mixture was filtered, and the product was dried under vacuum to remove trace
solvents to yield a brown solid (30.2 g, 94%). This method successfully converted the impurity into

NTCDA seen by *H NMR, Figures A.2.47-A.2.48, Appendix.

To remove the discolouration in the material 5.90 g of NTCDA was dissolved in 400 mL of
dimethylformamide (DMF) and heated to 110 °C, then allowed to recrystalise in the freezer. The
product was recovered and dried by suction filtration to yield NTCDA — Purified as a pale-yellow solid
(4.42g, 75%). Both pure and impure material were not suitably soluble in DMSO-d¢ to produce a well-
defined 3C NMR spectrum. No difference was observed by NMR in the pale-yellow and dark coloured

NTCDA. The pale-yellow material was used throughout for the synthesis of the NDIs.

H NMR (400 MHz, DMSO-ds) & 8.71 (s, 4H, H-Ar).
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2.4.1.2 Synthesis of (2S,3S)-2-{13-[(1S,2S)-1-carboxy-2-methylbutyl]-5,7,12,14-tetraoxo-6,13-
diazatetracyclo[6.6.2.0%¢ 0'***|hexadeca-1,3,8,10,15-pentaen-6-yl}-3-methylpentanoic acid

(NDI-1)
(0]
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9@ : 9@
+ 0]
OH N
o~ 0O O (0] N (0]
HO
O
NTCDA - Purified L-isoleucine NDI-I

Figure 2.21. Synthesis of NDI-I.

NTCDA (2 g, 1 eq.), w-isoleucine (2 eq, 1.96 g), and imidazole (10 eq, 5.08 g) were added to a 250 mL
Schlenk tube and sealed with a rubber septum. This was then degassed whilst vigorously stirring under
argon atmosphere for 10 minutes. The temperature was set to 120 °C and the reactants allowed to
stir for 5 hours. The temperature was then reduced to 90 °C. Water (50 mL) was added and stirring
continued at 90 °C for a further hour, after which the mixture was allowed to cool to ambient
temperature overnight in air. Insoluble materials were removed by filtration through filter paper and
the filtrate was poured into hydrochloric acid (2M, 300 mL), and stirred for 30 minutes. This precipitate
was collected by suction filtration, washed with lots of water, and transferred into another 300 mL
portion of 1 M hydrochloric acid with 5 mL acetonitrile. This mixture was heated at 90 °C with stirring
for 2 hours. The resulting solids were filtered while hot, washed with 1M HCl and then non-acidic
water until the filtrate had an approximate pH of 6-7. The product was then dried by lyophilisation
(after neutralisation) overnight to yield NDI-I as light beige solid (2.44 g, 66%). The solid was then
characterised by H and 3C NMR and HRMS.

H NMR (400 MHz, DMSO-ds) & 12.83 (br s, 2H, COOH), 8.78-8.74 (m, 4H, NDI-HAr), 5.26 (d, J = 9.0 Hz,
1H, NCH, 5.22 (d, J = 9.2 Hz, 1H, NCH), 2.48-2.41 (m, 2H, CHCH,), 1.99-1.85 (m, 1H, CH5CH), 1.35-1.23
(m, 2H, CHsCH,), 1.19 (d, J = 6.5 Hz, 3H, CHsCH), 0.95 (t, J = 7.5 Hz, 3H, CHsCH,), 0.92-0.83 (m, 1H,
CHsCH), 0.74 (t, J = 7.3 Hz, 3H, CH3CH>), 0.69 (d, J = 6.9 Hz, 3H, CHsCH). 3C NMR (100 MHz, DMSO-dg)
8 170.70, 170.62, 162.99 and 162.97 (C=0), 131.99, 126.93, 126.28, 126.26, 126.25, 126.23 (CAr),
58.42 and 57.12 (NCH), 33.67 and 33.56 (CHCHs), 28.18 and 25.18 (CH,CHs), 18.4 and 15.23 (CHs),
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11.52 and 11.34 (CHs). HRMS (ESI) m/z: [M+Na] * calculated for CaeH26N,OgNa, 517.1581; found
517.1569.

2.4.1.3 Synthesis of (25)-2-{13-[(1S)-1-carboxy-2-methylpropyl]-5,7,12,14-tetraoxo-6,13-
diazatetracyclo[6.6.2.0%1¢ 0'***|hexadeca-1,3,8,10,15-pentaen-6-yl}-3-methylbutanoic  acid
(NDI-V)

o~ O "0 O” N @]
0]
NTCDA - Purified L-valine NDI-V

Figure 2.22. Synthesis of NDI-V.

The methodology of synthesis is identical to that described in 2.4.1.2, using -valine (2 eq, 1.75 g),
NTCDA (1 eq, 2 g) and imidazole (10 eq, 5.08 g). Synthesis was performed shielded from UV light and
the solids degassed. The product NDI-V was collected as a light beige solid (2.53 g, 69 %). The solid
was then characterised by *H and *3C NMR and HRMS.

H NMR (400 MHz, DMSO-ds) & 12.86 (br s, 2H, COOH), 8.78 (s, 4H, NDI-HAr), 5.18 (d, J = 9.1 Hz, 2H,
NCH), 2.76-2.60 (m, 2H, CH(CHs),), 1.24 (d, J = 6.5 Hz, 6H, CH(CHs)(CHs)), 0.74 (d, J = 6.9 Hz, 6H,
CH(CHs)(CHs)). *C NMR (100 MHz, DMSO-ds) & 170.62 and 162.95 (C=0), 131.99, 126.94, and 126.25
(CAr), 58.94 (NCH), 27.60 (CH(CHs)), 22.54 and 19.46 (CHs). HRMS (ESI) m/z: [M+Na]* calculated for
CaaH22N,05Na, 489.1268; found 489.1264.
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2.4.1.4 Synthesis

of

(2S)-2-{13-[(1S)-1-carboxy-2-phenylethyl]-5,7,12,14-tetraoxo-6,13-

diazatetracyclo[6.6.2.0%%¢ 0'*1>|hexadeca-1,3,8,10,15-pentaen-6-yl}-3-phenylpropanoic  acid

(NDI-F)

NTCDA - Purified

Figure 2.23. Synthesis of NDI-F.

O

L-phenylalaline NDI-F

The methodology of synthesis is identical to that described in 1.1, using -phenylalanine (2 eq, 2.46 g),

NTCDA (1 eq, 2 g), and imidazole (10 eq, 5.08 g). Synthesis was performed shielded from UV light and

the solids degassed. The product NDI-F was collected as a light-yellow solid (3.06 g, 73%). The solid

was then characterised by *H and *3C NMR and HRMS.

H NMR (400 MHz, DMSO-ds + TFA) & 8.6 (br s, 4H, NDI-HAr), 7.2-6.9 (m, 10H, HAr), 5.9 (dd, J = 12.3,

5.5 Hz, 2H, NCH), 3.6 (dd, J= 14.0, 5.8 Hz, 2H, CHaHb) 3.3 (dd, J = 14.0, 9.5 Hz, 2H, CHaHb) *C NMR

(100 MHz, DMSO-ds +TFA) & 170.7, 162.5 (C=0), 138.3,131.6,129.4,128.6,126.8, 126.6, 126.2 (CAr),

55.1 (NCH), 34.8 (CH,Ph) HRMS (ESI) m/z: [M+Na] * calculated for Cs;H»,N,OsNa, 585.1268; found

585.1276.
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2.4.1.5 Synthesis of (2S)-2-{2-[13-({[(1S)-1-carboxy-2-phenylethyl]carbamoyl}methyl)-5,7,12,14-
tetraoxo-6,13-diazatetracyclo[6.6.2.0%*¢.0***Jhexadeca-1,3,8,10,15-pentaen-
6ylJacetamido}-3-phenylpropanoic acid (NDI-GF)
24151 Synthesis of tert-butyl (2S)-2-(2-{[(tert-butoxy)carbonyl]Jamino}acetamido)-3-
phenylpropanoate (GF-Protected)
CHCl;

Y
XOTH\)OLOH el o (‘)3\) 0 H\).i o
© :gl o) j< C|)J\oﬁ/ X I)r N 5 7<

Boc-Gly-OH H-Phe-Ot-Bu-HCI GF - Protected

Figure 2.24. 1st step, synthesis of GF-Protected.

To a solution of Boc-glycine (1 eq, 3.75 g) in chloroform (125 mL) was added N-methylmorpholine (1
eq, 2.35 mL), followed by isobutyl chloroformate (1 eq, 2.78 mL) and the mixture was stirred over ice
for 20 minutes. After this time, another portion of N-methylmorpholine (1 eq, 2.35 mL) and L-
phenylalanine tert-butyl ester hydrochloride (1 eq, 5.52 g) were added and the reaction mixture was
stirred overnight. After this time, the reaction mixture was diluted with chloroform, washed in turn
with water, 1M hydrochloric acid, and water again, dried (MgS04), and evaporated to dryness under
reduced pressure. The product GF- Protected was thus obtained as a pale yellow, viscous oil (5.52 g,
68%). The solid was then characterised by H and *3C NMR. Impurities were removed in the next step

of the synthesis.

'H NMR (400 MHz, DMSO-ds) & 8.05 (d, J = 7.6 Hz, 1H, CHNH), 7.36 — 7.10 (m, 5H, HAr), 6.93 (t, ] = 6.0
Hz, 1H, BocNH), 4.36 (t,d, J = 14.5, 7.4 Hz, 1H, CH), 3.53 (dd, J = 6.0, 2.7 Hz, 2H, NHCH,), 3.08 — 2.74
(m, 2H, PhCH,), 1.37 (s, 6H, C(CHa)s), 1.33 (s, 3H, C(CH3)s) , 1.31 (s, 9H,C(CH3)s). *C NMR (100 MHz,
DMSO-ds) & 170.44, 169.26 and 155.70 (C=0), 137.03, 129.21, 128.14 and 126.48 (CAr), 80.73 and
77.96 (C(CHs)s), 53.95 (CH), 42.90 (NHCH,), 37.06 (PhCHj), 28.15 and 27.48 (C(CH3)s). HRMS (ESI) m/z:
[M+Na]* calculated for C20H30N2NaOs, 401.2047; found 401.2038.
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2.4.1.5.2 Synthesis of (2S)-2-(2-Aminoacetamido)-3-phenylpropanoic acid trifluoroacetate (GF-

Deprotected)

TFA, CH3CI o O
0 .
o N L o HanS_ I o crso®
R e R )

GF - Protected GF - Deprotected

Figure 2.25. 2nd step, deprotection of GF-Protected.

To a solution of GF-Protected (1 eq, 5.52 g) in chloroform (50 mL) was added trifluoroacetic acid (TFA)
(13 eq, ca. 15 mL) and the mixture was stirred overnight. The reaction mixture was then poured into
diethyl ether (500 mL) and stirred for 30 minutes. The solids were filtered off, washed with diethyl
ether in the filter and dried under vacuum. The product FF- Deprotected was obtained as a white solid

(3.44 g, 70%). The solid was then characterised by *H and 3C NMR and HRMS.

H NMR (400 MHz, DMSO-ds) 8.75 (d, J = 7.96 Hz, 1H, NH), 7.34 — 7.13 (m, 5H, HAr), 4.51 (td, ) = 8.7,
4.9 Hz, 1H, CH), 3.55 (g, J = 17.92 Hz, 2H, CH,NHs"), 3.10 (dd, J = 13.8, 4.9 Hz, 1H, PhCHaHb), 2.89 (dd,
J=13.8,9.0 Hz, 1H, PhCHaHb). *C NMR (100 MHz, DMSO-d¢) & 172.84 and 166.32 (C=0), 158.42 (q, J
= 32.2 Hz, FsC-C=0), 137.65, 129.60, 128.69 and 126.96 (CAr), 54.22 (CH), 40.43 (CHy,NHs*), 37.28
(PhCH,). HRMS (ESI) m/z: [M]* calculated for C11H1sN,03, 223.1077; found 223.1066

2.4.1.53 Synthesis of (2S)-2-{2-[13-({[(1S)-1-carboxy-2-phenylethyl]carbamoylimethyl)-5,7,12,14-
tetraoxo-6,13-diazatetracyclo[6.6.2.04,16.011,15]hexadeca-1,3,8,10,15-pentaen-

6yl]acetamido}-3-phenylpropanoic acid (NDI-GF)

NTCDA - Purified GF-Deprotected NDI-GF

Figure 2.26. 3" Step, synthesis of NDI-GF.
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The methodology of synthesis is identical to that described in 2.4.1.2, using GF- Deprotected (2 eq,
2.50 g), NTCDA (1 eq, 1 g) and imidazole (10 eq, 2.54 g). Synthesis was performed shielded from UV
light and the solids degassed. The product NDI-GF was collected as a beige solid (1.04 g, 41%). The
solid was then characterised by *H and 3C NMR and HRMS.

14 NMR (400 MHz, DMSO-de) 6 12.84 (br s, 2H, COOH), 8.70 (s, 4H, NDI-HAr), 8.67 (d, J = 8.03 Hz, 2H,
NH), 7.33 = 7.17 (m, 10H, HAr), 4.70 (br d, J = 2.3, 4H, NCH,), 4.44 (dt, ) = 10.8, 4.1 Hz, 2H, CH), 3.04
(dd, J = 14.3, 5.0 Hz, 2H, CHaHb), 2.90 (dd, J = 13.6, 8.9 Hz, 2H, CHaHb) *C NMR (100 MHz, DMSO-ds)

6 173.09, 166.75 and 162.78 (C=0), 137.80, 131.19, 129.68, 128.68, 126.96 and 126.67 (CAr), 54.21
(CH), 42.93 (NCH3), 37.20 (PhCH,). HRMS (ESI) m/z: [M+H]* calculated for C3H29N4010, 677.1878; found
677.1872, [M+Na]* calculated for CsgH,sN4O010Na, 699.1698; found 699.1671.

2.4.1.6 Synthesis of (2S)-2-[(2S)-2-{13-[(1S)-1-{[(1S)-1-carboxy-2-
phenylethyllcarbamoyl}-2-phenylethyl]-5,7,12,14-tetraoxo-6,13-
diazatetracyclo[6.6.2.0%%.0'%**|Jhexadeca-1,3,8,10,15-pentaen-6-yl}-3-henylpropanamido]-3-
phenylpropanoic acid (NDI-FF)
2.4.1.6.1  Synthesis of tert-butyl (2S)-2-[(2S)-2-[(tert-butoxycarbonyl)amino]-3-
phenylpropanamido]-3-phenylpropanoate (FF- Protected)
CHCl;
s
o) H\)?\ + O\) . 0
X j)r Y Hsﬁ Oj< )OL OTH\)LN °
\© o O cl oﬁ/ >( 5 \© o j<

Boc-Phe-OH H-Phe-Ot-Bu'HClI FF - Protected

Figure 2.27. 1st step, synthesis of FF-Protected.

To a solution of Boc-phenylalanine (1 eq, 3.75 g) in chloroform (125 mL) was added
Nmethylmorpholine (1 eq, 1.55 mL), followed by isobutyl chloroformate (1 eq, 1.85 mL) and the
mixture was stirred over ice for 20 minutes. After this time, another portion of N-methylmorpholine
(1 eq, 1.55 mL) and L-phenylalanine tert-butyl ester hydrochloride (1 eq, 3.14 g) were added and the
reaction mixture was stirred overnight. The remaining work up was as described in 2.4.1.5.1. The
product FF- Protected was thus obtained as a pale orange-yellow, viscous oil (4.6 g, 69%). The solid

was then characterised by *H and 3C NMR. Impurities were removed in the next step of the synthesis.
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H NMR (400 MHz, DMSO-ds) & 7.49 (d, J = 8.1 Hz, 1H, HAr), 7.33 — 7.14 (m, 9H, HAr), 4.13-4.03 (m,
1H, NHCH), 3.76-3.63 (m, 2H, CHCH,), 2.96 (dd, J = 13.6, 6.2 Hz, 2H, CH,Ph), 2.86 (dd, J = 11.7, 9.5 Hz,
2H, CH,Ph), 1.83-1.73 (m, 1H, NHCH) 1.33 (s, 12H, C(CHs)s), 1.32 (s, 3H, C(CHs)s), 1.28 (s, 3H, C(CH3)s).
13C NMR (100 MHz, DMSO-dg) 6 171.00 156.21 and 155.08 (C=0), 138.03, 137.53, 137.04, 129.21,
129.08, 129.02, 128.10, 127.91, 126.45, 126.34, 126.24 and 126.13 (CAr), 80.63 and 80.50 (C(CH3)s),
77.97 and 69.77 (NCH), 54.10 and 55.89 (PhCH,), 36.65, 28.08, 27.57, 27.49, 27.46, 18.76 (C(CHs)s).
HRMS (ESI) m/z: [M+Na]+ calculated for C,;H3sN2OsNa, 491.2516; found 491.2512.

2.4.1.6.2 Synthesis of (2S)-2-[(2S)-2-ammonio-3-phenylpropanamido]-3-phenylpropanoic acid

trifluoroacetate (FF- Deprotected)

TFA, CHCl . 0
0] +
o _N_I 0 H:;N@J\N OH CFa)J\ 0°
>( \[c]; \EH) 0 7< \© 0

FF - Protected FF - Deprotected

Figure 2.28. 2nd step, deprotection of FF-Protected.

Methodology of synthesis was identical to that described in 2.4.1.5.2 using a solution of FF-Protected
(1 eq, 4.6 g) in chloroform (50 mL) and TFA (13 eq, ca. 15 mL). The product FF- Deprotected was
obtained as a white solid (3.9 g, 93%). The solid was then characterised by *H and 3C NMR and HRMS.

H NMR (400 MHz, DMSO-dg) & 13.0 (br s, 1H, OH), 8.9 (d, J = 7.8 Hz, 1 H, NH), 8.1 (br s, 3H, NHs*), 7.4-
7.2 (m, 10H, Har), 4.5 (td, J = 5.3, 5.3, 8.2 Hz, 1H, HNCO), 4.0 (dd, J = 4.4, 8.5 Hz, 1H, HNCH,), 3.2-3.1
(m, 2 H, PhCHaHb), 3.0-2.9 (m, 2 H, PhCHaHb) *C NMR (100 MHz, DMSO-ds) 6§ 172.87 and 168.30
(C=0), 158.60 (q, J = 36.0 Hz, F3C-C=0), 137.55, 134.99, 129.96, 129.54, 128.93, 128.75, 127.59 and
127.16 (CAr), 116.90 (weak g, J = 100.9, CFs), 54.02 (NCH), 53.61 (HCNHs*), 37.59 and 37.37 (PhCH,)
HRMS (ESI) m/z: [M]* calculated for CisH21N>03, 313.1547; found 313.1550.
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2.4.1.6.3  Synthesis of Synthesis of (25)-2-[(2S)-2-{13-[(1S)-1-{[(1S)-1-carboxy-2-
phenylethyl]carbamoyl}-2-phenylethyl]-5,7,12,14-tetraoxo-6,13-
diazatetracyclo[6.6.2.0%1%.0 1> ]hexadeca-1,3,8,10,15-pentaen-6-yl}-3-

henylpropanamido]-3-phenylpropanoic acid (NDI-FF)
®
/s, NH3
X ?
0s 0.0 O~ 'NH 0] O
- 0]

W\

Kf )
+ OH
HN o ©
N

N
0

o~ O O C)] HN
0 O
F
F%/&o T:):Ej
F

NTCDA - Purified FF - Deprotected NDI-FF

Figure 2.29. 3" step, synthesis of NDI-FF.

The methodology of synthesis is identical to that described in 1.1, using FF- Deprotected (2 eq, 3.18
g), NTCDA (1 eq, 1 g) and imidazole (10 eq, 2.54 g). Synthesis was performed shielded from UV light
and the solids degassed. The product NDI-FF was collected as a dark brown solid (1.1 g, 34%). The solid
was then characterised by *H and *C NMR and HRMS.

14 NMR (400 MHz, DMSO-dg + TFA) & 8.76 — 8.51 (m, 4H, NDI-HAr), 8.51 — 8.33 (m, 2H, NH), 7.31 —
6.95 (m, 20H, HAr), 5.80 —5.64 (m, 2H, NCH), 4.56 —4.34 (m, 2H, HNCH), 3.75 — 3.50 (m, 2H, PhCHaHb),
3.39 - 3.14 (m, 2H, PhCHaHb), 3.17 — 2.62 (m, 4H, PhCHaHb). 3C NMR (100 MHz, DMSO-ds + TFA) &
173.65,173.08, 168.88, 168.71, 168.33, 168.29, 162.68, 160.13 (C=0), 138.80, 138.61, 138.55, 138.40,
138.34, 138.13, 137.13, 132.19, 132.09, 131.05, 131.02, 130.96, 130.91, 130.90, 129.67, 129.65,
129.54, 129.53, 129.34, 129.33, 129.30, 128.59, 128.49. 128.43, 128.39, 126.83, 126.76, 126.74,
126.66, 126.64, 126.49, 126.44, 124.54, 124.48 (CAr), 55.61, 54.56 (NCH), 37.13, 36.64 (NHCH), 34.50,
34.44, 34.35, 27.98 (PhCH2). HRMS (ESI) m/z: [M+Na]* calculated for CsoHaoN4O10Na, 879.2637; found
879.2621.

2.4.2 Experimental protocols and equipment
2.4.2.1 Freeze-dryer
Synthetic products were dried by lyophilisation. Solids were neutralised by stirring for 30 minutes in

water and filtering. This was repeated until the filtrate was no longer acidic (determined using
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universal indicator paper (Merch Life Sciences)). Solids were then frozen using a freezer to
approximately -18 °C. Water was removed using a LSCbasic freeze-dryer (Christ) at -85 °C and between

0.890 and 1.25 mBar.

2.4.2.2 Nuclear magnetic resonance (NMR) spectroscopy

For the characterisation after the synthesis of NDIs, NMR measurements were carried out on a Bruker
400 MHz spectrometer. Solids were dissolved in approximately DMSO-ds. Approximately 2 plL
trifluoroacetic acid was added in the case of NDI-F and NDI-FF to move the position of the residual
water signal in the *H NMR spectrum which covered signals from the products. Spectrometer operated

at 400 MHz for *H NMR and 101 MHz for *C NMR spectroscopy.

2.4.2.3 High resolution mass spectroscopy (HRMS)
Measurements were carried out using a Bruker microTOFg mass spectrometer using electrospray
ionisation (ESI) coupled to a time-of-flight analyser. The instrument is accurate to <5 ppm. Samples

were run in ethanol by the University of Glasgow mass spectrometry service.

2.4.2.4 Preparation of solutions

Solutions were prepared at concentrations 10 mg/mL of NDI (unless otherwise stated). NDI solids were
dissolved in 2 molar equivalents of aqueous NaOH (0.1 M) and 400 pL/mL of 0.1 M NaCl (to act as a
background electrolyte). The remaining volume of solutions were made up with deionised water.
Solutions were stirred overnight until all solids had dissolved. The pH of these solutions was adjusted
using a FC200 pH probe. Solutions were adjusted between pH 6-12 in increments of 1. This

concentration was chosen due to the intensity of colour produced upon electrochemical reduction.

2.4.2.5 pH measurements
pH was measured using a FC200 pH probe (HANNA instruments) with a 6 mm x 10 mm conical tip
calibrated with buffers of pH 4, 7 and 10 (HANNA instruments). The stated accuracy of the pH

measurements is £0.1.

2.4.2.6 Absorption spectroscopy

Absorption spectra were collected using a Cary 60 UV-visible spectrophotometer from Agilent
Technologies. Solutions were measured in a 0.1 mm pathlength quartz cuvette (Hellma Analytics) or
spectro-electrochemical cells (BASi). Spectra were collected from 250-1100 nm at a scan rate of 2 nm/s

unless stated otherwise.

2.4.2.6.1 Dilution series
Solutions were prepared at 10 mg/mL and diluted by half using a solution containing 0.4 mL/mL of 0.1

M NaCl to keep this ratio of background electrolyte consistent. Absorbance spectra were taken of the
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neutral state of each NDI. Neutral solutions at 10 mg/mL were too concentrated to be reliably
recorded by the spectrometer, resulting in noisy data and so the series is reported from 5 mg/mL
onwards. Solutions were deposited (<0.2 mL) into a 0.1 mm quartz cuvette (Hellma Analytics) before
measurement. Neutral states are recorded at 5 mg/mL under the assumption that aggregation is

unchanged between 5 and 10 mg/mL.

2.4.2.7 Apparent pK, titrations

All pK; titrations were performed using 10 mg/mL solutions of each NDI pH adjusted to pH 12. 0.1 M
HCl was added in 5-10 uL portions. A portion was added, and the solution gently stirred before being
allowed to sit for 5 minutes before a pH measurement was taken and another portion added. pH was
measured using a FC200 pH probe (HANNA instruments) with a 6 mm x 10 mm conical tip calibrated
with buffers of pH 4, 7 and 10 (HANNA instruments). The stated accuracy of the pH measurements is
10.1. pH was recorded by hand in a lab book. The temperature was maintained at 25 °C during the
titration by using a circulating water bath. pK; values were determined to be the pH at which a plateau

is observed upon addition of HCI before the pH dropping again more steadily.

2.4.2.8 FTO windows

The windows used for the spectro-electrochemical experiments were prepared from fluorine-doped
Sn oxide (FTO) coated glass (TEC 10 20 x 15 x 1.1 mm, surface resistivity ~¥11 — 13 Q/sq from Ossila).
The glass was sonicated in ethanol at 40 °C for 30 minutes prior to assembly and gloves were used
throughout to prevent fingerprints on the glass. A 3D printed 1 mm thick spacer was secured onto the
conductive side of the FTO glass using a 2-part epoxy resin. Solutions (0.5 mL) were deposited into this
space and the second piece of glass placed on top and secured using a 3D printed holder, screwed into
place. Excess solution was deposited to reduce the appearance of bubbles. This method was
performed ensuring that the FTO layers were facing inside the cell (Figure 2.28). Pieces of copper tape
were added to the edges of the cell to ensure good contact between the cell and the crocodile clips
from the PalmSens4 potentiostat. While the FTO window will absorb light in a different range to
quartz, only approximately 100 nm of the absorbance spectra between 250 and 350 nm is lost to
absorbance of the FTO glass. As the absorbances corresponding to the radical anion are not found

within this region, we concluded that this loss of the spectrum was a reasonable compromise.
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|FTO conductive coating

=0

[ 1 40
10 mm
) NDI solution
3
Copper I I
Tape

3D Printed Glass
Spacer

Figure 2.30. Schematic diagram of the FTO window set-up described above.

2.4.2.9 Cyclic voltammetry (CV)
Voltammograms were collected using a PalmSens4 potentiostat using a 2-electrode set-up. Solutions
of (0.5-2 mL) depending upon the size of the glass used were deposited into FTO glass cells as

described in 2.4.2.8.

All data were collected using a 2-electrode set-up without reference. Values cannot therefore be
stated in reference to a known value. Cyclic voltammograms were carried out using a solution of 10
mg/mL hydroquinone dissolved in water with 10% 0.1 M NaCl. A comparison of the position of the
peaks measured in the FTO (1 x 1 cm) window set-up are compared to the same solution measured in
a referenced electrochemical set-up (CH Instruments and BASi), Figure 2.31. This data is tabulated in
Table 2.2. Two reduction peaks are clear at a 0.5 V/s scan rate but the oxidation peak is more broad
and not clearly defined as two sperate processes. Solutions were deposited (5 mL) into a glass vial (CH
Instruments) before electrodes were placed into solution. This set-up comprised of a glassy carbon

working electrode, Pt counter electrode and an Ag/AgCl reference (BASi).

OH @)
©
2e @
———— +2H
OH @)
Hydroquinone Benzoquinone

Figure 2.31. The redox reaction of hydroquinone/benzoquinone measured by CV as a control.
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2.4.2.10 Spectroelectrochemistry

Spectra were collected using the spectrometer described in 2.4.2.6 while solutions (<0.2 mL) were
deposited into a window cell (2.4.2.8) secured in place within the spectrometer using a 3D printed

custom-built holder. A CAD (computer aided design) of the holder is shown below in Figure 2.30.

Solution was retained in the cell by pressure from the holder using two screws.

&5

" Ompy
Figure 2.32. CAD image of 3D printed holder designed to secure a 10 x 10 mm window into the

absorption spectrometer.

2.4.2.11 Electrochromic behaviour

Solutions at 10 mg/mL were deposited (<0.2 mL) and secured in FTO window cells (2.4.2.8) and a
potential of -2.5 V applied for 10 seconds. The absorbance spectra were then collected immediately
after reduction. Photographs were taken after a 10 second application of -2.5 V on a separate occasion

with the cell outside of the spectrometer for ease.

2.4.2.11.1 Tracking electrochemical oxidation

Solutions were deposited into FTO cells and spectro-electrochemistry was performed as described
in2.4.2.10. The reduction potential of -2.5 V was applied for 20 seconds instead of 10 seconds in this
instance to accentuate the difference in colouration between solutions at different pH values. An
oxidising potential of 0.5 V was applied for 300 seconds. This potential was found to oxidise effectively
and could be used consistently for all NDlIs. The oxidation process was measured by collecting spectra
every 30 seconds as an oxidising potential of 0.5 V was applied. The absorbance at 540 nm was

recorded as this wavelength corresponded to an absorbance in the spectra of all reduced NDIs.
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3.1 Introduction

Self-assembling organic molecules such as the NDI systems discussed here are often highly
influenced by external properties such as pH as well as more fundamental properties like
chemical structure.’™ The ability of NDIs and similar molecules to produce radical anions both
photo- or electrochemically is influenced by chemical structure (and consequent
aggregation).>® These factors have been discussed in Chapter 2 for these systems and were
found to greatly influence colouration and efficiency of electrochemical processes. However,
there is only so much information about structure that can be gained from absorbance
spectroscopy alone. This technique can give information about molecular packing in such

systems*#8° but is not characteristic of the larger scale structures formed.

To infer a larger structure or morphology, scattering and imaging techniques are used.
Techniques such as DLS assume spherical particles and calculate hydrodynamic radius and so
can overestimate the size of our aggregates if light scatters from the side of a cylinder,
assuming the length of the cylinder to be the radius for example, Figure 3.1. These systems are
likely to assemble into large worm-like-micelles'®'3 (due to their m-stacking capabilities),
making this technique unsuitable. While imaging can give information about fibrous
structures, as previously mentioned, the artefacts caused by drying (and the high salt
concentration) also makes this technique unsuitable for our systems.'*'> SANS is a powerful
technique to study the aggregates of self-assembling molecules over a variety of length

916-19 As discussed in Chapter 1, it has been widely reported to be used to probe

scales.
hydrogelators and self-assembling organic molecules.>'*1%1821 The sensitivity and non-
destructive nature of SANS makes it an attractive tool to measure our system and to

understand the structures at low to high pH more clearly.

o=

Figure 3.1. Cartoon representation of the overestimation of radius which may occur using DLS.

A desirable property of transmissive to dark electrochromic devices is not only that colour
change is of a high contrast and occurs within a short period of time, but that these phenomena

can be repeated many times over the lifetime of the device. Electrochromic devices reported
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can achieve a widely varied range of cyclability between differently coloured states, from 10-
202223 to hundredss?* to thousands.?>32 The lifetime of a commercial device is estimated to
between 25,000,323 50,0003 and 100,000 cycles? but will depend upon application. A common
issue that can limit the number of cycles achieved in solution based devices is leaking®2%3637 or
drying out of devices.> While this factor is an issue in a research lab, when developed by an
industrial partner, it is less likely to occur and so these systems should not be disregarded. The
viability of a device is often reported in terms of the number of cycles it can achieve without
detriment to colouration efficiency or contrast of colouration change. However, a discussion
about how structure or aggregation is influenced by a lifetime of use is not as commonly
discussed. As aggregation can influence electrochromic properties (Chapter 2) of these

systems, this discussion is crucial in investigating their viability.

Whilst we assess the aggregation of our systems and how this factor varies with chemical
structure and pH, we must also consider how electrochemical use may also influence
aggregation which could influence the long-term use of our devices. It is likely that the absolute
aggregates of the ideal states of each system will influence the number of cycles achieved.
Some aggregates may also be more susceptible to change after electrochemical use. Assessing
this property alongside measurements of cyclability will also allow an insight into the stability
of the systems over time. We must also assess whether any degradation of the NDIs
themselves takes place. It is important to know whether these systems degrade or become

less efficient with use to assess suitability for application.

Spectro-electrochemistry has been used to assess the coloured states of our systems in
Chapters 2 and facilitates in situ measurement during electrochemical reduction and oxidation.
In situ SANS (as mentioned in Chapter 1) has been reported as a method to measure structure
over a period of time after an initial stimulus, such as a variation in temperature or pH.
However, electrochemical stimuli are less frequently reported alongside this technique, mostly

due to additional experimental concerns and complexities.

Samples cannot be electrochemically reduced and oxidised in a standard quartz cuvette as
used for SANS measurements without very specialist equipment. The pathlength of the cell is
very thin and it is challenging to fit a cell inside that will be perfectly positioned in the beamline.
Therefore, electrochemical processes may have to be performed ex situ before a
measurement. Performing spectro-electrochemistry in the beamline itself would facilitate a
more representative investigation of the way electrochemical processes may affect

aggregation.
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It has been stated that organic systems are not stable enough®® for use in chromic materials
due to secondary reactions,?® degradation?® or an inability to cycle between states.*®*! One of
the reasons for such instability may be that the process of applying potential (or the formation
of a radical) changes or destroys the aggregation of the system by the addition of charge. We
have reported that subtle changes in aggregation with pH result in a direct impact upon
electrochromic behaviour (Chapter 2). Changing pH will alter the charge in the molecules and
in the solvent around them. It is therefore crucial to assess whether electrochemical use will
have a similar impact to changing pH, and whether the reduced state has a different

aggregation to the neutral state (using in situ methods).

The use of in situ electrochemical SANS (eSANS) combined with other ex situ techniques has
been reported mostly in the evaluation of batteries.s45 A cell is placed in the beamline and
cycled through charge and discharge cycles.4246 This technique has been used to assess the
pore structure and host nature of electrodes 4344 and to give insight into mechanisms occurring
within cells.%s in situ SAXS has been reported using an electrochemical cell to track templated

electrodeposition which required custom-made equipment.*’

In situ SANS focusing on redox reactions has been applied to the investigation of the
irreversible change in size upon the reduction of ZnO nanoparticles*s, Figure 3.2, and to a
measure of a porous structure during dealloying of Ago.7Auos.% Often these reports involve
addition set-up external to the beamline such as dialysis tubings® or large reservoirs of

electrolyte.#

Potentiostatic
control

<

3

0 40 80 120

Electrochemical
Small-Angle Neutron Scattering  Electrochemical Quartz Cell

Figure 3.2. Set-up used for in situ SANS by Prabhu et al. *®

We report an easy-to-use methodology to perform in situ SANS combined with

electrochemistry. Referring to the criteria we set out in Chapter 2, we have assessed solubility,
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redox potentials and tuning of the speed and intensity of the transition to a dark coloured state
from a transmissive neutral state. We can now use a mixture of in situ and ex situ SANS to
understand more about the specific relationships between structure and intense (and also
poorly) coloured states and evaluate the stability and cyclability of these systems in their ‘ideal’
states. The ability to perform in situ SANS will allow a measurement of the electrochemically

reduced state and understand any influence of electrochemical reduction upon aggregation.

3.2 Results and discussion

Having assessed the influence of pH using absorbance spectroscopy, we concluded that each NDI had
anideal pH at which electrochemical processes were enhanced, Chapter 2. We refer to this as its ‘ideal
pH’. This chapter will focus first upon evaluating the aggregation of each NDI using SANS at high, mid
and low pH/D and relating this to the trends in colouration observed in Chapter 2. We characterise
these systems to better understand the relationship between aggregation and electrochromic
behaviour. We can then assess the effect of the radical formation upon these structures. By cycling
between states continuously we can gain insight into the long-term stability of these systems and

whether aggregation and chemical structure influence this property.

As previously described in Figure 2.5, Chapter 2, we assume from their absorption, the structures
dilute rather than change at lower concentration. The molar absorbance coefficient calculated from
this concentration series suggests that this value has no impact upon colouration, with NDI-FF showing
higher € than NDI-I (Table 3.1) but demonstrating a significantly weaker electrochromic colouration

(Chapter 2).

Table 3.1. Molar absorbance coefficient calculated from the gradient of a plot of concentration vs.
absorbance at Amax Calculated from data shown in Figure 2.5 in main text of Chapter 2. Solutions

adjusted to pH 9 and measured in their neutral state.

NDI e (Mtem?)
NDI-I 1379
NDI-V 1588
NDI-F 1808
NDI-GF 1809
NDI-FF 1501
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3.2.1 Buffering

Having concluded that there is an ideal pH at which electrochemical reduction and oxidation is the
most favourable, it is important to maintain these conditions that promote an ideal aggregation. The
ideal pH of each solution is maintained using a buffer. Buffered solutions were prepared using two
molar equivalents of NaOH and made up to volume with 0.1 M sodium carbonate-bicarbonate buffer
adjusted to pH 9 (NDI-1 and NDI-V) or 0.1 M sodium acetate, adjusted to pH 6 (NDI-F and NDI-GF). The
concentration of salt in solutions is increased by buffering, which acts as an electrolyte in the system.
We do not note any significant differences in the absorbance spectra of buffered and unbuffered NDIs
to suggest a difference in aggregation, Figure 3.3. A minimal change in the ratio of absorbances at 365

and 384 nm (suggesting very subtle changes in packing) is observed in NDI-GF (Figure 3.3(d)).
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Figure 3.3. Absorbance spectra of the neutral state of 5 mg/mL buffered (dashed line) and unbuffered
(solid line) of NDI-I, (b) NDI-V, (c) NDI-F and (d) NDI-GF adjusted to their respective ideal pH (pH 9 for
NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF).

There is minimal shifting (around 0.2 V at a maximum) observed in redox peaks upon buffering in both
referenced and unreferenced set-ups, Table 3.2-Table 3.3 and Figures A.3.1-A.3.5, Appendix. In the

case of NDI-GF, in non-buffered solutions, two reduction peaks are seen and in buffered solutions,
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one is observed roughly between these two, Figure A.3.5(d), Appendix. This observation suggests that
the two peaks have coalesced and are more distinct in non-buffered solutions which may be due to

the subtle difference in molecular packing observed from absorbance spectra, (Figure 3.3(d)).

Table 3.2. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL buffered
and unbuffered solutions of NDI-I, NDI-V, NDI-F and NDI-GF adjusted to their respective ideal pH (pH
9 for NDI-l and NDI-V and pH 6 for NDI-F and NDI-GF). Cyclic voltammograms performed in referenced

set up (Ag/AgCl) at 0.2 V/s.

Buffered Reduction Oxidation Unbuffered Reduction Oxidation
System Potential(s) (V) | Potential (V) System Potential(s) (V) | Potential (V)
NDI-I -0.8 0.7 NDI-I -1 0.7

NDI-V -0.9 0.7 NDI-V -0.8 0.8

NDI-F -0.8,-1.4 0.8 NDI-F -0.7 0.5

NDI-GF -0.8 1 NDI-GF -0.5,-1.3 0.8

Table 3.3. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL buffered
and unbuffered solutions of NDI-I, NDI-V, NDI-F and NDI-GF adjusted to their respective ideal pH (pH
9 for NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF). Cyclic voltammograms performed in 1x1 FTO

windows at 0.2 V/s.

Buffered Reduction Oxidation Unbuffered Reduction Oxidation
System Potential(s) (V) | Potential (V) System Potential(s) (V) | Potential (V)
NDI-I -2.5 0.1 NDI-I -2.6 0.2

NDI-V -1.9,-2.6 0.2 NDI-V -1.8,-2.5 0.2

NDI-F -2.5 0.1 NDI-F -2.6 0.1

NDI-GF -2.3 0.4 NDI-GF -2.3 0.4

Buffered solutions maintained their pH for at least 70 hours when left undisturbed, whereas
unbuffered solutions do not maintain stable pH for more than a few hours, Figure 3.4. Future
measurements will use buffered solutions to make sure pH, and consequent aggregation, is consistent.
In NDI-I and NDI-V, buffering will have a significant impact as pH starts to drop from pH 9 within an
hour, Figure 3.4(a). As the pH drops, aggregation also changes which will have an impact upon

electrochemical behaviour. The drop in colouration intensity was most notable below and above pH
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9 for both these systems, Figure 2.15, Chapter 2. In long term devices, NDI-l and NDI-V solutions would

require buffering to be viable.

"0 10 20 30 40 80 60 70 6 10 20 30 40 50 60 70
Time (hours) Time (hours)

Figure 3.4. pH of 10 mg/mL buffered, and unbuffered solutions of NDI-I (green), NDI-V (blue), NDI-F

(purple) and NDI-GF (brown) logged between 50-70 hours. Solutions were adjusted to their respective

ideal pH (pH 9 for NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF) at the start of the log. Buffered

solutions are represented by NDI-I (light green), NDI-V ( ), NDI-F (light purple) and NDI-GF

(light brown).

The wavelength of peaks in the reduced absorbance spectra are unchanged by buffering but the
intensity of colouration is affected, Table 3.4. The Amax0f NDI-I, NDI-V and NDI-F are near the limits of
the spectrometer and so absorbance at 540 nm is tabulated. The difference in colour intensity
afforded by additional salt concentration is notable in the absorbance spectra of the reduced state

but is less notable by eye, Figure 3.5.

Table 3.4. Tabulated absorbance at 540 nm for buffered and unbuffered solutions of NDI-R after a 10
second application of -2.5 V. Full data set available in Figure A.3.6, Appendix. 10 mg/mL solutions were

adjusted to their respective ideal pH (pH 9 for NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF).

Buffered Absorbance at 540 nm (a.u.) | Unbuffered Absorbance at 540 nm (a.u.)
System System

NDI-I 1.93 NDI-I 1.52

NDI-V 1.81 NDI-V 1.45

NDI-F 1.40 NDI-F 0.86

NDI-GF 0.75 NDI-GF 0.62
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10 mm

Figure 3.5. Photographs of neutral and electrochemically reduced buffered (dashed line) and
unbuffered (solid line) solutions of NDI-I (green), NDI-V (blue), NDI-F (purple) and NDI-GF (brown) at
10 mg/mL and at their respective ideal pH (pH 9 for NDI-l and NDI-V and pH 6 for NDI-F and NDI-GF).

Reduction was achieved by application of -2.5 V for 10 seconds. Any bubbles caused by loading.
The most significantly enhanced NDI was NDI-F, suggesting that the structures of this system may be

less conductive than others and so are more significantly improved by additional salt concentration.

The reversal of reduced colouration is comparable in buffered and unbuffered states, Figure 3.6
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Figure 3.6. Absorbance at 540 nm taken every 30 seconds as oxidising potential of oxidation potential
of 0.5 V was applied for 300 seconds to electrochemically reduced unbuffered (filled square) and
buffered (open square) solutions of (a) NDI-I, (b) NDI-V, (c) NDI-F and (d) NDI-GF at 10 mg/mL after
20 second application of -2.5 V. Solutions adjusted to respective ideal pH (pH 9 for NDI-I and NDI-V
and pH 6 for NDI-F and NDI-GF).

3.2.2 Comparing ideal states
From the absorbance spectra of the neutral state of each NDI at its ideal pH, there is no significant
difference in molecular packing (apart from NDI-F, Figure 3.7(a)). The ratio of peaks at 365 and 385

nm is different in NDI-F compared to the other NDIs which indicates a different molecular packing.

Viscosity measurements give information about the bulk properties of these systems in their neutral
state, Figure 3.7(b). At low shear, viscosity is measured at a higher value for buffered solutions of NDI-
GF and NDI-F which suggests that larger aggregates are present, however, this region of shear has
high error due to the low viscosity of the samples, as shown by error bars. Therefore, comparisons
drawn here are not statistically significant. All NDIs show a small amount of shear thinning behaviour,

11-13 A the viscosity of

which is characteristic of worm-like micelles being present in similar structures.
all NDI solutions are roughly comparable to water due to the low concentration used) we cannot gain

a great deal of insight from viscosity measurements.
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Figure 3.7. (a) Absorbance spectra of the neutral state of 5 mg/mL buffered NDI-I (green), NDI-V (blue)
adjusted to pH 9, NDI-F (purple) and NDI-GF (brown) adjusted to pH 6 (b) Viscosity measurements
under increasing shear rate for buffered solutions of NDI-I (green) and NDI-V (blue) at pH 9 and NDI-
F (purple) and NDI-GF (brown) at pH 6 at 10 mg/mL. Measurements are taken as an average of

triplicate measurements and error bars calculated from standard deviation.

There may be factors such as electron transfer efficiency that influence electrochemical processes,
but aggregation is expected to be the most significant factor. For example, at high or low pH, we would
anticipate higher conductivity than at pH 9 due to a higher concentration of charged ions. However,
electrochemical processes are most efficient at pH 9 in the case of NDI-I and NDI-V, Chapter 2. This
observation suggests that aggregation is an overriding factor. Therefore, to understand assembly
further we use SANS. SANS also allows measurement over a wide Q range and long length scales to

understand the primary structures of aggregates as well as any larger networks.

3.2.3 High pH

While we have observed differences in ‘ideal’ pH with R groups, pH 12 was consistently associated
with almost no generation of the radical anion electrochemically. This observation corresponds to a
change in aggregation which is suggested by significant changes in the absorbance spectra of the
neutral state, as discussed in Chapter 2. Using SANS, we investigated this state further. SANS
measurements require contrast between solvent and molecules and so NDIs are dissolved in D,0O
(using deuterated base and acid to pD adjust). Therefore, we refer to pD in the following discussion.

We do not expect a significant difference in aggregation in H,O and D-0.

SANS data for all NDIs measured at pD 12 can be fit to a flexible elliptical cylinder models combined
with a power law. All fits have a radius of approximately 5 A, a large ratio axis (Table 3.5) and scattering

has similar intensity across all ranges of Q in all NDIs (with the exception of NDI-FF), Figure 3.8. NDI-
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FF has a higher intensity at low Q which could suggest larger network interactions likely due to the
two large aromatic groups of this dipeptide. The length of these systems is outside of the range that
can be reliably modelled with SANS data.1>?%51 SANS experiment can resolve length scales of up to
approximately 1000 A.52 This structure type (large axis ratio flexible elliptical cylinder) could be
attributed to poorly defined cylinders or planar tape-like structures (which have been reported to
form in molecules with amide motifs capable of hydrogen bonding).>3 The dispersion of NDI molecules
at this pH does not allow efficient nt-stacking and the distance between NDI molecules is too large to

effectively form the radical anion.*%

Intensity (cm™)
o

0.01-

0.001-

L | T T T L |
Q (A
Figure 3.8. Small angle neutron scattering data (open circles) for 10 mg/mL solutions, in their neutral

state, of NDI-I (green), NDI-V (blue), NDI-F (purple), NDI-GF (brown) and NDI-FF (black) at pD 12.

Table 3.5. Tabulated parameters from SANS model fits of systems at 10 mg/mL, pD 12. The parameters
for NDI-FF at pD 7 are also shown. Full data sets available in Figures A.3.7-A.3.12 and Tables A.3.1-

A.3.6, Appendix. Models using flexible, flexible elliptical and hollow cylinders combined with a power

law.
System Kuhn Length | Error Radius (A) Error Axis Ratio Error
(A)

NDI-I 84.99 6.54 4.90 0.155 25.90 0.819
NDI-V 120.90 6.07 5.44 0.113 14.80 0.307
NDI-F 146.31 18.9 5.00 0.255 41.50 2.11
NDI-GF 46.79 2.58 4.93 0.0110 18.10 0.0405
NDI-FF pD 12 | 120.99 1.22 5.50 0.0883 19.82 0.0315
NDI-FFpD 7 | 133.99 9.65 10.04 0.0178 24.88 0.415
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NDI-FF demonstrated poor electrochemical behaviour across all pH values (Chapter 2) and showed
the same structure type (of tape-like cylinders with a high axis ratio) and scattering intensity at both
pD 7 and 12, Table 3.5 and Figure 3.9. At lower pD, the radii increase, and the Kuhn length increases
which suggests more rigid structures, however these changes are not significant. This observation
suggests that this structure either disfavours the reductive process or cannot stabilise the radical anion
and that NDI-FF does not form more defined structures as pD is lowered. The weak colour of the
reduced state makes this system unsuitable as has already been noted (Chapter 2) and it should not

be investigated for cyclability and stability.
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Figure 3.9. Small angle neutron scattering data for a neutral solution of NDI-FF at pD 7 (black) and pD

12 (pink).

It cannot be said with certainty what aspect of the tape-like aggregation disfavours production of the
radical anion. In the case of NDI-FF, the lack of ability to form defined structures or stabilise the radical
anion may be due to the steric bulk the aromatic rings, compromising n-stacking and influencing the
efficiency of electron transfer along a m-stack.>® These rings may also provide some form of shielding,
preventing efficient electron transfer. A combination of factors is likely contributing to this

observation.

3.2.4 Aggregation at pD 9 and 6

The ideal pH for each NDI was found to be in the region of one of two apparent pK, values. As
previously discussed, each pK; is associated with a consequent change in aggregation. One consistent
ideal pH was not found for all NDIs investigated. This observation suggests aggregation changes that

occur at each pK, either favour or disfavour electrochemical activity depending on amino acid ‘R’
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group. Having identified the structure type associated with very poor electrochromic behaviour, we

can now investigate the structures at the lower pDs.

At pD 9 and 6, NDI-I fits to a flexible cylinder model combined with a power law. The length of these
cylinders is, again, outside the range accessible by this technique,>? but the radius of these cylinders
is approximately 5 A at both pD, Table 3.6. The change in aggregation between pD 6 and 9 is mostly
subtle (although statistically significant), as we hypothesised in Chapter 2. The most significant
difference is a decrease in Kuhn length at pD 6, which suggests structures become more flexible, Table

3.6. The intensity at high Q is also lower at pD 6, suggesting smaller, or more solvated aggregates,

Figure 3.10(a).

Table 3.6. Tabulated parameters from SANS model fits of neutral 10 mg/mL NDI-I. Full data sets

available in Figures A.3.13-A.3.14 and Tables A.3.7-A.3.8, Appendix. Flexible cylinder and power law

model used.
System Kuhn Length (A) | Error | Radius (A) | Error
NDI-1 pD 9 118.42 6.78 | 5.23 0.0727
NDI-I pD 6 89.94 8.14 | 5.02 0.128
(b)
i
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Figure 3.10. Small angle neutron scattering data for a 10 mg/mL neutral buffered solution of (a) NDI-

I and (b) NDI-V at pD 6 (red), pD 12 (blue) and buffered at pD 9 (black).

NDI-V behaves very similarly to NDI-I, possibly due to their similar ‘R’ group. The trends of radii and
Kuhn length are comparable (but the decrease in Kuhn length is more significant at pD 6 than in NDI-
I suggesting this NDI forms more flexible structures), Table 3.7. Similarly, to NDI-I, scattering intensity

is lower at pD 6 which suggests smaller aggregates, Figure 3.10(b).
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. Table 3.7. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-V. Full data sets

available in Figures A.3.15-A.3.16 and Tables A.3.9-A.3.10, Appendix. Flexible cylinder and power law

model used.

System Kuhn Length (A) | Error | Radius (A) | Error
NDI-VpD9 | 111.38 8.13 | 5.18 0.125
NDI-VpD6 | 41.85 7.89 | 5.00 0.253

Unlike NDI-I and NDI-V, NDI-F fits to a hollow cylinder model combined with a power law. This model

implies significantly more rigid structures. This observation may be a result of the rigidity of the

phenylalanine group of this NDI. NDI-F was also found to demonstrate different molecular packing to

other NDIs (Figure 3.7(a)) which is likely because of this ability to form hollow cylinders. At pD 9, the

hollow cylinders formed by NDI-F have much smaller radii (and thickness) than pD 6, which suggests

that larger aggregates form as pD decreases, Table 3.8. As observed for NDI-I and NDI-V, there is a

decrease in scattering intensity at high Q in NDI-F as pD decreases, Figure 3.11(a). As with NDI-I and

NDI-V, the differences in parameters are statistically significant.

Table 3.8. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-F. Full data sets

available in Figures A.3.17-A.3.18 and Tables A.3.11-A.3.12, Appendix. Hollow cylinder and power law

model used.
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System Radius (A) | Error | Thickness (A) | Error
NDI-F pD 9 25.34 3.32 | 781 0.0782
NDI-F pD 6 52.33 2.17 | 11.76 0.624
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Figure 3.11. Small angle neutron scattering data for a 10 mg/mL neutral buffered solution of (a) NDI-

F and (b) NDI-GF at pD 9 (black), pD 12 (blue) and buffered at pD 6 (red).
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There is an obvious increase in intensity at low Q at pD 6 for NDI-GF, Figure 3.11(b). This phenomenon
is the result of the gelating ability of this NDI. NDI-GF can form gels if pH is lowered slowly® and this
intensity at low Q suggests the formation of larger scale networks. While the solution does not form
a gel when adjusted to pD 6 with acid by hand, it is likely that small networks or large aggregates
similar to the start of gelation are formed at low pD. These more complex structures in solution at low
pD may assist the electrochemical processes, making this NDI-GF’s ideal pD. Unlike other NDIs, there
is a significant reduction in scattering intensity between pH 12 and 9 and high Q, Figure 3.11(b), which

suggests that there are significant changes at each apparent pK, of NDI-GF.

The scattering data for NDI-GF fit to a flexible elliptical cylinder model combined with a power law.
The Kuhn length at pD 9 is larger than at pD 6 (comparable to NDI-I and NDI-V), Table 3.9. Changes
are statistically significant. Between pD 12, 9 and 6, the axis ratio is observed to decrease as radius
increases which suggests that cylinders become more defined as pD drops. However, this change in
axis ratio is more gradual than observed in NDI-I and NDI-V, with axis ratio still being high at pD 9. This
observation suggests that even at pH 9, structures of NDI-GF are either ill-defined or very elliptical.
The bulky and electron rich nature of the dipeptide group may be responsible for lack of definition at
pH 9. Steric or electrostatic repulsion could both contribute to difficulties forming structures at this

pD, as the NDI molecules will be partially deprotonated.

Table 3.9. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-GF. Full data sets
available in Figures A.3.19-A.3.20 and Tables A.3.13-A.3.14, Appendix. Flexible elliptical cylinder and

power law model used.

System Kuhn Length | Error Radius (A) Error Axis Ratio Error

(A)
NDI-GFpD9 | 126.55 9.41 7.26 0.146 10.35 0.206
NDI-GFpD 6 | 60.07 0.0232 19.51 0.00182 1.82 8.73E-04

The glycine in the dipeptide allows more freedom of movement within the molecule than other NDIs
investigated. This added flexibility is reflected in the Kuhn length at pD 6 (lower than NDI-I, NDI-V and
NDI-FF). NDI-GF was the only NDI in which a change in molecular packing between pH 6 and pH 9 was
observed in absorbance spectra (suggested by a change in relative intensities of absorbances at 365
and 385 nm, Figure 3.12). This difference in packing suggests a local change in structure as larger

aggregates form at pH 6.
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Figure 3.12. Absorbance spectra of NDI-GF containing NaCl in a neutral state at 5 mg/mL. Solutions

recorded at pH 6 (red), 9 (black) and 12 (blue).

3.2.4.1 Comparison of NDIs
Comparing across NDlIs at their ideal pD, Figure 3.13, NDI-l and NDI-V form very similar structures and

have comparable scattering intensity, chromic behaviour and trends with pD. This observation
suggests that these similarly appended NDIs have comparable aggregation, which is most favourable
for their electrochromic performance at pD 9. The more rigid structures formed at pD 9 may be
responsible for the difference in colouration intensity between pD 6 and 9 for these NDIs. We
hypothesise that for these two systems, additional flexibility results in poorer colouration. The

changes in structure are subtle for both NDIs between pD 9 and 6.
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Figure 3.13. SANS (open circles) and fits (lines) for solutions of 10 mg/mL NDI-I (green), NDI-V (blue),
NDI-F (purple), NDI-GF (brown) at their respective ideal pD (pD 9 for NDI-l and NDI-V and pD 6 for
NDI-F and NDI-GF). Fits are to flexible cylinder, flexible cylinder, hollow cylinder and flexible elliptical
cylinder (all combined with a power law) for NDI-I (green), NDI-V (blue), NDI-F (purple), NDI-GF

(brown).

NDI-F has a lower scattering intensity than the other measured NDIs, which suggests that it is made
up of smaller, or more solvated aggregates, Figure 3.13. NDI-GF has a large scattering intensity at low
Q due to its gelating ability. NDI-F forms the most rigid structures as hollow cylinders (with no

parameter to accommodate flexibility, such as Kuhn Length).

Both NDI-F and NDI-GF have larger radii than NDI-I and NDI-V which is likely a result of their larger
aromatic groups. It is inferred from these data that these aromatically appended NDIs have more
desirable chromic properties at pD 6 than pD 9 due the size of aggregates. Both systems demonstrate
an increase in radii as pD lowers. As radii increase, perhaps these structures become less strained and
more stable. At pD 6, we would expect molecules to be more likely to be fully protonated and less

charged, reducing any electrostatic repulsion that may been influencing the aggregates at higher pD.

3.2.5 The reduced state at ideal pH

Having compared the ideal aggregation in a neutral state, we can now evaluate the reduced state. The
“typical human eye” cannot distinguish a difference in a 5-10% change in transmittance and so in
industry, an 85% of transmittance change is “standard”.’’” The values of %transmittance for the
reduced and neutral state at Amax are tabulated in Table A.3.15, Appendix. These data were used to
calculate colouration efficiency which is tabulated in Table 3.10. Colouration efficiency of these

systems at their Amaxis high compared to literature values of alternative systems.?%3058-60 A yiologen-
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based device was reported to have a colouration efficiency of 120.8 cm?/C,%! and a metal
electrodeposition system has reported colouration efficiency between 19 and 132 cm?/C, depending
upon which metal was used.?” Our systems have a colouration efficiency between approximately 95-
250 cm?/C. Due to the intense absorbance of NDI-1 and NDI-V at their Amax (near the limits of the

spectrometer), data from a two second reduction as well as a ten second reduction was collected.

Table 3.10. Tabulated colouration efficiency calculated using transmittance taken at the Anax of the
reduced state of buffered NDI-I, NDI-V, NDI-F, and NDI-GF after application of -2.5 V. Colouration

efficiency calculated using charge density ina 1 x 1 cm FTO window set-up.

Buffered System Colouration Efficiency (cm?/C)

NDI-1 10 mg/mLat pH 9 156.9 (10 second reduction)

235.5 (2 second reduction)

NDI-V 10 mg/mL at pH 9 229.5 (10 second reduction)

254.1 (2 second reduction)

NDI-F 10 mg/mLat pH 6 94.9 (10 second reduction)

NDI-GF 10 mg/mL at pH 6 154.2 (10 second reduction)

Absorbance spectra are compared while species are electrochemically reduced. Comparing between
the differently appended NDIs at each ideal pH, NDI-I and NDI-V produce the strongest intensity

colouration. These are the most promising candidates for Smart Windows at this stage.

The spectra and colouration by eye of electrochemically reduced solutions of NDI-I, NDI-V and NDI-F
are comparable, but NDI-GF is notably different, Figure 3.14. In the spectra of reduced solutions of
NDI-GF, a broad absorption in the near IR region over 900 nm is associated with one-dimensional -
stacking of the radical anion.>*®%2 This absorbance was strongest at low pH (Chapter 2). The Amaxis
also found at an approximately 40 nm shorter wavelength than other NDIs, with peaks between 520-

800 nm less intense and defined than other NDI spectra, Figure 3.14.
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Figure 3.14. (a) Absorbance spectra of the reduced state of 10 mg/mL buffered NDI-I (green), NDI-V

(blue) NDI-F (purple) and NDI-GF (brown) adjusted to their respective ideal pH (pH 9 for NDI-I and
NDI-V and pH 6 for NDI-F and NDI-GF) after 20 seconds of application of -2.5 V, (b) Photographs of
solutions of NDI-I, NDI-V, NDI-F and NDI-GF at their respective ideal pH in coloured (top) and neutral

states (bottom). Coloured states achieved by application of -2.5 V for 20 seconds in 1 x 1 cm windows.

At a concentration of 10 mg/mL, there will be a small difference in molar concentration due to
differences in molecular weight. When NDI-GF (the heaviest molecular weight NDI) solution was made
up at an equal molar concentration to 10 mg/mL NDI-V (the lightest molecular weight NDI) there was
no significant difference in electrochemical colouration upon reduction, Figure 3.15. We therefore
attribute differences in colouration to aggregation of the NDI and not insignificant differences in molar

concentration.
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Figure 3.15. Absorbance spectra of the reduced state of 10 mg/mL buffered NDI-GF adjusted to pH 6

at 10 mg/mL (black) and 14.5 mg/mL (red). Spectra taken after 20 seconds of application of -2.5 V.

The added flexibility of glycine in NDI-GF may be responsible for its ability to form larger aggregated
networks which results in a difference in the spectrum and a brown colouration by eye, Figure 3.14(b).
The purple colouration of NDI-I, NDI-V and NDI-F cannot be associated with production of the
dianionic species because the characteristic peak at 410 nm>®% is not observed in the NDI-F spectrum

and is very weakly observed in NDI-I and NDI-V, Figure 3.14(a).

To confirm that a difference in the radical anionic species itself is not the cause of the brown colour
of the reduced state of NDI-GF, EPR spectroscopy was performed. The characteristic NDI signal has
13-line hyperfine splitting derived from the interaction of the unpaired electron with two N (/ = 1)

and four H (/= Y/,) nuclei.®?

We observed that no further splitting is observed from the N-R groups, as the unpaired spin is confined
to the NDI core unit,>* Figure 3.16. The g-value of approximately 2 is typical of an NDI radical.®> While
NDI-I, NDI-V and NDI-F produce similar signals to each other, there are subtle differences in hyperfine
coupling which could be due to molecular motion rather than inherent electronic differences. No
significant differences in the EPR spectra of each NDI radical are observed and therefore differences
in colouration and colour intensity must be due to aggregation alone, Figure 3.16. The EPR signal
produced by reduced solutions of NDI-GF has lower symmetry than that produced by other NDIs. The
lower symmetry of NDI-GF suggests that the R groups on each side of the NDI core are inequivalent
which is likely due to the flexibility of glycine within the dipeptide, allowing for more rotation about
the bond. This data highlights the importance of aggregation upon electrochromic behaviour and

agrees with our previously collected data and hypothesises.
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Figure 3.16. EPR signal measured for electrochemically reduced buffered solutions of 10 mg/mL (a)
NDI-I (green), (b) NDI-V (blue), (c) NDI-F (purple) and (d) NDI-GF (brown) adjusted to their respective
ideal pH (pH 9 for NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF). Data collected by Dr Stephen

Sproules.

3.2.6  Cyclability

3.2.6.1 Initial set-up

One of the most important features for the application of Smart Windows is cyclability because this
will determine its stability over long term use. The system must be able to be switched from neutral
to reduced state, not only on-demand, but consistently over a long period of use. To assess the
cyclability (the ability to repeatedly switch between neutral and reduced states) of these systems,
larger scale windows (5 x 5 cm) were used. The smaller scale windows (1 x 1 cm) used for spectro-
electrochemistry were unsuitable as we experienced issues with sealing which made long time scale

experiments challenging.

Using hydroquinone as a standard, as in Chapter 2, ina 1x 1 and 5 x5 cm FTO window set-up, it can

be seen that the oxidation potential shifts to a lower potential and the two reduction peaks coalesce
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into one broad peak roughly half way between the two seen ina 1 x 1 FTO window, Table 3.11. With
the NDIs also, as the size of FTO glass increases, the redox potentials are slightly shifted relative to the
potentials in the 1 x 1 cm windows, Table 3.12. This is most likely due to differences in resistivity and
surface area of the FTO glass. The chemical structure does not greatly influence the position of

reduction and oxidation peaks by CV, Table 3.12.

Table 3.11. Reduction and oxidation potentials taken from cyclic voltammograms of 10 mg/mL
hydroquinone with 10 % 0.1 M NaCl. Cyclic voltammograms performedinalx1and 5 x5 FTO window

set-up at 0.5 V/s. Data available in Figure A.3.21, Appendix.

Set-up Reduction Potential(s) (V) | Oxidation Potential (V)
1x1cmFTO window | -1.2,-1.9 0.9
5x5 cm FTO Window | -1.4 0.5

Table 3.12. Redox potentials collected from cyclic voltammograms of buffered NDI-I, NDI-V, NDI-F
and NDI-GF collected at their ideal pH (pH 9 for NDI-l and NDI-V and pH 6 for NDI-F and NDI-GF) at 10
mg/mL within a 5 x 5 cm FTO window set-up. The scan rate of the cyclic voltammograms was 0.1 V/s.

Full data available in Figure A.3.22, Appendix.

Buffered System Reduction Potential(s) (V) Oxidation Potential (V)
NDI-I -2.51,-3.29 0.47
NDI-V -2.44 0.55
NDI-F -3.07 0.15
NDI-GF -2.55,-3.24 0.50

NDI-F has a slightly more negative reduction potential (of approximately -3 V) and smaller oxidation
potential (of 0.15 V) than other NDIs, the rest are mostly comparable at approximately -2.5 and 0.5V
for reduction and oxidation respectively, Table 3.12. Application of -2.7 V results in formation of the
radical anion in all NDIs and so this potential was used consistently across all NDIs. It is possible that
the difference in structures formed by NDI-F (hollow cylinders instead of flexible cylinders) influences
diffusion rates within the cell and influences reduction and oxidation potentials. Application of more

negative potentials than -2.7 V can result in a small amount of water splitting, which can cause bubble
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formation within the cell so it was avoided. The colouration of each NDI can be seen in Figure 3.17. An

application of 0.5 V resulted in oxidation of the reduced state across all NDlIs, Figure 3.17.

\¥ reduction

reduction

NEUTRAL " REDUCED OXIDISED

Figure 3.17. Images of the neutral and electrochemically reduced (10 seconds of -2.5 V) and oxidised
(2 minutes of 0.5 V) states of buffered (a) NDI-I, (b) NDI-V, (c) NDI-F and (d) NDI-GF at their respective
ideal pH (pH 9 for NDI-l and NDI-V and pH 6 for NDI-F and NDI-GF).

In real world applications, usage would be sporadic in terms of both frequency and length of use
depending on the environment and exact application of any product these systems may be used in.
On-off cycle tests are the best simulation of consistent usage but may be more wearing on the material
than real-life scenarios would be. How reflective these lab tests are of real-world use is hard to
ascertain without commercial prototypes, and such scrutiny is out of the scope of this investigation.
NDI-I was chosen to perform initial tests to assess any issues within the set-up. Full discussion can be

found in A.3.1, Figures A.3.22-A.3.29 Appendix.
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3.2.7 Initial assessment of cyclability

Having improved the Smart Window set-up to a point which we believe we have achieved maximum
efficiency; we could now assess the cyclability of each of the systems. Each system is assessed using a
sweeping oxidation script and using a buffer to maintain their respective ideal pH. The cycling
experiment was set-up in a dark room without natural light. For all the systems investigated, the
reduced state maintains colouration intensity without detriment for at least 4-5 hours, the length of

each cycling experiment, Figure 3.18 and Figure A.3.30, Appendix.

Figure 3.18. Images of the reduced state at the start (left) and end (right) of cycling experiments.
Buffered solution of 10 mg/mL NDI-I adjusted to pH 9 is shown. The start time of (a) is offset as the
stopwatch was not restarted at the beginning of this experiment in error. Images of other NDIs are

available in Figure A.3.30, Appendix. Bubble in window caused by loading.

A discolouration of the neutral state occurs with cycling, Figure 3.19 (and Figure A.3.32-A.3.34,
Appendix). When this was still observed at the end of an oxidising script, the experiment was stopped.
It is hypothesised that this discolouration is due to a build-up of radical anion (caused by issues in the
efficiency of electrochemical oxidation in this window set-up) over several cycles, rather than an
irreversible chemical reduction. If the reduced species was not fully oxidised at the end of each cycle,
then there would be a consequent build-up of a small amount of radical anion from each cycle,
resulting in an eventual build-up of discolouration. Because the radical is so highly coloured, only a

small amount would need to build up to be seen by the eye.

When removed from the window, the majority of colouration of the solution was removed with gentle
shaking in air, Figure 3.19(e), demonstrating the solutions could still be oxidised and a permanent
change in materials had not occurred. The change in colour is particularly notable in NDI-V, Figure
3.19(b). This observation could suggest a change in the aggregation of this NDI or a very small amount

of highly coloured irreversible radical anionic species, resulting in discolouration of the originally pale
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solution. Other organic electrochromic systems have produced a discoloured state with cycling.®®In a

thin gap, this discolouration is not as obvious as in a vial.
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Figure 3.19. (a-d) Photographs of colouration of solutions before cycling experiment (left) and after
being collected from window cells after excessive cycling (right). Solutions are at 10 mg/mL and
buffered to their respective ideal pH (pH 9 for NDI-I and NDI-V and pH 6 for NDI-F and NDI-GF). Shown
are (a) NDI-I, (b) NDI-V, (c) NDI-F and (d) NDI-GF. (e) Images of oxidised state after periods of cycling.
Solution of buffered 10 mg/mL NDI-I at pH 9 used. Corresponding images for other NDIs are available

in Figures A.3.32-A.3.34, Appendix. Bubble in window is caused by loading.

All systems oxidise within a comparable time frame for the first cycle (Figure 3.20) and so we
hypothesise that any change in aggregation is the result of a repeated generation of the radical anion,

subtly changing aggregation each cycle, resulting in an exponential effect in some systems.

NDI-I and NDI-F performed the best both in terms of number of cycles and oxidation time required to
remove the radical (Figure 3.20). NDI-I was able to achieve the most cycles out all NDIs investigated.
This NDI demonstrated the darkest colouration upon reduction of NDI-1 and NDI-F, Figure 3.14, and is
therefore the most promising system moving forward for the application of Smart Windows. NDI-V
and NDI-GF showed a sharp increase in oxidation time and become discoloured after only a few cycles

and so had poor cyclability.
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Figure 3.20. Plot showing how time to reach a state without colouration fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements carried out using
solutions of NDI-I (green), NDI-V (blue), NDI-F (purple) and NDI-GF (brown) at their respective ideal
pH (pH 9 for NDI-l1 and NDI-V and pH 6 for NDI-F and NDI-GF). Measurements are taken as an average

of triplicate measurements and error bars calculated from standard deviation.

NDI-I and NDI-V had comparable chromic properties and aggregation but perform very differently
when cycled between neutral and reduced states. The darkened colour of NDI-V even after shaking in
air could suggest a more significant aggregation change with cycling than NDI-I. This observation
suggests that even subtle differences in the chemical structure influence long term efficiency. NDI-I
and NDI-F do not form comparable structures at their ideal pH, nor do NDI-GF and NDI-V. This
observation suggests that not one specific structure type is better or worse in terms of cyclability but
perhaps that certain systems are more susceptible to changes in aggregation via the application of
charge or generation of the radical anion more than others. Using a combination of absorbance and
nuclear magnetic resonance (NMR) spectroscopy, CV, and SANS, we aim to gather as much
information about the stability of these systems with electrochemical use.

3.2.8 Assessing aggregation after electrochemical use

We hypothesise that one of the factors affecting cyclability is the continued generation of the radical
anionic species and an inefficiency in the oxidation process. A lack in oxidation efficiency could be

affected by diffusion of the radical away from the working electrode surface, Figure 3.21. This issue
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has been reported in short-alkyl chain viologens in aqueous electrolytes.®®% After each cycle, the

proportion of remaining radical species increases. This hypothesis was investigated further.

REDUCTION )|

(a)

(b)  pirrusion

REDUCTION /

Figure 3.21. Cartoon showing show a build-up of radical anionic species could occur through a cycle

of (a) reduction, (b) diffusion, (c) incomplete oxidation and (d) reduction.

3.2.8.1 Investigation with CV

Cyclic voltammograms were run at a scan rate of 0.5 V/s for 100 cycles to imitate cycling experiments
whilst also measuring the position of redox peaks in the voltammograms. A faster scan rate was used
to reproduce fast switching between states. Applying an oxidising potential for at least a minute is
required to electrochemically oxidise the results of a few seconds of reduction (Chapter 2). Reduction
occurs over a shorter time scale than oxidation, and so some reduced material will remain after a

cyclic voltammogram scan. This method will replicate the hypothesis shown in Figure 3.21.

After 100 cyclic voltammograms, the current of the reduction peak reduced for all NDIs (Figure 3.22
and Figure A.3.35-A.3.38, Appendix.). The reduction in current for this process may be due to the
increasing amount of radical anion present at the electrode surface with each scan and so the
proportion of neutral species available to reduce decreases, and so the peak become less well defined.
The largest change in reduction current is seen in NDI-GF, one of the most poorly performing NDIs in

terms of cyclability, Figure 3.22 (d). A small peak around -0.5 V appears over time in NDI-I, NDI-V, and
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NDI-F voltammograms, which we attribute to the presence of radical anionic species at the counter

electrode surface, Figure 3.22(a-c). These data support our hypothesis of diffusion within the cell.
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Figure 3.22. Cyclic voltammograms collected from neutral buffered 10 mg/mL solution of (a) NDI-I, (b)
NDI-V, (c) NDI-F and (d) NDI-GF adjusted to their respective ideal pH (pH 9 for NDI-I and NDI-V and
pH 6 for NDI-F and NDI-GF). Voltammograms measured using a 5 x 5 cm FTO window cell with a scan
rate of 0.5 V/s. Measurements shown from scan number 1 (red) and 100 (purple). Full data sets are

available in Figure A.3.35-A.3.38, Appendix.

The current of the oxidation peak of the voltammogram decreases for NDI-V and NDI-GF while
increasing in NDI-I and remaining consistent in NDI-F, Figure 3.22. This observation suggests that
resistivity is higher after 100 cycles in NDI-V and NDI-GF which makes oxidation less viable. The
decrease in oxidation is most significant in NDI-GF (the peak itself becomes unseen over time, Figure
3.22(d)). The potentials of NDI-V shift the most over 100 cycles, Figure 3.22(b). All these factors could
have implications for long term cyclability as NDI-V and NDI-GF had the poorest cyclability (and show
the most significant changes to the oxidation potentials and currents). The reason for these
observations cannot be purely due to set-up. We hypothesise that the differences in cyclability and
the breakdown of electrochemical oxidation is likely (at least in part) due to a change in aggregation
during cyclability experiments which causes a break down in electrochemical processes. Some NDIs

appear to be more sensitive to this phenomenon than others.
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3.2.8.2 Investigation with spectroscopy

To further assess our hypothesis about cycling changing aggregation, each NDI was cycled 50 times as
described in a standard cycling test, 3.2.7. No distinct change is seen in the absorption spectra
compared to pre-cycled measurements (Figure 3.23) and no EPR signal could be detected in solution.
The sensitivity of this technique is high so we would expect to observe a signal if radical anionic species
were present, therefore the discolouration is not due to radical anion remaining present. This
observation suggests that the redox reaction is not irreversible, and that our systems can be used for

long periods of time without changing the reversibility of the reduction.
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Figure 3.23. Absorbance spectra of the neutral state of 10 mg/mL buffered (a) NDI-I, (b) NDI-V, (c)
NDI-F and (d) NDI-GF, adjusted to their respective ideal pH (pH 9 for NDI-I and NDI-V and pH 6 for
NDI-F and NDI-GF), before (dashed lines) and after (solid lines) 50 electrochemical cycles. Spectra

taken after a period of 24 hours of relaxation following cycling.

In the *H NMR spectra of pre- and post-cycled NDI-F and NDI-GF in D,0, a second set of peaks are
observed, which indicates a second set of environments arising from a structure with an inequivalent
set of environments at the core of the NDI, Figure 3.24(a). The intensity of these peaks is pH dependent

which suggests that this observation is a result of aggregation change in solvent rather than impurity.
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The EPR spectra of NDI-GF also suggested an inequality of R groups in water, Figure 3.16. More
explanation about the NMR spectra of NDI-F and NDI-GF is available in Appendix (A.3.2) and Figures
A.3.39-A.3.57.

These additional peaks are most clear in the aromatic region where two doublets, as well as a singlet
are observed in D;0, Figure 3.24(b). These peaks are not seen in the same sample dissolved in de-
DMSO, Chapter 2 Experimental. Dimerisation of NDlIs is less likely to occur in less polar solvents like

DMSO® and so this observation is likely a result of solvent dependent aggregation in these systems.
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Figure 3.24. (a) Chemical structure of NDI-R showing two environments of the core protons (b) H
NMR spectra of the neutral state of 10 mg/mL buffered NDI-GF adjusted to pH 6 before (black) and
after (red) excessive electrochemical cycling. Latter spectra taken after a period of 24 hours of
relaxation following cycling. The peaks corresponding to a fully equivalent (black) and inequivalent

(green/blue) core are marked in (b) as spanning lines.

The ratio of the two core environments alters after 50 cycles in the spectra of NDI-GF, Figure 3.24(b),
which suggests a change in aggregation. As there is not a clear difference in the absorbance spectra
(Figure 3.23(d)) it is assumed this change is subtle. There is no notable change in the NMR spectra of

any other NDIs, Figures A.3.58-A.3.61, Appendix. No NMR spectra suggests any form of degradation.

3.2.8.3 Investigation with SANS

We next used SANS to probe the change in morphology or structure after cycling, in further detail.
These data were collected after one and after 50 electrochemical cycles. Due to the restrictions of
sample preparation and in-person access to facilities, these samples were electrochemically cycled
and allowed to relax before measurement. Samples were then posted and stored for a few days before

measurement.
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Data sets after one and 50 cycles are comparable for NDI-I in terms of scattering intensity and model,
implying little change to the size or shape of the aggregates in solution (Figure 3.25(a) and Figures
A.3.62-A.3.63 and Table A.3.16, Appendix). The Kuhn length decreased upon cycling, Table 3.13. It was
hypothesised that more rigid structures were associated with an ideal pD in NDI-I and NDI-V (3.2.4)

so this factor could have some importance. The axis ratio of cylinders is unchanged by cycling and radii

fluctuates slightly, Table 3.13.

Table 3.13. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-I after periods of
cycling. Full data sets available in Figures A.3.62-A.3.63 and Table A.3.16, Appendix. Flexible cylinder

and power law model used.

NDI-I Buffered pD | Kuhn Length (A) Error Radius (A) Error

9

Pre-cycled 118.42 6.78 5.23 0.0727
After 1 cycle 94.93 7.90 5.05 0.112
After 50 cycles 72.73 2.57 5.32 0.0706
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Figure 3.25. Small angle neutron scattering data for a neutral buffered 10 mg/mL solution of (a) NDI-

I and (b) NDI-V at pD 9 (black), after relaxation following one electrochemical cycle (green) and after

50 electrochemical cycles (blue).

Similarly, to NDI-I, the SANS data for NDI-V is comparable after cycling, Figure 3.25(b) and Table 3.14.
The trends in fit parameters are different, however. While radii fluctuate as with NDI-I and axis ratio
remains constant, Kuhn length (a parameter that has been highlighted as important in this system)
increases slightly after one cycle, then decreases significantly after 50. However, these changes within

one cycle are not statistically significant as they are within the margin of error of the fit, Table 3.14.
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Table 3.14. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-V after periods of

cycling. Full data sets available in Figures A.3.64-A.3.65 and Table A.3.17, Appendix. Flexible cylinder

and power law model used.

NDI-V  Buffered | Kuhn Length (A) | Error Radius (A) Error
pD 9

Pre-cycled 111.38 8.13 5.18 0.125
After 1 cycle 115.62 115 5.15 0.127
After 50 cycles 81.13 3.92 4.94 0.0715

The aggregated structures formed by NDI-F and NDI-GF are more significantly affected by

electrochemical cycling (Figure 3.26) and Figures A.3.66-A.3.69 and Tables A.3.16-A.3.17, Appendix).

The scattering intensity after one cycle is comparable to the uncycled state (Figure 3.26) but radii

decrease (Table 3.15). After 50 cycles the SANS data collected will no longer fit to a hollow cylinder

model and instead fits to a flexible cylinder model combined with a power law.
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Figure 3.26. Small angle neutron scattering data for a neutral, 10 mg/mL buffered solution of (a) NDI-

F and (b) NDI-GF at pD 6 (black), after relaxation following one electrochemical cycle (green) and after

50 electrochemical cycles (blue).
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Table 3.15. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-F after periods of
cycling. Full data sets available in Figures A.3.66-A.3.67 and Table A.3.18, Appendix. Hollow and

flexible elliptical cylinder and power law models used.

NDI-F Radius (A) Error Thickness Error Kuhn Error
Buffered pD (A) Length (A)

6

Pre-cycled 52.33 2.17 11.76 0.624 N/A N/A

After 1 cycle | 41.80 2.18 10.55 0.553 N/A N/A

After 50 | 6.40 0.0954 N/A N/A 111.96 4.27
cycles

The difference in model suggests a large increase in flexibility of the cylindrical structures and a
significant change in aggregation. The radius also decreases significantly, (Table 3.15). This change in
radius is accompanied by a large increase in scattering intensity at high Q, Figure 3.26(a). Radii
decreased so significantly, it is conceivable that a greater number of smaller structures are formed,
leading to an increase in molecular-level interaction. As radii was highlighted as being maximised when
colouration was darkest, such a significant loss in size would potentially result in poorer chromic

behaviour.

After 50 cycles, NDI-GF scattering is more comparable to the uncycled state than after one cycle,
Figure 3.26(b) which suggests either a breaking and recovery of the structures or ongoing changes
with cycling. It could also indicate an error in the measurement. The intensity at low Q is lowest after

one cycle, Figure 3.26(b).

As with all NDIs investigated, Kuhn length (or rigidity) decreases with cycling, Table 3.13-Table 3.16. A
loss of rigidity of structure upon excessive electrochemical use may be linked to the eventual loss of
oxidation efficiency. A reduction in Kuhn length is most notable for NDI-GF, Table 3.16. This increase
in flexibility is facilitated by a glycine group which allows a greater degree of freedom around the N-

CH,-CO bond.

The change in Kuhn length is not comparable to differences in cyclability, however. The systems that
have the biggest decrease in Kuhn length or biggest change in flexibility do not correspond to the
worst cyclability performance. Therefore, we cannot directly compare rigidity and cyclability, but it
could affect diffusion of the structures in solution. Similarly to NDI-F, NDI-GF loses radii size
(significantly after only one cycle). The axis ratio also increases with cycling. Both factors are likely to

affect redox processes as these NDIs preferred aggregates with larger radii and smaller axis ratio.
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Table 3.16. Tabulated parameters from SANS model fits of neutral, 10 mg/mL NDI-GF after periods of
cycling. Full data sets available in Figures A.3.68-A.3.69 and Table A.3.19, Appendix. Flexible ellpitcal

cylinder and power law model used.

NDI-GF Kuhn Length | Error Radius (A) Error Axis Ratio Error
Buffered pD 6 | (A)

Pre-cycled 60.07 0.0232 19.51 0.00182 1.82 8.73E-04
After 1 cycle | 45.64 0.358 7.17 0.0196 6.23 0.0169
After 50 | 15.26 0.0556 8.84 0.0132 4.72 6.99E-04
cycles

One possible explanation for the fluctuation of axis ratio of NDI-GF structures with cycling, is that the
formation of the radical causes fibres to elongate (due to the charge of the radical anionic species,
Figure 3.27(a). Another explanation is that a reduced and neutral fibre are attracted together which
gives the appearance of a more elliptical cylinder, Figure 3.27(b). The ability of NDI-GF to form large
scale fibres (showing high scattering intensity at low Q, Figure 3.26(b)) may be the reason this NDI
exhibits these trends. It is possible that the broad absorbance over 900 nm (Figure 3.14(a)) seen only

in spectra of reduced NDI-GF is caused by charge transfer between fibres as in Figure 3.27(b).

—_—
(a) =
- .~ i,
/ NS
- = \
(b) ~ 1 !
\
S v

—— -

Figure 3.27. Cartoon representation of the hypothesised (a) elongation or (b) joining of fibres, leading

to an increase in axis ratio of NDI-GF with cycling.

NDI-I and NDI-F have comparable cyclability but very different aggregated structures and different
ideal pH. Therefore, we cannot directly link a particular structure to desirable performance. We also
cannot link a change in structure during cycling to a loss in oxidation efficiency as NDI-F’s structure
changed significantly, yet this NDI performed well in cyclability tests. These data suggest that the link
between aggregation and performance is not straight forward and that many factors are at play. For
example, diffusion rates within the set-up, which are affected by aggregation, packing and chemical

structure.>®¢%8 As time constraints only allowed measurement after one and 50 cycles, we are unable
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to pinpoint when more significant changes in structure occur during cycling of NDI-F (did they occur

after 10, 20 or 40 cycles?).

These data suggest to us that the formation of the radical anionic species does have an influence upon
aggregation when repeatedly formed/oxidised in a short period of time. Each small change is likely to
be incremental with each cycle and some NDIs appear more susceptible than others. From
absorbance, EPR and NMR spectroscopy, we conclude that the NDI molecules themselves are not
degrading with cycling and that the radical anionic species does not become irreversible. It is crucial

to assess the formation of the radical anionic species in situ.

3.2.9 Using in situ SANS to assess aggregation

The changes in structure suggested by SANS data with cycling are not significant when compared to
larger external changes such as pH (Chapter 2), suggesting electrochemical cycling causes subtle
changes in aggregation. It is also a possibility that the process of removing solution from the FTO
window cell and transferring to a cuvette, requiring the use of a pipette, may also impact aggregates,
Figure 3.28. The application of shear or use of a pipette has been reported *7%° to influence
structures in solution. Sample preparation TEM imaging involving agitation has also been noted to
involve disentanglement of fibrous networks, resulting in “indirect information” rather than

topological measurement.®®

It is also possible that, because samples were posted to the neutron facility in advance of
measurement due to COVID restrictions, some aging and/or hydration of the DO occurred within the
solutions in transit. The process of posting samples was not temperature controlled and although
samples were packaged with plenty of protection, we cannot guarantee the systems were not
disturbed by their journey as this delivery was performed by a third party. In situ real time
measurements would be preferred. Unfortunately, due to time constrains, a full data set of NDI-F

could not be collected and NDIs showing poor cyclability were given priority in measurement order.
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Figure 3.28. Diagram of the process of transferring solution from a FTO window cell to a cuvette for

measurement with SANS.

NDI-GF showed the most significant change after one electrochemical cycle with a significant decrease
in scattering intensity at low Q (Figure 3.25(d)). We identified this NDI as likely to be susceptible to
agitation (which could break or destroy a network and increase the likelihood of any artefacts) due to
the larger scale interactions suggested by intensity at low Q. If the process of reduction and oxidation
combined with the physical agitation of sample preparation has an influence upon aggregation, the
SANS measurements will be affected. We must consider sample preparation whilst looking at this data
and assess whether any previous data contained artefacts. As NDI-GF is the most intensely scattering

of all NDls investigated, it is a good candidate to trial our new methodology of in situ SANS.

A spectro-electrochemical cell was used to electrochemically reduce and oxidise species in the
beamline itself as SANS measurements were taken, Figure 3.29. To the best of our knowledge, this
technique has not been reported in this context. Some custom-made equipment was required to
modify an existing piece of equipment. Measurements were taken of the solution in its neutral,
reduced and recovered neutral state. A self-contained cell allowed an advantageous and portable set-

up which we could transport to the beamline with samples, Figure 3.29.
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Figure 3.29. Diagram of the experimental set-up of spectro-electrochemical cell in the neutron beam.

The electrochemical reduction and oxidation occur at the working electrode of the cell (at which the
neutron beam is aimed) and the cell can be controlled from outside the protective doors of the
beamline, Figure 3.30. This methodology allows us to start and stop reduction and oxidation from

outside of the beam.
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Figure 3.30. (a) Diagram of the experimental set-up control, (b) an expanded diagram of the
electrochemical reduction and oxidation of NDI solution at the working electrode of the cell where

the beam is positioned.

The redox potentials for this system within the used cell are tabulated in Table 3.17. A peak at
approximately -0.47 V in the positive scan direction is attributed to some reduction at the counter
electrode as it is present at the same potential in all NDIs investigated in this set-up, Figure A.3.70,

Appendix.

Table 3.17. Redox potentials collected from cyclic voltammograms of neutral, 10 mg/mL NDI-GF
collected within spectro-electrochemical cell set-up (referenced with Pt wire). The scan rate of the

cyclic voltammograms was 0.2 V/s. Full data available in Figure A.3.70, Appendix.

Reduction Potential(s) (V) Oxidation Potential (V)

NDI-GF Buffered pD 6 -0.07,-0.61 0.75
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To reduce the sample (for consistency across all NDIs) a potential of -0.7 V was applied whilst the
measurement was being performed. To then oxidize the sample, a potential of +0.7 V was applied for

10-15 min until colour was removed and another measurement taken (Table 3.17-Table 3.19).

The initial scattering is comparable to the same solution in a standard quartz cuvette, Figure 3.31(a).
There are some small discrepancies which is expected from the differences in the set-up. More

discussion is available in the Appendix, A.3.3 and Figure A.3.71.

The change in scattering after one electrochemical cycle is significantly different depending on the
procedure used, Figure 3.31. The scattering intensity is notably different across the whole Q range and
the parameters of each fit are not comparable, Table 3.16 and Table 3.18. This data would suggest
that the process of transferring the sample after electrochemical use or aging, or hydration of D,0 is
the cause of at least some of the loss of intensity at low Q, rather than the electrochemical use itself.
As this transfer was not an issue in the neutral state, we can also deduce that electrochemical use did
have some subtle influence upon the aggregates, perhaps leaving them more susceptible to physical
movement. However, we do not believe the changes in structure are wholly the result of this
electrochemical use. Our in situ method not only allows measurement of the reduced state in real

time, but has identified artefacts in previous measurements for NDI-GF.
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Figure 3.31. Small angle neutron scattering data for a 10 mg/mL buffered solution of NDI-GF at pD 6
in a neutral state before electrochemical reduction (open circles) and after one electrochemical
reduction and oxidation (red filled circles). Measurements taken in (a) spectro-electrochemical cell

and (b) in a standard quartz cuvette.
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Table 3.18. Tabulated parameters from SANS model fits of 10 mg/mL NDI-GF taken from the
electrochemical cell in various states of reduction and oxidation. Full data sets available in Figures

A.3.72-A.3.74 and Table A.3.20, Appendix. Modelled with flexible elliptical cylinders.

NDI-GF Kuhn Length | Error Radius (A) Error Axis Ratio Error
Buffered pD 6 | (A)

Pre-cycled 40.95 0.113 24.13 0.0261 1.94 0.00188
Reduced 43.06 0.145 23.33 0.0288 2.18 0.00254
Oxidised 45.45 0.153 24.91 0.0303 2.04 0.00234

The measurement after one electrochemical cycle in the spectro-electrochemical cell is comparable
to the initial neutral state, Figure 3.33. The process of both reduction and oxidation has minimal
influence upon the fit parameters, Table 3.18. Kuhn length increases slightly upon reduction and again
upon oxidation and radius fluctuates only by around 2 A. Over the course of many cycles, the slight
changes to parameters could continue to a more significant extent as is suggested by the data
collected in standard cuvettes after 50 cycles. Time constraints did not allow us to perform 50 cycle
measurements in this set-up. Changes are larger than the noted error of parameters within the fit and

so are statistically significant, Table 3.18.
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Figure 3.33. Small angle neutron scattering data for a 10 mg/mL buffered solution of NDI-GF at pD 6
(black), during reduction (red) and after electrochemical oxidation (blue) Data taken in spectro-

electrochemical cell.
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As previously observed (but to a far lesser extent), the axis ratio increases upon reduction, Table 3.18.
Upon oxidation the ratio returns to almost its original value. This observation suggests that the radical
anion causes fibres of NDI-GF to elongate or to join together which may lead to eventual changes in

aggregation suggested by NMR (Figure 3.24) and consequent poor cyclability (Figure 3.20).

3.2.9.1 Using in situ SANS to assess the differences between NDI-I and NDI-V

As NDI-l and NDI-V have the same ideal pH, form similar structures and reduced states of comparable
intensity but have different cyclabilities, further investigation was carried out using in-situ SANS. Both
fits of NDI-I and NDI-V in the spectro-electrochemical cell are comparable to data collected in a
cuvette, but are weakly scattering, Figure A.3.75-A.3.76, Appendix. The redox potentials for NDI-I and

NDI-V are tabulated in Table 3.19. Measurements were performed identically to NDI-GF.

Table 3.19. Redox potentials collected from cyclic voltammograms of 10 mg/mL NDI-I and NDI-V
collected within spectro-electrochemical cell set-up (referenced with Pt wire) in various states of
reduction and oxidation. The scan rate of the cyclic voltammograms was 0.2 V/s. Full data available

in Figure A.3.77, Appendix.

Buffered System pD 9 Reduction Potential(s) (V) Oxidation Potential (V)
NDI-I -0.18,-0.76 0.60
NDI-V -0.18,-0.76 0.60

The scattering intensity after one electrochemical cycle is consistent between data collected in a
cuvette and a spectro-electrochemical cell for both NDIs, Figures A.3.78-A.3.79, Appendix. Because
NDI-V is so weakly scattering, some of the data at low Q was lost in the measurements taken within
the electro-chemical cell. Therefore, these data were fit to a flexible cylinder model alone without the
use of a power law. These NDIs do not form gels and are buffered at a higher pD than NDI-GF. At a
higher pD, aggregates will be typically smaller due to higher solubility and less mt stacking.”®’! We
would hypothesise the agitation of transferring samples to cuvettes to be less impactful upon NDI-I

and NDI-V, which appear to be the case.

There are minimal variances to measurements as samples are reduced and oxidised, Figure 3.34. All
three NDIs measured with in situ SANS show a decrease in radius in their reduced state which does
not change upon oxidation. However, this change is very minimal (around 1 A) and so comes within a
margin of error within the fit. Data collected in cuvettes for NDI-l and NDI-V after oxidation, showed

no change in radius. This observation of reduced radii could support the hypothesis that fibres are
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elongated by the charge of the radical anion and suggest that the radical anion can have some

influence upon structures in solution.
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Figure 3.34. Small angle neutron scattering data for a buffered solution of (a) NDI-I and (b) NDI-V at
pD 9 (black), during reduction (red) and after electrochemical oxidation (blue) Data taken in spectro-

electrochemical cell.

When reduced, the Kuhn length of the fit to NDI-1 and NDI-V decreases by approximately 5 and 11 A
respectively, Table 3.20. This parameter remains at this value after oxidation for NDI-I but increased
to roughly the initial value for NDI-V. These trends are consistent with the cuvette data set which
showed a decrease in Kuhn length for NDI-l and no significant change for NDI-V after one

electrochemical cycle.

Table 3.20. Tabulated parameters from SANS model fits of 10 mg/mL NDI-I and NDI-V taken from the
electrochemical cell in various states of reduction and oxidation. Full data sets available in Figures

A.3.80-A.3.85 and Table A.3.21-A.3.22, Appendix. Modelled with flexible cylinder models.

Buffered  System | Kuhn Length (A) Error Radius (A) Error
pD 9

NDI-I pre-cycled 84.56 0.145 6.12 0.313
NDI-I reduced 78.23 0.141 5.00 0.234
NDI-I oxidised 79.44 0.111 5.07 0.207
NDI-V pre-cycled 81.14 18.6 6.24 0.457
NDI-V reduced 70.01 12.2 5.09 0.266
NDI-V oxidised 80.47 11.6 5.10 0.229
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Data from standard 2 mm quartz cuvettes, Figure 3.25(a)-(b), suggests that the structures after one
and 50 cycles are comparable for NDI-I but not for NDI-V, suggesting that NDI-V shows a more
significant change in structure after one cycle. Time constraints did not allow for measurement of 50
cycles within the spectro-electrochemical cell. NDI-V demonstrated a greater change in Kuhn length
when in a reduced state than NDI-I, however, the changes are not statistically significant due to the
larger error in these fits, Table 3.20. This error may be the result of the low scattering intensity of
these data. It has already been hypothesised that more rigid structures are more favourable for
electrochemical processes for NDI-1 and NDI-V (3.2.4). If the reduced state of NDI-V has a lower Kuhn
length than the reduced state of NDI-I, the efficiency of the electrochemical oxidation may be
influenced by this difference in rigidity, which is likely to increase incrementally with cycling. It appears
after an initial small change in aggregation, NDI-I's structures are less susceptible to change over a
larger number of cycles, resulting in better cyclability. The cumulative effect of this phenomenon may

explain the difference in cyclability between these two similar systems.

The use of in situ SANS allowed insight into the reduced state of these systems in real time which is a
great advantage. It is clear that for certain systems that have larger scale aggregates or networks, the
process of performing electrochemical measurements in the beamline itself results in more accurate
measurements than an ex situ set-up. Some of this error may have come from posting and aging
samples. Our in situ methodology also allowed us insight into the electrochemically reduced state

which has not been previously seen in the literature.

These data suggest that reduction does have a small impact upon the structures but that our systems
are stable against degradation, and that some NDIs are more suitable than others for long term use.
We anticipate diffusion is another issue within our set-up which may exacerbate the effect of the
radical anion and affect the efficiency of electrochemical oxidation, Figure 3.21. Varying scan rate
between 0.1 and 0.5 V/s suggests that the redox reactions are affected by diffusion. A small shifting
of both reductive and oxidative peaks of around +0.1 V is observed as scan rate increases, (reduction
potential shifting to more negative potential and oxidation potential shifting to a higher potential)

Figure 3.35. This observation suggests that the reactions are diffusion controlled.”?

Diffusion could depend on the aggregation state and the ease of movement through the solution.
Chemical structure, pH and aggregation all effect the chromic behaviour and long-term use of these
NDI systems. The set-up used also has its own factors in the cyclability of the systems which we seek

to improve in future work.
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Figure 3.35. Cyclic voltammograms collected from 10 mg/mL solutions of buffered (a) NDI-I, (b) NDI-
V, (c) NDI-F and (d) NDI-GF adjusted to their respective ideal pH (pH 9 for NDI-I and NDI-V and pH 6
for NDI-F and NDI-GF), using a scan rate of 0.1 (black), 0.2 (red) and 0.5 (blue) V/s. Voltammograms

performed in 5 x 5 cm window cell (unreferenced).

3.3 Conclusions

Following an initial investigation into the effect of pH upon the absorbance spectra of neutral NDI
species (as well as the intensity of their reduced state and oxidation rate), an ideal pH was selected.
As absorbance spectroscopy does not allow great insight into the aggregates in solution and instead
tells more about molecular packing, a more in-depth techniques was enlisted, SANS. The minimal
affect of buffering solutions to an ideal pH was also investigated and found to improve conductivity

and resulting radical concentration.

The aggregation of each system in its ideal and non-ideal state was assessed, the ideal state of NDI-I,
NDI-V, NDI-F and NDI-GF were compared and cyclability and stability were investigated. The
aggregation type of a flexible elliptical cylinder with a large axis ratio, suggesting poorly defined
structures, was found to fit to data collected from all NDIs at pD 12 and NDI-FF at pD 7 and 12. This

aggregation type is associated with poor electrochromic colouration upon reduction and so is
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concluded to be unfavourable for production or stabilisation of the radical anion. The colouration of
NDI-FF is poor because it is incapable of forming structure that stabilise the radical anionic species.

We hypothesis the bulky, electron rich aromatic groups of this NDI are responsible.

Both chemical structure and pH affect aggregation as concluded by SANS measurements. NDIs with
aromatic amino acid groups appear to produce more intense colour upon electrochemical reduction
when their aggregates have larger radii and are perhaps less strained. When the number of aromatic
amino acid groups increases, (as in NDI-FF) self-assembled structures do not form as readily and very
little radical anionic species can be stabilised, even when radii is larger in these poorly defined
structures. NDI-I and NDI-V have comparable aggregation and demonstrate the most desirable
chromic properties when structures are more rigid. The EPR signal for radical anions produced by each
NDI are comparable, suggesting that the type of radical produced is the same and therefore

differences in colouration by eye are a result of aggregation alone.

Cyclability is also affected by chemical structure. The process of switching between states 50 times
appears to impact aggregation, with NDI-F changing the most significantly over time. Cyclability has
many contributing factors associated with it and so this issue is more complex. The aggregated state
of the NDIs influences electrochemical behaviour, but physical factors of the set-up should also be

considered. Diffusion issues may be exacerbating the influence of the radical anion upon structure.

We conclude that, for the data of NDI-GF, some of the changes in structure observed after cycling may
be due to the transfer of solution into a cuvette or aging and more accurate data can be achieved by
the use of our in situ SANS set-up. Data for NDI-l and NDI-V were comparable in a spectro-
electrochemical cell and in quartz cuvettes. The larger scale aggregates of NDI-GF suggested by
intensity at low Q when buffered at pD 6 make this system more susceptible to agitation during
transfer. Both in situ and ex situ measurement suggested that the radical anionic species caused
elongation or combination of fibres (characterised by an increase in axis ratio) of NDI-GF. After several
cycles we hypothesise this phenomenon may result in an unfavourable change in aggregation which
is why NDI-GF cannot be cycled for more than around five cycles. This trend in axis ratio is only
observed in NDI-GF, but the radii decrease in the radical form for NDI-1 and NDI-V, which could suggest

elongation is less significant in these systems or harder to see due to weak scattering.

NDI-I and NDI-F have the best cyclability out of the four NDIs tested. Their oxidation rates are
comparable to each other, but NDI-I has the darkest colouration of these two NDIs. These two are
the most promising systems moving forward but do not have comparable aggregation or the same

ideal pH. We therefore cannot link one absolute aggregation to desirable performance in a Smart
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Window application at this stage. Further information could be gleamed by analysing a much larger

library of NDIs which is outside of the scope of this investigation.

In terms of the list of properties set out in Chapter Two, cyclability is a criteria that should be improved
further at this stage, with around 100-200 cycles being an aim to be comparable to alternative systems
in the literature.>?* The ultimate aim of this investigation is however to draw insight into the impact
of different factors upon the aggregation of these NDI systems and so perfecting a set-up for
commercial application is not necessary. Our hypothesis that aggregation and chromic properties are
linked is further proven by these data and the impact of both chemical structure and pH upon

aggregation appear to be slightly different for each system, allowing a high level of tunability.

We hypothesise that the addition of a more viscous component could localise the radical anion to the
electrode surface by slowing diffusion rates. This could have a positive outcome of making oxidation
more efficient which would result in either faster oxidation times, reduction in the amount of radical
anion that may be left behind after each cycle (and subsequent aggregation changes) or both these
results. It is also possible that such a multicomponent system could be less susceptible to changes in
structure upon cycling if the secondary component formed more stable structures or strengthened
the aggregates of the NDIs. We theorise that cyclability would be improved with the addition of a

viscous component for these reasons and seek to investigate such systems in Chapter 4.

3.4 Experimental

3.4.1 Synthetic procedures
All synthetic procedures are described in Chapter 2.

3.4.2 Experimental protocols and equipment

3.4.2.1 Preparation of solutions

Solutions were prepared at concentrations 10 mg/mL of NDI. Unless otherwise stated, solutions were
buffered to pH 9 (NDI-1 and NDI-V) or pH 6 (NDI-F and NDI-GF) using 0.1 M buffers. The pH of solutions
was adjusted using 0.1 M HCl and NaOH and pH of buffers adjusted with 1 M HCI and NaOH. The
sodium carbonate-carbonate buffer was formulated by dissolving 3.822 g sodium bicarbonate and
0.477 g sodium carbonate in 500 mL water. The sodium acetate buffer was prepared by dissolving

1.64 g of sodium acetate in 200 mL water.

3.4.2.2 pH measurements

pH was measured using a FC200 pH probe as previously described in Chapter 2.

3.4.2.3 Absorption spectroscopy

Absorption spectra were collected using a Cary 60 UV-Visible spectrophotometer as in Chapter 2.
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3.4.2.3.1 Dilution series
Solutions were prepared and dilution series collected as previously described. The absorbance at Amax

was plotted against concentration for each NDI to calculate the molar extinction coefficient, Table 3.1.

3.4.2.4 pH logs

Buffered solutions were prepared, and their pH recorded for 50-70 hours using a FC200 pH probe. pH
was logged using a custom-built pH logger. The vial containing solution was sealed with parafilm to
prevent evaporation. The temperature was not maintained by a water bath to best accommodate for
the temperature fluctuations that may occur during cycling tests and commercial use. A measurement

was taken every 15 seconds.

3.4.2.5 Cyclic voltammetry (CV)
Voltammetry was measured as previously described in 1 x 1 and 5 x 5 cm FTO glass windows, Chapter
2. CV was performed in the spectro-electrochemical cell described in 3.4.5 before reduction and

oxidation in the beamline. The scan rate is noted in the figure or table caption of the data.

3.4.2.6 Viscosity measurements

All viscosity measurements were performed using an Anton Paar Physica 301 rheometer using a cone
and plate geometry (75 mm diameter, 1.0° angle, 50 um) and a flat plate measuring system for all
measurements. A gap of 0.05 mm was used. Measurements were recorded in triplicate. Buffered NDI

solution, 3 mL, was deposited onto the plate and trimmed. All experiments were performed at 25 °C.

3.4.2.7 Small angle neutron scattering (SANS)
Solutions were prepared as previously described (3.4.2.1) using NaOD, NaCl and D;O in the

proportions consistent with prior aqueous samples. pD was adjusted using 0.1M NaOD and DCI.

The measurements were performed using the SANS2D instrument (STFC ISIS Pulsed Neutron Source,
Oxfordshire, UK) by Dr Leide Cavalcanti. A multiple-slot sample changer with controlled temperature
of 25 °C was used. The beamline set-up was 4 m sample-to-detector distance, beam size of 8 mm and
a typical Q-range [Q = 4msin(6/2)/A, where Q_is the scattering angle] from 0.004 A to 0.7 A set by
time-of-flight mode with incident wavelengths (1) from 1.75 A to 16.5 A. Samples were placed in 2 mm
quartz cuvettes and measured for ~60 minutes. The scattering data were normalised for the sample
transmission and background corrected D,O and data reduction was performed using Mantid
framework’® installed inside the ISIS virtual machines, IDAaaS. When buffered solutions were
measured, the salts required were dissolved in D,O and used to make sample solutions and as a

background for these measurements. Scattering data were then fitted in the SasView software
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(version 4.2.2).7* The experiment number was 2010459. DOI: 10.5286/ISIS.E.RB2010459 can be
accessed at https://doi.org/10.5286/ISIS.E.RB2010459.”

The scattering length density (SLD) of each material was calculated using the national institute of
standards and technology (NIST) neutron activation and scattering calculator’® to be 6.39x10¢/A% The
SLDs of NDI-I, NDI-V, NDI-F, NDI-GF and NDI-FF were calculated to be 2.626, 2.85, 3.246, 3.174 and
3.031 x10°¢/A? respectively. All data fitted best to a cylindrical model combined with a power law. The
specific cylindrical model is described in the figure captions and tabulated parameters found in

Appendix. The best fit was decided to be that which fit well to the data and had the lowest Chi? value.

3.4.2.8 FTO windows

FTO glass (50 x 50 x 2.2 mm, TEC 7, surface resistivity ~7 Q/sq, from Sigma Aldrich) was cleaned with
ethanol by submerging in shallow trays for 30 minutes prior to assembly and gloves were used
throughout to prevent fingerprints on the glass. FTO windows were prepared by pipetting solutions
of (1-2 mL) onto a piece of glass containing a (0.1 mm) o-ring (30 mm diameter), then securing a
second top piece by clamping with bulldog clips. Figure 3.36 shows a diagram of this set-up. Pieces of
copper tape were added to the edges of the cell to ensure good contact between the cell and the

crocodile clips from the PalmSens4 potentiostat.

|FTO conductive coating

:ﬁf@

[ L)%

30 mm
NDI solution

Copper | I
Tape )
O-rmg Glass

Figure 3.36. Schematic diagram of the FTO window set-up described above

3.4.2.9 Spectro-electrochemistry

Spectra were collected as previously described in Chapter 2 with a 1 x 1 cm sized window cell.

3.4.2.9.1 Transmittance
Solutions were prepared as previously described at 10 mg/mL using buffers and adjusting NDIs to their

ideal pH. Solutions were deposited (<0.2 mL) and secured in FTO window cells (1 x 1 cm) and a
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potential of -2.5 V applied for 10 seconds. Transmittance was taken at Amax of 450 nm for NDI-GF and
490 nm for NDI-I, NDI-V, NDI-F and NDI-FF. The absorbance intensity of NDI-I and NDI-V after 10
seconds of application of -2.5 V was around the limits of the detector, Figure 3.14, To ensure this was
not causing any errors in the transmittance data, another measurement was taken after 2 seconds,

Table 3.10.

Colouration efficiency (CE) was calculated using Equation 3.1.”7

. log( Equation 3.1

Transmittance,qytral state 2
Transmittnace oioured state
d

Where A = Amax, Qq = charge density over a 1 x 1 cm electrode surface area.

3.4.2.10 Electron paramagnetic resonance (EPR) spectroscopy

All EPR data were recorded at X-band frequency (9.67 GHz) on a Bruker ELEXSYS E500 spectrometer
equipped with an ER 4102ST-O optical transmission resonator. All measurements were collected using
10 mg/mL buffered aqueous solutions prepared as described in 3.4.2.1. Solutions were transferred
into soda glass capillary tubes with a 2 mm diameter. Capillary tubes were sealed at one end and
samples filled 20 mm of the tube. Electrochemically reduced samples were reduced by application of
-2.5 Vin an unreferenced SEC-C Thin Layer Quartz Glass Spectro-electrochemical Cell Kit (BASi) of 1
mm pathlength. The cell has a platinum gauze working and platinum counter electrode. A PalmsSens4
potentiostat (Alvatek Ltd.) was used to control the voltage of the cell. Samples were reduced for 10
minutes then quickly transferred to a soda glass capillary tube using a degassed needle and syringe
then measured immediately. Due to the weak intensity of the radical anionic species of NDI-FF,
electrochemical reduction had to be performed by applying -2.5 V for 25 minutes. EPR measurements

were performed by Dr Stephen Sproules.

3.4.2.11 Cycling tests
One cycle is defined as application of -2.7 V for 10 seconds to a 5 x 5 cm FTO window cell (containing
1 mL NDI solution at 10 mg/mL as electrolyte) followed by application of either the fixed oxidation

potential of 0.5 V or a sweeping oxidation script for 10 minutes.

A sweeping script is defined as application of potential between 0.1 and 0.95 V increasing by 0.05 V
every 5 seconds. This sweep is repeated for 10 minutes and was implemented to compensate for any
shifting in oxidation potential over the course of the cycling experiment. A full explanation is available

in A.3.1, Figures A.3.22-A.3.29 Appendix.

These cycles were repeated for 4-6 hours using an electrochemical scripting procedure in PS Trace

(Version 5). Experiments were carried out in a darkened room using a torch covered with a UV light
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filter to observe the cell. A stopwatch and time-lapse camera were used to record each test to observe
the colouration of the solution within the cell, Figure 3.37. A PalmsSens4 potentiostat (Alvatek Ltd.)
was used to control the voltage of the cell and methods were written using PS Trace (Version 5)

software.

Figure 3.37. Photograph showing the set-up in which cycling test are run.

3.4.2.11.1 Tracking redox potential

Cyclic voltammograms were measured as described in Chapter 2, at a 0.2 V/s scan rate after every
reduction or oxidation potential had been applied over the course of 50 ‘cycles’. An additional 5-
minute rest period was added after the oxidation period to allow any reduced material remaining from

the performance of the cyclic voltammogram to relax.

3.4.2.11.2 Temperature controlled cycling

Temperature controlled experiments were carried out in a crystallisation room with air conditioning
allowing temperature to be maintained at 18 °C. Experiments were carried out with permission in
Prof. Lee Cronin’s temperature controlled lab. Cycling tests were performed identically to those
described in 3.4.2.12, using a reduction potential of -2.7 V for 10 seconds and a sweeping oxidation
method. A5 x5 cm FTO window cell (with 1 mL buffered NDI solution at 10 mg/mL as electrolyte) was
used. Potential was applied using a PalmsSens4 potentiostat (Alvatek Ltd.) controlled by PS Trace

(Version 5). Experiments were carried out in darkness using a torch covered with a UV light filter, a
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stopwatch and time-lapse camera to observe the cell. Temperature controlled experiments were
undertaken to investigate the possibility of temperature fluctuation effecting cyclability and are
discussed in A.3.E.1, Figures A.3.86-A.3.87, Appendix. These results suggests that small temperature
fluctuation does not have significant impact and that these devices are suitable for use in a commercial
environment (i.e. a room with people coming and going).

3.4.2.12 High temperature NMR Spectroscopy

Measurements were carried out on a Bruker 500 MHz spectrometer upon solutions at 5 mg/mL
without buffer or background electrolyte, increasing the temperature inside the spectrometer to 50

and then 70 °C as required over the course of approximately 10 minutes.

3.4.2.13 Diffusion-ordered spectroscopy (DOSY)
Measurements were taken using a Bruker 400 MHz spectrometer. Pre-programmed parameters for

DOSY experiment as provided by Bruker software ICON NMR were used.”®

3.4.2.14 SANS after cycling and electrochemistry in the beamline

Solutions were prepared as previously described using deuterated solvent and base. All solutions were
prepared with deuterated buffers. pD was adjusted using 0.1M NaOD and DCI to their ideal pD.
Solutions that were electrochemically used were transferred to and from FTO window cells to carry
out electrochemical reduction and oxidation as described in 3.4.2.12. Solutions were then transferred
to a quartz cuvette and measured approximately one week later. Solutions were prepared before
arrival on site in advance due to the restrictions in place regarding COVID-19 and postal samples,

Figure 3.38.
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Figure 3.38. Schematic of how ex situ electrochemically used samples were transferred into cuvettes.

3.4.2.14.1 Electrochemistry in the beamline

Electrochemistry in the beamline was performed by myself on a sperate visit to ISIS using the same
beamline as used above. The position of the beam was set manually with the aid of a custom made
plater (Figure 3.39) to hold the spectroelectrochemical cell. The cell was connected to a potentiostat

via wires that were laid underneath the protective door to the beamline, Figure 3.40.

Figure 3.39. Image of manually setting the position of the beam on the rack at ISIS beamline.
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Figure 3.40. Connection to PalmSense Poteniostat to cell in the beamline (covered by protective foil).

Potentiostat is highlighted by red arrow.

A LabOmak UF-spectro-electrochemical cell was used, Figure 3.41. The cell has a platinum working
and counter electrode. A PalmsSens4 potentiostat (Alvatek Ltd.) was used to control the voltage of
the cell. To reduce the sample a potential of -0.7 V was applied whilst the measurement was being
performed. To then oxidize the sample, a potential of +0.7 V was applied for 10-15 min and another
measurement taken. Due to the small amount of Pt gauze in the cell, a radiation detector was used to
determine whether it was safe to remove the cell after measurement. A quartz cuvette was custom

made for the cell to be able perform SANS experiments.
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Figure 3.41. Schematic of spectro-electrochemical cell used in SANS experiments. Reference electrode

is Pt wire.
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4.1 Introduction

In Chapter 3, it was concluded that the ideal aggregation for each system is found at a specific pH
where certain properties such as flexibility or radius size promote the formation or stabilisation of the
radical anionic species. This ideal state can be maintained using a buffer, and electrochemical protocol
can be tuned, to yield the highest number of cycles. Referring to our initial criteria in Chapter 2, the
cyclability of the systems requires development. Diffusion is still an issue within the window set-up
which may contribute to incomplete oxidation, thus causing changes in aggregation via the prolonged

presence of the radical anion. We hypothesise this is the cause of less efficient cyclability.

Diffusion is influenced by temperature, aggregation and viscosity. It was hypothesised that the
addition of a transmissive, viscous component could result in a lower rate of diffusion which would
immobilise the reduced species at the working electrode surface, Figure 4.1. It is important that this
component is colourless to the eye so as not to influence chromic properties. It is also important that
this component does not interact with the NDI species in a way that will disrupt the aggregates in an
unfavourable way. This factor is incredibly difficult to calculate as we cannot reliably predict how any

two species will interact.*™

(a)

‘ REDUCTION

DIFFUSION

(c)

‘ REDUCTION ‘

Figure 4.1. Cartoon representation of (a/c) reduction and diffusion (b/d) away from the electrode
surface within the cell. (a-b) shows the current set-up and (c-d) shows what may occur with the

addition of a viscous component.
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Adding in components such as metal organic frameworks (MOFs)® 2 or a conductive gel®® that are not
themselves electrochromic has been reported. Metal components allow multiple colours due to the
utilisation of their own variable oxidative states in addition to colour changes of an organic
chromophore.' Some electrochromic devices are reported using a polyol-borax “slime” electrolyte
(combining solid and liquid like properties) to improve wettability, contact to electrodes, ionic
conductivity and charge transmission, Figure 4.2.141> Such devices will have different diffusion rates

than solution based devices.

Figure 4.2. Image reported by Alesanco et al. showing a “slime” based electrolyte.*®

Multicomponent systems have many advantages as, in theory, you can combine the desirable
properties of each component.?*12 There are reports of multicomponent gelating systems
combining a strong gelator with a weaker but electronically active gelator or combining p-type
gelators with n-type to create a heterojunction.*!” Not all multicomponent systems result in this ‘best

of both worlds’ result as some can have poor tunability or colouration.?*

It is important to consider the way in which components may interact.>?*> Whether components are
self-sorted or co-assembled (either randomly or ordered) on a molecular level is one question, Figure
4.3. Next, whether fibres and larger assemblies will assemble into homo- (self-sorted) or hetero-
aggregates (co-assembled). On a larger scale, various microstructures are then possible.>?> This
guestion has added complexity when gelating components are considered as networks will be larger
and more complex. The interaction of large-scale gel networks may also be stronger than smaller
aggregates. NDI-GF can form gels and although this study does not focus upon the gelled state of these
systems, this investigation could be undertaken in the future and the ability of gelators should be
considered when understanding these multicomponent systems. Understanding both the primary and
larger scale structures and whether components interact with each other is important, and so a variety

of techniques should be used to understand a variety of length scales.
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Figure 4.3. Cartoon representation of hetero- (left) and homo- (right) type aggregates forming as pH

is lowered in theoretical multicomponent systems.

Relating this theory to our systems, we have observed poor chromic behaviour at pH 12 which has
been linked to poorly defined structures (Chapter 3). It is conceivable that if structures co-assembled,
either specifically or randomly, the NDI it stacking could be disrupted. This phenomenon could impact
the efficiency of reduction and oxidation, or just what kind of structure forms, Figure 4.3. It is also
possible that a second component could stabilise 1t stacking and improve electrochromic processes.

Fibrous networks can aid electron transfer and improve efficiency of redox reactions.?®

Assembly into fibres leads to entanglement and immobilising of solvent in some systems, forming a
gel.1?7730 The addition of a gelating component could also open up the potential to form gel-based
devices for the NDIs that cannot form gels. Gel electrolytes have advantages over solutions as they
are less likely to leak or produce bubbles.?! Gel systems also give smooth colour changes (due to less
mixing by diffusion) than solutions.®? Gel electrolytes also have advantages over solid electrolytes,
which have slow switching times and non-deformability (which could limit contact with electrodes).3!
This area of investigation is outside of the scope of this work but could be pursued if such

multicomponent systems show promise.

This chapter will focus upon investigating whether diffusion issues can be improved by addition of a

viscous component and understand if and how the components interact with each other. It is
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important to understand if and how such interaction would impact chromic properties within our

devices.

4.2 Results and discussion

4.2.1 Proof of concept showing diffusion influence

We have noted that diffusion may have some impact upon the efficiency of electrochemical oxidation
within our set-up, Figure 4.1. This is our hypothesis and so as a proof of concept, cycling tests were
carried out as previously described with a speaker playing bass heavy music directly underneath the
window cell. ** The vibration from the speaker gently shook the cell whilst the experiment was run,
similar to low power sonicating, increasing the diffusion rate within the cell. The result was a reduction
in cyclability, and an increase in the time taken for oxidation to take place, Figure 4.4. This observation
suggested to us that diffusion rates within the cell could be resulting in lower cyclability than these

systems are capable of.

0 5 10 15
Cycle Number

Average Time Taken To Oxidise (Seconds)

Figure 4.4. Plot showing how time to reach a state without colouration fluctuates with electrochemical
cycling between a reduced and oxidised state. Measurements carried out using solutions of buffered
NDI-F at 10 mg/mL and adjusted to pH 6 (purple). The same experiment was repeated whilst heavy
bass music played (black) at pH 6. Measurements are taken as an average of triplicate measurements

and error bars calculated from standard deviation.

4.2.2  Screening trends in multicomponent systems

Because the properties of multicomponent systems are not always predictable, we first undertook a
broad screening of a variety of ratios of components and pH. If these systems are to have real world
application, it is important to determine how much of a second component is required (for example,

if only 3 mg/mL is needed, then it would be wasteful to use 5 mg/mL on a large scale. We also wanted

149



Chapter Four

to maximise cyclability and so investigated our best performing systems. NDI-I and NDI-F were found
to have the best cyclability (Chapter 3) of the four NDIs investigated. NDI-GF was found to have the
worst cyclability, but also exhibited interesting trends in axis ratio upon reduction (Chapter 3). These
three NDIs were taken forward into this new investigation to see the impact of adding 2-{2-[2-
(naphthalen-1-yloxy)acetamido]-3-phenylpropanamido}-3-phenylpropanoic acid (1-NapFF), Figure
4.5(a).

1-NapFF is a widely reported hydrogelator®*=3¢ that can form viscous solutions at a comparable
concentration to the NDI solutions previously discussed. As a gelator, NDI-GF may have different
interactions with 1-NapFF than other NDIs and so was of interest to investigate. For brevity, NDI-I data
is excluded from this discussion as the results showed little change in behaviour. 1-NapFF and similar
materials can also undergo an increased viscosity when heat-cooled3” which would be beneficial if
required. 1-NapFF is also colourless to the eye, Figure 4.5(b), which means it is unlikely to

detrimentally discolour the pale neutral state of the NDIs.

1cm

1-NapFF
Figure 4.5. (a) Chemical structure of 1-NapFF (b) colour by eye of 5 mg/mL solutions at pH 6, 9 and 12.

If the addition of a viscous component had no influence upon structure, we would expect comparable
behaviour or linear relationships across both NDIs. It is possible that the components will interact with
each other and that this will have an influence upon self-assembly and consequent electrochromic

properties of these systems.

As an initial screening process, NDI-F and NDI-GF were prepared and mixed with 1-NapFF in 5:0,
5:0.625, 5:1.25, 5:2.5 and 5:5 mg/mL ratios. Each mixture was adjusted to pH 6, 9 and 12 as these pH
values were previously used to chart the changes in structure in NDIs (Chapter 3). A lower
concentration of NDI was used to perform a high volume of screening measurements without using
excessive material (as previously reported in Chapter 2, we see from absorption measurements that
structures dilute rather than change at lower concentration). A higher percentage of 0.1 M NaCl was

used in order to aid conductivity due to the addition of a non-conductive component. 50% of the total
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solution was made up of 0.1 M NaCl instead of 40%. A measurement of viscosity, absorbance (of
neutral and electrochemically reduced species), CV and SAXS was measured for each of these mixtures
at each pH to understand the bulk behaviour, the molecular packing, electrochemical properties and

the aggregation of each multicomponent system.

423 pkK;

Two apparent pK, values were previously reported in Chapter 2 for NDI systems. Similarly, two
apparent pK, values have been reported for comparable systems to 1-NapFF that correspond to the
expected protonation/deprotonation of the carboxylic acid group of phenylalanine and to a further
change in structure.?” We could therefore expect four apparent pK, values for each multicomponent
system if the system was self-sorting. If we observe significant shifting or absence of apparent pK,, we
may infer that there are significant changes to the structure of one or both components, or co-

assembly is happening.

In Table 4.1, it can be observed that the apparent pK; of the multicomponent systems does not greatly
shift compared to the single components, with any shifting within 0.4 (but most variation in the region
of 0.2) pH units. This is not significant when the stated accuracy of the pH probe is +0.1. Overall
concentration will also affect pK, (with multicomponent systems being 10 mg/mL overall). The largest
change observed is the 2nd apparent pK, of both NDIs in multicomponent systems is found at a lower
pH, possibly due to the interaction of larger aggregates at low pH. It is possible that the high viscosity
of the multicomponent systems at low pH affects the measurement due to the slow diffusion of H*.
Gentle stirring and five-minute intervals between measurements were employed to compensate for
this. These data suggest that the pH at which aggregation changes in components is not significantly

altered but that there may be some interaction at low pH.

Table 4.1. Tabulated data from apparent pKj titrations of 50 % 0.1 M NaCl solution showing pH at

which buffering occurs from raw data in Figure A.4.1-A.4.5, Appendix.

NDI-F 5 mg/mL | NDI-GF 5 mg/mL 1-NapFF 5 NDI-F:1-NapFF 5:5 NDI-GF:1-NapFF
mg/mL mg/mL 5:5 mg/mL
9.7 9.7 9.5 9.5
7.5 7.7 7.7
6.9 6.7 6.6 6.3
6.1 6.2/6.1 6.0
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4.2.4  Trends in viscosity
Higher viscosity systems will have slower diffusion rates. The viscosity of multicomponent systems is
important to characterise in order to ascertain whether there is a linear relationship between viscosity

and cyclability. Bulk properties can also give indication of component interaction.

The viscosity of 1-NapFF is pH dependent, Table 4.3. Viscosity at 5 mg/mL is comparable at pH 12 and
9 then increases at pH 6 (Table 4.2) due to the formation of large aggregates and fibres forming. This
observation is due to the strong gelating ability of 1-NapFF. At lower pH we expect structures similar
to those present in gels (or at the early formation stage of gelation). As concentration decreases,
viscosity decreases as expected (Table 4.2). Significant changes of viscosity are statistically significant
but smaller differences (for example between NDI-F and NDI-GF at pH 6 and 9, or 1-NapFF between
pH 9 and 12) at low shear are within error. Refer to individual error bars for each data set in the

Appendix for more information.

Table 4.2. Tabulated average apparent viscosity at a shear rate of 1 s"* for 1-NapFF and NDI-R systems
containing 50% 0.1 M NaCl as single components at different pH. Full data sets available in Figure

A.4.6-A.4.8, Appendix.

Average apparent Average apparent Average apparent

System (mg/mL) | viscosity at 1 s*shear at | viscosity at 1 sshear at | viscosity at 1 sshear at
pH 6 (Pa's) pH 9 (Pa's) pH 12 (Pa's)

NDI-F (5) 0.001 0.001 0.001

NDI-GF (5) 0.006 0.010 0.001

1-NapFF (5) 50.867 0.219 0.126

1-NapFF (2.5) 8.387 0.063 0.039

1-NapFF (1.25) | 0.122 0.010 0.032

1-NapFF (0.625) | 0.022 0.005 0.015

Initially NDIs are mixed with 1-NapFF to create a 5:5 mg/mL ratio. We see an immediate change to the
trends in viscosity, Table 4.3 and Figure A.4.9. While solutions at pH 6 are always the most viscous, the
viscosity at pH 12 is notably increased (and comparable with that at pH 6 when NDI-F is used, Table
4.3). The viscosity is more comparable across all pHs in NDI-GF:1-NapFF mixes but viscosity at pH 12
is higher than at pH 9, Table 4.3. Compared to 5 mg/mL 1-NapFF, mixes of NDI-R:1-NapFF are
comparable in viscosity at pH 9 and lower at pH 6 (Figure 4.6(a-b)). This observation suggests that at

pH 6, the NDI molecules are disrupting the large aggregates of 1-NapFF.
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Figure 4.6. Viscosity measurements of 5 mg/mL 1-NapFF (black) and 5:5 mg/mL, NDI-F:1-NapFF
(purple), and NDI-GF:1-NapFF (brown) at (a) pH 6, (b) 9 and (c) 12 containing 50% 0.1 M NaCl.
Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.

At high pH, we observed that NDI-R:1-NapFF mixes have higher viscosity than 1-NapFF at 5 mg/mL,
Figure 4.6(c). This observation is unexpected, as at high pH we would expect molecules to be more
dispersed and less likely to interact with one another. NDI-F:1-NapFF mixes are the most viscous
across all pHs (particularly at pH 12, Figure 4.6). This observation suggests that chemical structure has
some impact on the way the two components are interacting but that the NDI core may also be
involved as trends are fairly comparable across mixes. NDI-F was seen to form more rigid structures

(Chapter 3) and so this may be a key factor.

These trends are mostly consistent through all ratios and suggests that the greatest degree of
interaction between component occurs at low and high pH, and so may be influenced by electrostatic

forces and the charge of the NDI molecules, Table 4.3.
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Table 4.3. Tabulated average apparent viscosity at a shear rate of 1 s for NDI-R:1-NapFF containing
50 % 0.1 M NacCl at different ratios and pH. Full data sets available in Figure A.4.7-A.4.9, Appendix.

Average apparent Average apparent | Average apparent
System (mg/mL) viscosity at 1 s viscosity at 1 s viscosity at 1 sshear

shear at pH 6 (Pa's) shear at pH 9 (Pa's) | at pH 12 (Pa-s)
NDI-F:1-NapFF (5:5) 6.144 0.180 2.023
NDI-GF:1-NapFF (5:5) 0.337 0.133 0.170
NDI-F:1-NapFF (5:2.5) 7.323 0.067 2.452
NDI-GF:1-NapFF (5:2.5) 0.094 0.044 0.040
NDI-F:1-NapFF (5:1.25) 0.107 0.048 0.198
NDI-GF:1-NapFF (5:1.25) | 0.085 0.010 0.062
NDI-F:1-NapFF (5:0.625) 0.021 0.001 0.093
NDI-GF:1-NapFF (5:0.625) | 0.008 0.045 0.004

As the concentration of 1-NapFF in mixes is reduced, the viscosity of the mix generally decreases
(Table 4.3) although this trend is not as linear as with 1-NapFF alone. For example, at pH 6 and 12, 5:5
and 5:2.5 mg/mL NDI-F:1-NapFF are comparable, Table 4.3. These observations suggest that not only
does chemical structure, but ratio of components and pH all have an influence upon bulk viscosity of
mixes. It is likely that the structures in solution are therefore also influenced by these factors. The
overall viscosity of all mixes at 5:1.25, 5:2.5 and 5:5 mg/mL is significantly higher than NDIs alone
(Table 4.3) which means these systems are likely to have slower diffusion rates, which will theoretically
aid cyclability. As aggregation has such a crucial influence upon electrochromic behaviour of the NDI
systems (Chapter 2 and 3), we must investigate whether aggregation, and consequent electrochromic

behaviour, is significantly influenced by 1-NapFF.

4.2.5 Trends in neutral state

Having investigated the trends in bulk viscosity of these multicomponent systems and concluded there
may be some interaction between components that influences aggregation, we must investigate this
hypothesis. Absorbance spectra of each ratio at pH 6, 9 and 12 were collected to give insight into
significant changes to aggregation and subtle changes in molecular packing. In self sorting systems,

we would expect the spectra to be comparable to the overlaid spectra of each component.®

The colour of both NDIs is influenced upon the addition of 1-NapFF, Figure 4.7. When 0.625 mg/mL is
added, a yellowish colour is apparent in both systems which only becomes darker as the concentration
of 1-NapFF increases. This observation may indicate charge transfer between components. This

colouration is weakest at pH 12, especially in NDI-GF:1NapFF, Figure 4.7(b), which suggests that there
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is less charge transfer between components due to less defined and dispersed aggregates at this pH.
The change in colouration is most notable in NDI-GF, Figure 4.7(b). The dark colour of the
multicomponent system is disadvantageous for the application of Smart Windows which require a

pale neutral state.

2cm

Figure 4.7. Images of (a) NDI-F:1-NapFF and (b) NDI-GF:1-NapFF neutral solutions containing 50% 0.1

M NaCl at pH 6, 9 and 12 at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line)

mg/mL.

The absorbance spectra of 1-NapFF are unchanged by pH (Figure 4.8(a)) and are observed as an
undefined broad absorbance around 290 nm. This wavelength is close to the region at which quartz

absorbs so is not as reliable to measure as the NDI components.
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Figure 4.8. Absorbance spectra of neutral single components at 5 mg/mL of (a) 1-NapFF and (b) NDI-
F, (c) NDI-GF at pH 6 (red), 9 (black) and 12 (blue) containing 50% 0.1 M NaCl.

The higher concentration electrolyte has some influence upon the molecular packing of the NDI
systems compared to the results discussed in Chapter 2. The ratio of absorbances at 365 and 385 nm
are unchanged between pH 6 and 9 in both NDIs, Figure 4.8(b-c) (whereas a change was observed
previously in NDI-GF, Chapter 2). The ratio of absorbances at pH 6 and 9 also appears slightly different
which indicates a subtle change in packing with additional salt for NDI-F.3¥*° The absorbance at 385
nm is higher compared to 365 nm at pH 6 and 9 (not previously observed), Figure 4.8(b). The higher
concentration of 0.1 M NaCl may result in charge screening causing a change in packing. The behaviour
at pH 12 (showing only a broad absorbance at 360 nm) is consistent with previous discussion for all

NDIs, although a small shoulder is observed in NDI-F at 385 nm, (Figure 4.8(b)).

Despite a colour difference by eye in NDI-F:1-NapFF and NDI-GF:1-NapFF (Figure 4.7), at a 5:5 mg/mL
NDI-R:1-NapFF ratio, the ratio of absorbances of the NDI component are unchanged compared to
single component equivalents, Figure 4.9. There may be some changes in aggregation that cannot be
fully characterised by absorbance spectroscopy. The spectra appear as an overlap of the two

components, which suggests a self-sorting system.
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Figure 4.9. Absorbance spectra of neutral 5:5 mg/mL (a) NDI-F:1-NapFF, (b) NDI-GF:1-NapFF at pH 6
(red), 9 (black) and 12 (blue) containing 50% 0.1 M NaCl.

When the concentration of 1-NapFF is decreased, no significant change is observed in the spectra of
mixes, Figure A.4.10-A.4.11, Appendix. The shoulder at 385 nm in spectra of NDI-F at pH 12 is less
defined in mixes 5:2.5 and 5:0.625 mg/mL and not visible in the 5:1.25 mg/mL mix, Figure A.4.10,
Appendix. We do not think this suggests a significant difference in aggregation but could be the result
of interactions at high pH (suggested by rheology). However, at high pH, spectra are broad and poorly

defined and so shoulders are more difficult to observe.

4.2.6 Thereduced state

Having investigated the neutral state of single and multicomponent systems, we now investigate the
electrochemically reduced states. As with the initial investigations in Chapter 2, cyclic voltammograms
are performed to ascertain whether the addition of another component has changed the position of
reduction and oxidation potentials. Next, the colouration intensity of the electrochemically reduced

state and the speed of electrochemical oxidation can be evaluated.

4.2.6.1 Trends in CV

CV was undertaken as previously described in FTO windows cells. In multicomponent systems, at pH
6 and 9, the current of the redox peaks is generally increased by the presence of 1-NapFF (Figures
A.4.12-A.4.13, Appendix). This suggests that the resistivity of the device is lowered, possibly by
localisation of the active material at the surface. Data is tabulated in Table 4.4-Table 4.9.
Multicomponent system NDI-F:1-NapFF demonstrates little variation in redox potentials. We see most

variance in the oxidation potential, but no changes are significant.
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Table 4.4. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF

containing 50% 0.1 M NaCl at various ratios at pH 6. Scan rate 0.2 V/s. Full data set found in Figure

A.4.12, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-F:1-NapFF
(mg/mL)

Reduction
Potential(s) (V)

Current (HA)

Oxidation
Potential(s) (V)

Current (HA)

5:5 -2.7,-3.2 -706, -818 0.4 256
5:2.5 -2.9 -1220 0.6 401
5:1.25 -2.6 -472 0.5 292
5:0.625 -2.8 -996 0.3 292
5:0 -2.7 -443 0.6 85

Table 4.5. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF

containing 50% 0.1 M NaCl at various ratios at pH 9. Scan rate 0.2 V/s. Full data set found in Figure

A.4.12, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-F:1-NapFF
(mg/mL)

Reduction
Potential(s) (V)

Current (HA)

Oxidation
Potential(s) (V)

Current (HA)

5:5 -2.8 -578 0.5 223
5:2.5 -2.8 -1243 0.6 259
5:1.25 -2.4 -614 0.4 338
5:0.625 -2.6 -400 0.4 124
5:0 -2.8 -765 0.6 190

Table 4.6. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF

containing 50% 0.1 M NaCl at various ratios at pH 12. Scan rate 0.2 V/s. Full data set found in Figure

A.4.12, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-F:1-NapFF | Reduction Current (uA) Oxidation Current (uA)
(mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -1.9,-2.6 -296, -781 0.3 85

5:2.5 -1.8,-3.0 -519, -2120 0.9 104

5:1.25 -1.7,-2.6 -237,-873 1.1 138

5:0.625 -2.0,-2.8 -394, -886 1.2 111

5:0 -1.9,-3.1 -552, -1457 0.8 92
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The oxidation potentials of NDI-GF and NDI-GF:1-NapFF systems are not well defined at any pH, Figure

A.4.13, Appendix and Table 4.7-Table 4.9. As with NDI-F, the changes in redox potentials with the

addition of 1-NapFF are not significant. When only one reduction peak is observed at 5:2.5 and 5:5

mg/mL at pH 6, the value is between the two reduction peaks observed at other ratios as has been

previously noted (Chapter 2/3), Table 4.7.

Table 4.7. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-GF:1-NapFF

containing 50% 0.1 M NaCl at various ratios at pH 6. Scan rate 0.2 V/s. Full data set found in Figure

A.4.13, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-GF:1- | Reduction Current (HA) Oxidation Current (pA)
NapFF (mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -2.7 -664 0.4 97

5:2.5 -2.6 -579 0.6 112

5:1.25 -2.5,-3.1 -545, -988 0.8 104

5:0.625 -2.5,-3.1 -526, -797 0.7 93

5:0 -2.4,-3.1 -499, -877 0.8 97

Table 4.8. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-GF:1-NapFF

containing 50% 0.1 M NaCl at various ratios at pH 9. Scan rate 0.2 V/s. Full data set found in Figure

A.4.13, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-GF:1- | Reduction Current (uA) Oxidation Current (uA)
NapFF (mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -2.5 -550 0.4 107

5:2.5 -2.5,-3.1 -447, -1060 0.6 85

5:1.25 -2.5,-3.2 -600, -1137 0.7 129

5:0.625 -2.4,-3.1 -515,-939 0.7 129

5:0 -2.3,-3.1 -569, -1163 0.8 192
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Table 4.9. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-GF:1-NapFF
containing 50% 0.1 M NaCl at various ratios at pH 12. Scan rate 0.2 V/s. Full data set found in Figure
A.4.13, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-GF:1- | Reduction Current (HA) Oxidation Current (HA)
NapFF (mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -1.7,-2.4 -342, -961 1.2 258

5:2.5 -1.8,-2.4 -384, -1209 1.1 195

5:1.25 -1.8,-2.4 -321,-899 1.1 278

5:0.625 -1.8,-2.4 -362, -858 1.1 133

5:0 -1.9,-2.6 -672,-1663 1.0 236

From these data we can conclude that reduction and oxidation potentials used in Chapter 2 can be
carried through to this investigation. The intensity of the reduced state can now be assessed. This
investigation will confirm whether the addition of 1-NapFF has an influence upon the chromic

properties of the NDIs, and whether that is positive or negative in terms of our criteria.

4.2.6.2 Trends in reduced state colouration

As previously observed, NDI-F alone shows darkest colouration at pH 6, Table 4.10. At pH 12 there is
comparable colouration to NDI-F (alone at pH 6) at ratios 5:5 and 5:0.625 mg/mL, Table 4.10. This
observation is particularly interesting as radical anion concentration at pH 12 is typically very low for

these systems and the second component appears to have improved chromic behaviour.

Table 4.10. Tabulated absorbance intensity at Amax (after 10 seconds of application of -2.5 V) for NDI-
F:1-NapFF containing 50% 0.1 M NaCl at different ratios and pH. Full data sets available in Figure
A.4.14, Appendix. CV performed in 1 x 1 FTO window cells.

Absorbance at Amax | Absorbance at Amax | Absorbance at Amax
System (mg/mL)
at pH 6 (a.u.) atpH 9 (a.u.) atpH 12 (a.u.)
NDI-F (5) 0.740 0.532 0.156
NDI-F:1-NapFF (5:5) 1.596 0.977 0.521
NDI-F:1-NapFF (5:2.5) 0.862 0.494 0.117
NDI-F:1-NapFF (5:1.25) 1.640 1.839 0.146
NDI-F:1-NapFF (5:0.625) 0.795 0.742 0.589
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At pH 6 and 9, we observed a significant enhancement of colouration at certain ratios of NDI-F:1-
NapFF. At pH 9, 5:0.625, 5:5 and 5:1.25 mg/mL produced darker colouration than NDI-F alone, Table
4.10. The intensity of colour at 5:1.25 mg/mL is particularly significant as it is darker than any ratio at
pH 6 (which was the ideal pH for this NDI as discussed in Chapter 2). This observation suggests that at
this ratio there is a change in structure which results in better stabilisation of the radical anion. The
bulk viscosity for this ratio was comparable to 5:2.5 mg/mL at pH 9 (Figure A.4.14, Appendix) which
shows a weaker colouration than NDI-F alone, Figure 4.10 and Table 4.10. This observation suggests

that differences in aggregation rather than diffusion rates are responsible for this colour intensity.

At pH 6, every ratio of NDI-F:1-NapFF enhances the colouration compared to NDI-F, Figure 4.10(a) and
Table 4.10. The most significant increase in colour intensity is observed at 1.25:5 and 5:5 mg/mL ratios.
There is no linear relationship between colour intensity and concentration of 1-NapFF, however,
across all pHs, 5:2.5 mg/mL NDI-F:1-NapFF performed poorly, Figure 4.10. The ratio of components
has influence, perhaps due to the size of 1-NapFF aggregates compared to NDI-F. Viscosity is likely

also having some influence as well. It is hard to separate out the factors contributing to aggregation.

(a) pH 6

)pH 12

10 mm

Figure 4.10. Images of NDI-F:1-NapFF 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0

(dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c) following application of -2.5 V for 10 seconds. Any

bubbles are a result of loading. Solutions contain 50% 0.1 M NaCl.

As previously observed, the highest colouration intensity of NDI-GF is at pH 6, Table 4.11. At pH 12
and 9, there is no significant change in colouration upon addition of 1-NapFF, (although significantly
less radical is formed at 5:1.25 mg/mL) Table 4.11. This observation suggests that there is little
interaction between components (supported by viscosity being comparable to 1-NapFF at these pHs,

Figure 4.6(b-c)). At pH 6, all ratios of NDI-GF:1-NapFF result in a decrease in colouration intensity,
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Table 4.11 and Figure 4.11(a). At higher concentrations of 1-NapFF, colour intensity is reduced, Table
4.11. Large structures present at low pH may be unfavourably interacting resulting in a disruption of
the 1-dimensional it stacking of NDI-GF, which in turn results in either a destabilisation of the radical
anion, or in a lack of charge transfer through the electrochromic active species within the
multicomponent system. Most significant changes in coloration occur at low pH for both NDIs, where

aggregates are larger (Chapter 3).

Table 4.11. Tabulated absorbance intensity at Amax (after 10 seconds of application of -2.5 V) for NDI-
GF:1-NapFF containing 50% 0.1 M NacCl at different ratios and pH. Full data sets available in Figure
A.4.15, Appendix. CV performed in 1 x 1 FTO window cells.

Absorbance at Amax | Absorbance at Amax | Absorbance at Amax
System (mg/mL)
atpH 6 (a.u.) at pH 9 (a.u.) at pH 12 (a.u.)
NDI-GF (5) 0.730 0.592 0.107
NDI-GF:1-NapFF (5:5) 0.286 0.427 0.074
NDI-GF:1-NapFF (5:2.5) 0.212 0.379 0.080
NDI-GF:1-NapFF (5:1.25) 0.452 0.476 0.001
NDI-GF:1-NapFF (5:0.625) | 0.436 0.450 0.090
’ 6 - .
; 9 . .
10 mm

Figure 4.11. Images of NDI-GF:1-NapFF 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0
(dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c) following application of -2.5 V for 10 seconds. Any

bubbles are a result of loading. Solutions contain 50% 0.1 M NacCl.
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4.2.6.3 Trends in oxidation rate

The rates of oxidation in NDI-F:1-NapFF systems are enhanced (the gradient of the plot is steeper) in
5:1.25 and 5:5 at pH 6 and 9, Figure 4.12(a-b). These ratios showed significant enhancement of colour
intensity. As previously discussed, the radical anion species is likely to be more conductive than the
neutral species.3* A higher concentration of radical is likely to correspond with a faster oxidation rate
due to slightly higher conductivity. Both these ratios should be investigated further. After 20 seconds
of reduction, the 5:5 mg/mL ratio is darker than 5:1.25 mg/mL at pH 6 (Figure 4.12(a)) and so this ratio

will be taken forward as the best performing ratio at pH 6.
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-
o
1

o
o
o
o

Absorbance at 540 nm (a.u.)
o
(§)]

Absorbance at 540 nm (a.u.)
o
(&)

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time of applied oxidation potential (Seconds) Time of applied oxidation potential (Seconds)

(c)

N
o

X

0 50 100 150 200 250 300
Time of applied oxidation potential (Seconds)

o
o
1

Absorbance at 540 nm (a.u.)
o
(8]

Figure 4.12. Measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for
5 minutes after 20 seconds of reduction with -2.5 V. Solutions of NDI-F:1-NapFF at 5:5 (black), 5:2.5
(red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (open square) mg/mL at pH 6 (a), 9 (b) and 12 (c) were

used.

The rates of oxidation for NDI-GF:1-NapFF at all ratios are comparable, Figure 4.13. At pH 6 and 9, the
fastest rate of electrochemical oxidation occurred in systems without 1-NapFF, Figure 4.13(a-b), which

suggests that the addition of 1-NapFF results in a weakening in colour intensity upon reduction as well
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as a slowing of oxidation rate. Both factors suggest that NDI-GF and 1-NapFF interact unfavourably in

a way that disrupts the NDI network.
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Figure 4.13. Measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for
5 minutes after 20 seconds of reduction with -2.5 V. Solutions of NDI-GF:1-NapFF at 5:5 (black), 5:2.5
(red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (open square) mg/mL at pH 6 (a), 9 (b) and 12 (c) were

used.

4.2.7 Trends in SAXS data

Having investigated trends in the bulk viscosity, the electrochromic behaviour and aggregation
through absorbance spectroscopy, we can now investigate aggregation in more detail using SAXS. This
technique will give us more detailed insight into the structures and interactions between components
and whether we can link this information to the electrochemical behaviour of the systems we have
investigated. While we have previously used SANS to investigate these systems, the length of time
required to perform a SANS measurement (approximately one hour) is too long to measure the
different combinations of components at different ratios and pHs. SAXS has a high flux and can

perform measurements within seconds. Therefore, SAXS is the preferred technique. SAXS
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measurements are run in H,O instead of D,0, and due to the lack of contrast between solvent and
molecules, hollow cylinders are often poorly defined and data instead fits to a flexible cylinder model
with a high Kuhn length.*>** This has been observed with similar molecules to 1-NapFF which form
hollow cylinders.*?#%> At 5 mg/mL the NDIs are weakly scattering compared to 1-NapFF. We therefore

anticipate that 1-NapFF scattering may dominate the measurements.

4.2.7.1 Individual components

There are no significant differences in the scattering intensity of NDI-F as pH changes, Figure 4.14(b).
This observation is comparable in NDI-GF at pH 12 and 9 but at pH 6, large aggregates are formed
Figure 4.14(c). These trends (and trends in model fits) are consistent with those discussed in Chapter
3 (Table 4.12), however due to the weaker concentration of NDI, there are less significant differences
in intensity than observed at 10 mg/mL. At 5 mg/mL and high pH, a sphere model is used, which is
consistent with similar systems at high pH at 5 mg/mL.38 Differences from Chapter 3 are likely an effect
of lowering the concentration of NDI at high pH. At high pH, molecules are more likely to be

dissociated,? especially at lower concentrations, and so modelling is more challenging.

Intensity (cm™) &

-1

o)
5

—
(2)
e
= O
© o o

-
o
N

Intensity (cm™)

Q@A™

Figure 4.14. SAXS measurements of (a) 1-NapFF, (b) NDI-F and (c) NDI-GF at 5 mg/mL. Solutions
adjusted to pH 6 (red), 9 (black) and 12 (blue). Solutions contain 50% 0.1 M NacCl.
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Table 4.12. Tabulated parameters from fits to SAXS data from single component systems. Full data set

available in Figures A.4.16-A.4.25 and Tables A.4.1-A.4.9, Appendix. Modelled using various cylinders

(see Appendix).

System (5 mg/mL) | Length Error Kuhn length (A) | Error
(A)

NDI-F pH 6 20.51 0.0943 N/A N/A
NDI-F pH 9 14.10 1.40 N/A N/A
NDI-F pH 12 N/A N/A N/A N/A
NDI-GF pH 6 423.94 0.110 70.99 0.0148
NDI-GF pH 9 1.34E+58 | 1.52E+50 | 114.96 0.812
NDI-GF pH 12 N/A N/A N/A N/A
1-NapFF pH 6 310.63 0.0308 310.32 0.973
1-NapFF pH 9 9.85E+03 | 51.4 420.78 0.419
1-NapFF pH 12 382.26 0.708 491.36 8.37

System (5 mg/mL) | Radius (&) | Error Thickness (A) Error Axis Ratio | Error
NDI-F pH 6 4.74 0.0339 5.08 0.0155 | N/A N/A
NDI-F pH 9 6.26 1.08 4.00 0.320 | N/A N/A
NDI-F pH 12 9.10 0.00550 | N/A N/A N/A N/A
NDI-GF pH 6 32.55 0.00215 N/A N/A 2.04 1.24E-04
NDI-GF pH 9 6.03 0.0169 N/A N/A 6.64 0.0185
NDI-GF pH 12 8.65 0.00468 N/A N/A N/A N/A
1-NapFF pH 6 36.89 0.00367 | N/A N/A 1.30 1.21E-04
1-NapFF pH 9 23.75 0.00189 | N/A N/A 1.74 1.32E-04
1-NapFF pH 12 23.39 0.00197 | N/A N/A 1.38 1.08E-04

The scattering intensity of 1-NapFF does not significantly change between pH 12 and 9, and there is

anincrease in intensity at low Q at pH 6 as with NDI-GF, Figure 4.14(a). At pH 9 and 12, 1-NapFF is still

above its first apparent pK, and at pH 6 it will be on the border of its second (Table 4.1). We would

therefore expect fewer differences between pH 9 and 12 than in NDI species. However, this

investigation focuses upon the NDI species and so we stick to these three pH values for consistency.

The similarity between length and Kuhn length is another indication that the flexible cylinders are

actually hollow cylinders (but that the inner core is poorly defined due to low contrast between the

molecules and the solvent).*>%*4> The length of a flexible cylinder is made up of locally stiff sections®®

(related to Kuhn length, Figure 4.15) and we would expect length to be larger than Kuhn length.
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Contour length =1L

Kuhn length =2 Ip

Ip

Figure 4.15. Cartoon representation of a flexible cylinder and Kuhn length.

As pH is lowered, aggregates become more flexible and larger (Kuhn length decreases and radii
increases, Table 4.12) and the axis ratio increases and decreases again between pH 9 and 6 (Table
4.12). This observation suggests that the cylinders are elongating as pH drops and moving together to
appear less or more spherical. The changes to 1-NapFF are less significant than NDI-GF as pH drops,
Figure 4.14(a and c), suggesting defined structures are present even at high pH. The ability to form

structures at high pH could allow more interaction at high pH than two dispersed systems.

4.2.7.2 Multicomponent systems

Having assessed the single component systems, we can compare the scattering of the
multicomponent systems. Some measurements contained kinks due to shear aligning of the sample
in the thin SAXS capillaries.**® Form factor fitting described here assumes that structures in solution
are randomly oriented and so aligned samples may lead to small errors in fitting, but we do not believe
the shear is significant enough to cause large error. The 2D scattering plots do not show an extreme
‘bow-tie’ shape as has been reported under large shear.*® An example of this is shown in Figure 4.16.
In cases of shear alignment, the 2D scattering plots are shown with the data in the Appendix to indicate
the unsymmetrical shape of the anisotropic 2D scattering. This phenomenon also occurs in the data
of 1-NapFF at pH 12, and scattering plots are shown for this data in Figure A.4.25, Appendix. These
kinks (and sometimes large error at high Q) lead to a slightly higher value of chi?. For significant kinks,
this section of the data is cut out to aid fitting. Residuals of fits are shown if a small kink in the data
causes a particularly high chi? despite a good fit in the rest of the data. This data demonstrates that
the kink is the reason for the poorer fit. A control 2D scattering plot of a measurement with no kink

and of water is shown for comparison, Figures A.4.26-A.4.27, Appendix.
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Figure 4.16. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 9 (a) and 6 (b). Histogram plots are shown at a range of 0 to

100. Small angle X-ray scattering data for a solution of the same system at pH 9 (c) and 6 (d). (a) and

(c) shows alignment causing a kink (red) highlighted in (c).

At all pH values, the scattering profile of the multicomponent systems are comparable to 1-NapFF
below Q = 0.1 A" (Figure 4.17). The influence of NDI-F and NDI-GF is apparent because the scattering
of the multicomponent systems is not identical to the data of 1-NapFF. All data fits to various

cylindrical or spherical models, sometimes combined with power law where appropriate.
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Figure 4.17. SAXS measurements of neutral NDI-F (purple) and NDI-GF (brown) at 5 mg/mL, 1-NapFF
(5mg/mL, black), and NDI-R:1-NapFF (5:5 mg/mL, blue) at pH 6 (a,d), 9 (b,e) and 12 (c/f).

Multicomponent systems contain NDI-F (a-c), and NDI-F (d-f). Solutions contain 50% 0.1 M NaCl.

4.2.7.3 NDI-GF:1-NapFF

Data for NDI-GF:1-NapFF structures fit mostly to a flexible elliptical cylinder model combined with a
power law. At certain ratios (5:2.5 mg/mL pH 6 and 5:5 and 5:1.25 mg/mL pH 9), an additional cylinder
component is required, Table 4.13. At high pH, data fits to a flexible elliptical cylinder combined with
a sphere (or cylinder at 5:1.25 mg/mL), Table 4.13. With the exception of 5:5 mg/mL NDI-GF:1-NapFF
at pH 6, the Kuhn length of all ratios and pHs of this multicomponent system are lower than of 1-
NapFF alone, Table 4.12 and Table 4.13. These data suggest that both component structures are
disrupted, but most significantly the NDI-GF structures as the shape of the scattering plot is closest to

1-NapFF. This data suggests that the components are not co-assembling, but that some influence upon

each other is likely.
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Table 4.13. Tabulated parameters from fits to SAXS data from NDI-GF:1-NapFF systems. Full data set

available in Figures A.4.28-A.4.40 and Tables A.4.10-A.4.21, Appendix. Data modelled as various

cylinders (see Appendix).

(5:0.625) pH 12

System (mg/mL) | Kuhn Error Radius | Error Axis | Error Radius | Error
length (A) (A) Ratio B (A)

NDI-GF:1-NapFF | 349.11 1.19 26.33 | 0.00279 | 1.73 | 1.67E-04 | N/A N/A

(5:5) pH 6

NDI-GF:1-NapFF | 113.68 0.0732 | 14.58 | 0.00379 | 3.59 | 8.93E-04 | 30.38 | 0.00403

(5:5) pH 9

NDI-GF:1-NapFF | 244.22 0.537 | 22.90 | 0.00182 | 1.46 | 1.08E-04 | 6.97 0.00319

(5:5) pH 12

NDI-GF:1-NapFF | 202.70 0.446 | 31.16 | 0.00339 | 1.61 | 1.60E-04 | N/A N/A

(5:2.5)pH 6

NDI-GF:1-NapFF | 40.95 0.0271 | 36.88 | 0.00648 | N/A N/A N/A N/A

(5:2.5) pH 9

NDI-GF:1-NapFF | 250.75 0.313 | 22.43 | 0.00273 | 1.47 | 1.67E-04 | 6.84 0.00328

(5:2.5) pH 12

NDI-GF:1-NapFF 59.58 0.0174 | 35.57 | 0.00331 | 1.87 | 1.60E-04 | N/A N/A

(5:1.25) pH 6

NDI-GF:1-NapFF | 50.17 0.237 | 84.21 | 0.622 3.00 | 0.0143 12.25 | 0.0181

(5:1.25) pH9

NDI-GF:1-NapFF | 136.97 0.212 | 29.26 | 0.0230 | 2.90 | 0.00207 5.00 0.00292

(5:1.25) pH 12

NDI-GF:1-NapFF | 76.84 5.95E- | 34.96 | 0.00625 | 1.37 | 2.08E-04 | 4.90 0.00278

(5:0.625) pH 6 05

NDI-GF:1-NapFF | 207.73 1.01 31.44 | 0.0149 | 1.59 | 1.28E-04 | N/A N/A

(5:0.625) pH 9

NDI-GF:1-NapFF | 211.42 0.365 | 23.91 | 0.00363 | 1.35 | 1.89E-04 | 12.24 | 0.0128

Intensity of scattering is comparable across all ratios at pH 6, Figure 4.18(a). At pH 9 and 12, there is a

significant reduction in scattering intensity at low-mid Q at 5:1.25 mg/mL ratio, Figure 4.18(b-c). In
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these conditions, a second cylindrical component is required in modelling (Table 4.13). This
observation suggests that larger networks of 1-NapFF are significantly disrupted or broken (allowing
NDI-GF structures to be better modelled). At this ratio, the parameters of fits are varying, showing
significantly reduced Kuhn length, varying radii and very small cylinders in the second component,
Table 4.13. Because NDI-GF is also highly scattering at pH 6, it is more likely to dominate scattering
measurement as the concentration of 1-NapFF decreases, which may be why at 5:1.25 and 5:0.625
mg/mL, the Kuhn length is more comparable to NDI-GF alone, Table 4.12 and Table 4.13. The

parameters of the fits of NDI-GF:1-NapFF do not show clear trends that can be linked to the chromic

properties observed, Table 4.13.
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Figure 4.18. SAXS measurement of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue) and

5:0.625 (green) mg/mL at pH 6 (a), 9 (b) and 12 (c).

171



Chapter Four

4.2.7.4 NDI-F:1-NapFF

Structures of NDI-F appear to have more influence within the multicomponent systems than NDI-GF.
A hollow cylinder, cylinder or sphere component must be added to the model at all pH values, Table
4.14. In general, the Kuhn length of the 1-NapFF component is comparable when NDI-F is added at pH
6, but slightly lower at pH 9 and 12, Table 4.12 and Table 4.14. Radii are also comparable, Table 4.12
and Table 4.14. These data suggests that well defined structures of both components exist

heterogeneously. Based on previous observations, these structures may then interact further.
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Table 4.14. Tabulated parameters from fits to SAXS data from NDI-F:1-NapFF systems. Full data set
available in Figures A.4.41-A.4.55 and Tables A.4.22-A.4.33, Appendix. Modelled using various

cylinders (see Appendix).

System (mg/mL) Kuhn length | Error Radius (A) Error Axis Error
(A) Ratio

NDI-F:1-NapFF (5:5) pH 6 317.28 0.487 32.97 0.00244 | 1.42 9.77E-05

NDI-F:1-NapFF (5:5) pH 9 242.53 0.468 19.30 0.00469 | 1.38 | 3.31F-04

NDI-F:1-NapFF (5:5) pH 12 302.58 0.289 24.78 0.00256 | N/A N/A

NDI-F:1-NapFF (5:2.5) pH 6 162.02 0.117 34.10 0.00581 1.64 2.53E-04

NDI-F:1-NapFF (5:2.5) pH 9 193.59 0.571 19.22 0.0105 | 2.39 | 0.00125

NDI-F:1-NapFF (5:2.5) pH 12 171.02 0.405 21.40 0.0101 7.17 0.00374

NDI-F:1-NapFF (5:1.25) pH 6 330.09 1.28 34.88 0.00517 | 1.48 1.99E-04

NDI-F:1-NapFF (5:1.25)pH9 | 286.86 0.737 15.67 0.00428 | N/A | N/A

NDI-F:1-NapFF (5:1.25) pH 12 208.48 0.288 22.38 0.00313 1.44 1.87E-04

NDI-F:1-NapFF (5:0.625) pH 6 240.99 0.286 35.81 0.00586 | 1.34 1.96E-04

NDI-F:1-NapFF (5:0.625) pH 9 228.08 0.367 26.51 0.00575 131 2.59E-04

NDI-F:1-NapFF (5:0.625) pH 344.68 1.22 28.22 0.00500 | 1.17 | 1.90E-04

12
m

NDI-F:1-NapFF (5:5) pH 6 6.66 0.148 5.06 0.0583

NDI-F:1-NapFF (5:5) pH 9 5.91 0.00493 23.42 0.00416

NDI-F:1-NapFF (5:5) pH 12 14.29 0.0134 16.42 0.00784

NDI-F:1-NapFF (5:2.5) pH 6 6.52 0.00741 N/A N/A

NDI-F:1-NapFF (5:2.5) pH 9 6.96 0.00421 N/A N/A

NDI-F:1-NapFF (5:2.5) pH 12 1.74 7.79E-04 | N/A N/A

NDI-F:1-NapFF (5:1.25) pH 6 5.02 0.0439 5.05 0.0195

NDI-F:1-NapFF (5:1.25) pH 9 12.94 0.0311 17.05 0.0172

NDI-F:1-NapFF (5:1.25) pH 12 | 6.10 0.00324 N/A N/A

NDI-F:1-NapFF (5:0.625) pH 6 9.26 0.133 N/A N/A

NDI-F:1-NapFF (5:0.625) pH 9 10.07 0.00991 N/A N/A

NDI-F:1-NapFF (5:0.625) pH 12.72 0.0110 N/A N/A

12

The scattering intensities for all ratios and pHs are comparable (Figure 4.19), but at 5:2.5 mg/mL. The
scattering intensity is weakest in mid Q at pH 9 and 12, Figure 4.19(a-c). At this ratio electrochemical

colouration and Kuhn length is lower than other ratios across all pHs, Figure 4.19(d). At pH 6 and 9,
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ratios 5:5 and 5:1.25 mg/mL, Kuhn length is higher than at other ratios (Figure 4.19(d)) and
electrochemical colouration is most intense, Table 4.10. This observation suggests that the rigidity of
1-NapFF structures is linked to electrochromic properties. At pH 9, 5:1.25 mg/mL (where unexpected
high colouration intensity is observed, Table 4.10) the radii of 1-NapFF decreases significantly and the
radii of hollow cylinders increases, Table 4.14. This observation could suggest that the 1-NapFF
network is affected, allowing larger aggregates of NDI-F to form. Larger radii of this NDI have been

linked to better electrochromic colouration (Chapter 3).
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Figure 4.19. SAXS measurement of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue) and 5:0.625
(green) mg/mL at pH 6 (a), 9 (b) and 12 (c). (d) plot showing how Kuhn length of model fits varies with
concentration of 1-NapFF in NDI-F:1-NapFF systems at pH 6 (red), 9 (black) and 12 (blue).

At pH 6 and 9, lower electrochemical colouration intensity was observed at 5:2.5 and 5:0.625 mg/mL
compared to other multicomponent ratios, Table 4.10. Under these conditions, the NDI hollow
cylinders are less well defined, and a cylinder or sphere (pH 9, 5:2.5 mg/mL) component is used in
modelling instead, Table 4.14. The radii of these components are much lower than other ratios at pH
9 and more comparable with NDI-F alone at this pH, Figure 4.20(a). This observation could suggest

that NDI-F forms larger structures with certain concentrations of 1-NapFF, in conditions where 1-
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NapFF structures are most rigid, Table 4.14. This observation again is supported by previous findings

relating larger radii to colour intensity in NDI-F (Chapter 3).
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Figure 4.20. Plot showing how radii of 1-NapFF (filled squares) and NDI-F (open squares) components

fluctuates in models with concentration of 1-NapFF in NDI-F:1-NapFF systems at pH 9 (a) and 12 (b).

At pH 12 ratios 5:5 and 5:0.625 mg/mL in NDI-F:1-NapFF systems produce spectra that when reduced
are more comparable than at pH 9 and 6. Instead of a broad absorbance, defined peaks are observed,
Figure 4.21. At these ratios, SAXS data fits to a flexible cylinder combined with a hollow cylinder or
cylinder rather than a sphere (Table 4.14). Kuhn length of the 1-NapFF component and radii of the
NDI-F component are also largest at these ratios, Figure 4.19(d) and Figure 4.20(b). This observation
is consistent with the trends of size and rigidity supporting radical formation (Chapter 3) and that
when NDI-F is more defined by the model, we observe darker colouration. It is of note that radical

production was enhanced at the poorest performing at pH of 12 (Chapter 2 and 3).
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Figure 4.21. Absorbance spectra of solutions of reduced NDI-F:1-NapFF at pH 12 at ratios of 5:5
(black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL. Spectra taken after 10

seconds of -2.5 V application.

4.2.7.5 Comparisons

The more defined two-cylinder model for the SAXS data and the increased electrochemical colouration
suggest that NDI-F interacts more favourably with 1-NapFF than NDI-GF. As NDI-GF can form gels,
there may be some entanglement of fibres at low pH leading to disruption of NDI 1t stacking (leading
to a decrease in electrochemical colouration as 1-NapFF concentration increases, Table 4.11).
Scattering intensity is fairly comparable in the multicomponent systems, A.4.56-A.4.58, Appendix. In
general, NDI-GF systems have higher scattering intensity (because of the higher scattering of NDI-GF
most likely) but at some ratios and pH, there are more significant differences when structures in one
component appears to become disrupted, for example in NDI-GF:1-NapFF (5:1.25 mg/mL at pH 9,
Figure A.4.57(c), Appendix) and NDI-F:1-NapFF (5:2.5 mg/mL at pH 12, Figure A.4.58(b), Appendix. The
ratio of components, chemical structure of NDI and pH all influence aggregation, making these

systems difficult to fully understand in detail.

NDI-F appears to have the strongest interaction with 1-NapFF (even at high pH) which may be due to
a matching of size and chemical structure (for example, the phenylalanine of NDI-F may be able to n-
stack with 1-NapFF in a way that does not compromise the m-stacking of the NDIs). Or there could be
interaction because both systems form hollow cylinders. As a result, the colouration of NDI-F is
enhanced at several ratios. As NDI-GF colouration was diminished by the addition of 1-NapFF, these

systems were not investigated further in this chapter.
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4.2.8 Effect of second component upon cyclability

Based on the intensity of reduced colouration and the efficiency of electrochemical oxidation NDI-F
systems were found to have one or two “ideal” pH and ratios of NDI-F:1-NapFF to test in cyclability
experiments. We expected more viscous systems to have better diffusion rates and therefore better
cyclability, and so these experiments will test this hypothesis as well as evaluate the long-term use of
our best performing multicomponent systems. We used a 5 x 5 FTO window cell for this testing and

found that reduction and oxidation potentials are not significantly shifted in larger cell, Table 4.15.

Table 4.15. Tabulated data from cyclic voltammograms of tabulated systems performed in 5 x 5 FTO

window cell at 0.2 V/s scan rate. Full data available in Figure A.5.59, Appendix.

System (NDI-F:1-NapFF Reduction Potential (V) Oxidation Potential (V)

mg/mL)

NDI-F (5:0) pH 6 -24 (undefined) approximately 0.9 V
NDI-F (5:5) pH 6 -2.3 (undefined) approximately 1 V
NDI-F (5:1.25) pH 9 -2.3 (undefined) approximately 1 V

NDI-F:1-NapFF systems became significantly darker than NDI-F systems upon reduction (at 5:5 mg/mL
pH 6 and 5:1.25 mg/mL pH 9, Figure 4.10(a-b)). Both ratios demonstrated an improvement in the
number of cycles achieved, Figure 4.22(a). The 5:5 mg/mL ratio at pH 6 was able to achieve a larger
number of cycles, a quicker average oxidation time between 6 and 10 cycles and a more gradual
increase in oxidation time with cycling than the 5:1.25 mg/mL ratio at pH 9, Figure 4.22(a). For this
reason, 5:5 mg/mL at pH 6 was identified as this system’s ideal conditions. These data suggest that
aggregation is a more dominating factor than diffusion (based on no linear trend between colouration
and viscosity). Our original hypothesis is supported, and the use of a second component shows some
improvement to cyclability. Aggregation will also affect diffusion however, and so it is difficult to

directly separate these variables.
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Figure 4.22. Plot showing how time to reach a state without colouration fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements carried out using
solutions of 5 mg/mL of NDI-F (purple) and mixes of 5:5 mg/mL NDI-F:1-NapFF at pH 6 (black), 5:1.25
mg/mL NDI-F:1-NapFF at pH 9 (blue). Measurements are taken as an average of triplicate

measurements and error bars calculated from standard deviation.

4.2.8.1.1 Buffering

As for the single component systems (Chapter 3), the best performing multicomponent system was
buffered to an ideal pH. Before moving forward, the effect of buffering must be investigated. We
found that buffering decreases viscosity of 1-NapFF containing systems, Table 4.16. This observation
may be due to an element of charge or charge shielding from the higher salt concentration disrupting

structures.

Table 4.16. Tabulated average apparent viscosity at a shear rate of 1 s for single and multicomponent
systems buffered and unbuffered. All solutions adjusted to pH 6. Full data set in Figure A.4.60,

Appendix.

. . Average apparent viscosity
Average apparent viscosity at

System (mg/mL)

1 stshear at pH 6 (Pa-s)

at 1 s'*shear buffered to pH

6 (Pa-s)
NDI-F:1-NapFF (5:5) 6.144 1.318
1-NapFF (5) 50.867 4.424
NDI-F (5) 0.001 0.008
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The absorbance spectrum of 1-NapFF is not significantly affected by buffering, Figure 4.23(a). In terms
of scattering, the ‘hump’ at high Q is less well defined in buffered solutions, Figure 4.23(b), but

otherwise scattering profiles are comparable upon using a buffer.
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Figure 4.23. (a) Absorbance spectra (b) SAXS measurement of 1-NapFF 5 mg/mL at pH 6. Solutions are
buffered (grey) and unbuffered (black).

The fit parameters are also comparable, Table 4.17. The shorter length of cylinders may be the reason
for decreased viscosity, Table 4.16-Table 4.17. In buffered systems, the radii decrease slightly, and the
axis ratio increases, which suggests that fibres are more elliptical, mostly likely due to increased salt
concentration leading to higher ionic strength of solution. These observations are not significant but

should be considered.

Table 4.17. Tabulated parameters from fits to SAXS data from 1-NapFF at 5 mg/mL buffered and
unbuffered at pH 6. Full data set available in Figures A.4.22 and A.4.61 and Tables A.4.7 and A.4.34,

Appendix. Flexible elliptical cylindrical models used.

1-NapFF 5 | Length | Error Kuhn Error Radius | Error Axis Error
mg/mL pH 6 (A) length (A) (A) Ratio
Unbuffered 310.63 | 0.0308 310.32 0.973 | 36.89 | 0.00367 | N/A N/A
250.95 | 0.237 308.02 1.01 32.95 | 0.00318 | 1.60 1.43E-
Buffered 03

4.2.8.1.1.1 NDI-F containing systems
When buffered, the molecular packing of NDI-F changes, both as a single and multicomponent system,

Figure 4.24. The absorbance at 385 nm decreases relevant to the absorbance at 365 nm, which is a
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spectrum comparable with buffered NDI-F discussed in Chapter 3. These data suggest this NDI is

sensitive to salt concentration.
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Figure 4.24. Absorbance spectra of neutral state of buffered (dashed line) and unbuffered (solid line)

(a) NDI-F 5 mg/mL and (b) NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 6.

In terms of the redox potentials, the redox peaks shift to a less negative and larger positive potential
upon buffering, Table 4.18. The shifts are in the order of approximately 0.4-0.5 V and in both sizes of
FTO glass. The second reduction peak of NDI-F can be seen in buffered solutions, suggesting it has
shifted from a range outside of the voltammogram in unbuffered solutions. Similar trends are

observed in 5:5 mg/mL and 5 mg/mL, Table 4.18.
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Table 4.18. Tabulated data of redox potentials taken from cyclic voltammograms taken at 0.2 V/s of

NDI-F 5 mg/mL and NDI-F:1-NapFF 5:5 mg/mL, buffered and unbuffered at pH 6 in different sixes of

FTO window cell. Full data sets available in Figure A.4.62, Appendix.

unbuffered in 5 x 5 FTO
window cell

System (mg/mL) Reduction Current Oxidation Current
Potential(s) (V) (HA) Potential(s) (V) (nA)

NDI-F (5) bufferedin 1x1 | -2.3,-2.9 -791, - 0.01 275

FTO window cell 859

NDI-F (5) unbufferedin1x | -2.7 -443 0.6 85

1 FTO window cell

NDI-F (5) bufferedin5x5 | -2.7,-3.2 -7022, - 0.5 2092

FTO window cell 8151

NDI-F (5) unbufferedin5x | -2.4 2.4 (undefined) 414

5 FTO window cell approximately 0.9 V

NDI-F:1-NapFF (5:5) | -2.3,-2.9 -589, - 0.1 401

buffered in 1 x 1 FTO 809

window cell

NDI-F:1-NapFF (5:5) | -2.7,-3.2 -706, - 0.4 256

unbuffered in 1 x 1 FTO 818

window cell

NDI-F:1-NapFF (5:5) | -2.9 -9128 0.77 1733

buffered in 5 x 5 FTO

window cell

NDI-F:1-NapFF (5:5) | -2.3 -1647 (undefined) 752

approximately 1V

The redox potentials used for cycling are kept consistent for the measurements, and as previously

described in Chapter 3, we observe an increase in colouration intensity and electrochemical oxidation

in buffered NDI-F systems, Figure 4.25(a and c). However, there is no significant difference when 5:5

mg/mL multicomponent systems are buffered, Figure 4.25(b and d).
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Figure 4.25. (a-b) Absorbance spectra of reduced state after application of -2.5 V for 10 seconds (c-d)
Measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for 5 minutes
after 20 seconds of reduction with -2.5 V. Solutions of buffered (dashed line/open square) and
unbuffered (solid line/filled square) (a/c) NDI-F 5 mg/mL and (b/d) NDI-F:1-NapFF 5:5 mg/mL all
adjusted to pH 6 were used. Images showing colouration by eye after reduction are included as insets

of (a-b).

As previously observed for NDI-I (Chapter 3), buffering has the effect of improving cyclability of NDI-F
by maintaining the ideal pH of the system, Figure 4.26(a). This trend is also observed in the
multicomponent system, Figure 4.26(b). Comparing buffered systems, NDI-F as a single component
system is more cyclable and demonstrates faster electrochemical oxidation than the multicomponent
system, Figure 4.26(c). The additional viscous component does not improve cyclability, however, the
multicomponent system does improve the colouration of the electrochemical reduction, Figure
4.25(a-b) and so the additional component does have advantages. These data suggests that the
addition of the 1-NapFF to change diffusion rates and viscosity does not fully solve our cyclability

issues.
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Figure 4.26. Plots showing how time to reach a state without colouration fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements of buffered (open
shape) and unbuffered (filled shape) NDI-F 5 mg/mL (purple) and NDI-F:1-NapFF 5:5 mg/mL (black)
adjusted to pH 6. Measurements are taken as an average of triplicate measurements and error bars

calculated from standard deviation.

In terms of aggregation, the use of a buffer results in lower scattering intensity for NDI-F and NDI-F:1-
NapFF at low Q (Figure 4.27) and higher scattering intensity at high Q in NDI-F:1-NapFF, Figure 4.27(b).
As with 1-NappFF (Figure 4.23) the ‘bump’ at high Q is less defined in buffered solutions, Figure
4.27(b).

183



Chapter Four

0] 3
10" ~ 10°%
2 107 e
S, S
21074 >
g %
g 107 8
5104__ S

10° . . .
0.01 0.1 .
QA" QA"

Figure 4.27. SAXS measurement of neutral (a) NDI-F 5 mg/mL and (b) NDI-F:1-NapFF 5:5 mg/mL at pH

6. Solutions are buffered ( and grey) and unbuffered (purple and black colour).

Trends of a larger axis ratio and a reduction in Kuhn length comparable to 1-NapFF are observed (Table
4.17 and Table 4.19) upon buffering multicomponent systems. While the radii of NDI-F are slightly
larger upon buffering, the radii of NDI-F in the multicomponent systems remain comparable, Table
4.19. This observation may explain why colouration is not improved in the multicomponent buffered
system. None of these changes are significant so we assume changes to aggregation are subtle and

that a change in molecular packing has the most significant affect.
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Table 4.19. Tabulated parameters from fits to SAXS data from NDI-F and NDI-F:1-NapFF systems. Full
data set available in Figures A.4.16, A.4.41 and A.4.63-A.4.64 and Tables A.4.1, A.4.22 and A.4.35-

A.4.36, Appendix. Modelled using various cylinders (see Appendix).

System (mg/mL) pH 6 Kuhn length | Error Radius (A) Error Axis Error

(A) Ratio
NDI-F (5) unbuffered N/A N/A N/A N/A N/A N/A
NDI-F (5) buffered N/A N/A N/A N/A N/A N/A
NDI-F:1-NapFF (5:5) 317.28 0.487 32.97 0.00244 | 1.42 9.77E-05
unbuffered
NDI-F:1-NapFF (5:5) buffered 304.54 0.573 32.90 0.00319 | 1.72 1.54E-04
NDI-F (5) unbuffered 4,74 0.0338 | 5.08 0.0155
NDI-F (5) buffered 9.12 0.106 5.27 0.0359
NDI-F:1-NapFF (5:5) 6.66 0.148 | 5.06 0.0583
unbuffered
NDI-F:1-NapFF (5:5) buffered | 4.84 0.0108 | 6.34 0.00562

4.2.9 Effect of use upon aggregation
In Chapter 3, we analysed the stability of our systems in terms of aggregation after periods of cycling.
This method is repeated to ascertain whether the same trends are observed in multicomponent

systems and whether 1-NapFF has any stabilising influence over the aggregates of NDI-F.

Due to the weak scattering of NDI-F at 5 mg/mL, fits to the data collected may not be fully
representative. The scattering intensity is comparable upon cycling, increasing slightly over time at
low Q, Figure 4.28(b). This trend is also observed in the multicomponent system with cycling, Figure
4.28(a). The parameters of NDI-F and the multicomponent system do not significantly change with
cycling, Table 4.20. The radius increases slightly, and axis ratio decreases after 50 cycles, Table 4.20.
This data suggests that cycling has minimal influence upon aggregation which is a positive result in
terms of the long-term stability of these systems. The multicomponent system did not improve
cyclability which suggests that the complexities of the multicomponent system have added in other
factors besides diffusion. As the systems do not seem to be degrading or breaking down, the observed
lack of long-term cyclability may be due to the inherent inefficiency of the oxidation process in this

set-up, possibly due to the lower potential and current of this process compared to reduction.

185



Chapter Four

—
Q
S
—
2

— -— —_
o O o
N — o

Intensity (cm™)

—
<
w

—
<
£
ul

—
(=2
—

Intensity (cm™)

- 0.01

QA"

_ - - & i
© © ©o 9 o o
A & ) EN =) N

m%«—«\\% |

£ 0.01

0.1
QA"

Figure 4.28. SAXS measurement of relaxed buffered (a) NDI-F:1-NapFF 5:1.5 mg/mL and (b) NDI-F 5

mg/mL at pH 6. Solutions are measured after 0 (black/purple), 1 (grey/lilac) and 50 (

) electrochemical cycles.

/

Table 4.20. Tabulated parameters from fits to SAXS data from NDI-F and NDI-F:1-NapFF systems. Full

data set available in Figures A.4.16, A.4.41 and A.4.65-A.4.68 and Tables A.4.1, A.4.22 and A.4.37-

A.4.40, Appendix. Modelled using various cylinders (see Appendix).

cycles

Buffered System (mg/mL) Kuhn length Error Radius (A) Error Axis Error

(A) Ratio
NDI-F (5) pre-cycled N/A N/A N/A N/A N/A N/A
NDI-F (5) after 1 cycle N/A N/A N/A N/A N/A | N/A
NDI-F (5) after 50 cycles N/A N/A N/A N/A N/A N/A
NDI-F:1-NapFF (5:5) pre-cycled | 304.54 0.573 | 32.90 0.00319 | 1.72 | 1.54E-04
NDI-F:1-NapFF (5:5) after 1 298.49 0.217 32.00 0.00222 | 1.68 1.09-04
cycle
NDI-F:1-NapFF (5:5) after 50 307.39 0.153 34.87 0.00229 | 1.52 9.44E-05

cycles

Buffered System (mg/mL) Radius B (A) Error Thickness B (A) | Error
NDI-F (5) pre-cycled 9.12 0.106 | 5.27 0.0359
NDI-F (5) after 1 cycle 5.06 0.113 3.91 0.0326
NDI-F (5) after 50 cycles 9.54 0.0711 | 5.26 0.0243
NDI-F:1-NapFF (5:5) pre-cycled | 4.84 0.0108 | 6.34 0.00562
NDI-F:1-NapFF (5:5) after 1 4.87 0.0137 | 6.53 0.00722
cycle

NDI-F:1-NapFF (5:5) after 50 4.74 0.0225 | 7.46 0.0127
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4.2.10 Heat-cooling NDI-F containing systems

In very similar systems to 1-NapFF, the process of heating to 40 °C and allowing to cool results in a
significantly increased viscosity above approximately 5 mg/mL and at pH 9.48.3 This change does not
occur until solutions have been allowed to cool and is attributed to a partial dehydration of the core
resulting in an extension of fibre length, a decrease in radius and flexibility and a change in packing.®’
The result is that solutions become self-supporting liquids. From this report we would expect
increased viscosity at pH 12 for 1-NapFF but we do not know the effect heat-cooling will have upon
NDI-F, nor do we know if the mixed multicomponent will have differing reactions to heat-cooling than
1-NapFF. Our systems contain salt, so this factor may also trigger a difference in the heat-cool
response to previous reports. If an increase in viscosity is observed, it may improve cyclability. For this
reason, we took the best performing system (NDI-F:1-NapFF) forward and investigated the effects of
heat-cooling upon viscosity, electrochromic behaviour and cyclability. Worm-like micelles are thought
to be present in 1-NapFF from around 1 mg/mL and so we expect most (if not all) ratios in
multicomponent systems could potentially respond to heat-cooling processing. If not cycability, then
maybe a further improvement in radical formation could be observed. By adding heat into the system,

we may overcome an energy barrier and allow different aggregation of components.

Viscosity measurements were carried out on the plate of the rheometer to minimise transfer and
stress upon the sample, which may affect aggregates. NDI-F has increased viscosity across all pH values
but as this value is so low initially, so the new viscosity is still comparable to water, Table 4.21. Across
all pH values at 2.5 mg/mL and lower (and across all concentrations at pH 9 and 12), 1-NapFF systems
demonstrated an increase in viscosity upon heat-cooling, Table 4.21 The increased viscosity is most
significant at pH 12 which is expected as it is the only pH we investigated above pH 9.48.37 At pH 6 at
5 mg/mL there is a significant drop in viscosity, Table 4.21. We would anticipate this system to be the
most ‘crowded’ as it contains the highest concentration and because aggregates are typically larger
or more complex at lower pH.?”#° Therefore, the structures may not have enough space to extend as
they do at higher pH or lower concentrations. Despite this decrease, this concentration and pH system

is still the most viscous compared to heat-cooled 1-NapFF at other pH and concentrations.
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Table 4.21. Tabulated average apparent viscosity at a shear rate of 1 s for NDI-F 5 mg/mL and 1-
NapFF and NDI-F:1-NapFF at different ratios and pH after heating to 40 °C and allowing to cool for 30

minutes. Full data sets of available in Figures A.4.6 and A.4.69-A.4.70, Appendix. Heat-cooled data is

shown as red text. All solutions contain 50% 0.1 M NacCl.

Apparent | Apparent Apparent Apparent
. . . . Apparent . . Apparent . .
viscosity | viscosity at | . . viscosity at | | . viscosity at
viscosity at viscosity at
System at 1 st |1 st shear 1 st shear 1stshearat
1 st shear 1 st shear
(mg/mL) shear at | at pH 6 after at pH9 after pH 12 after
at pH 9 at pH 12
pH 6 | heat cool heat  cool heat  cool
(Pa-s) (Pa-s)
(Pa-s) (Pa-s) (Pa-s) (Pa-s)
NDI-F (5) 0.001 0.005 0.001 0.002 0.001 0.005
1-NapFF (5) 50.867 9.880 0.219 0.796 0.126 1.533
1-NapFF (2.5) | 8.387 9.470 0.063 0.241 0.039 0.488
1-NapFF (1.25) | 0.122 0.500 0.010 0.124 0.032 0.216
1-NapFF 0.022 0.182 0.005 0.045 0.015 0.134
(0.625)
NDI-F:1-NapFF | 6.144 2.212 0.180 1.425 2.023 0.799
(5:5)
NDI-F:1-NapFF | 7.323 0.072 0.067 0.063 2.452 0.590
(5:2.5)
NDI-F:1-NapFF | 0.107 0.470 0.048 0.055 0.198 0.133
(5:1.25)
NDI-F:1-NapFF | 0.021 0.158 0.001 0.032 0.093 0.040
(5:0.625)

In multicomponent systems, we see a significant difference in trends with heat-cooling. At every ratio
at pH 12, there is a decrease in viscosity, Table 4.21, the opposite trend to single component 1-NapFF.
At pH 9, viscosity increases at 5:5 and 5:0.625 mg/mL but is comparable at 5:2.5 and 5:1.25 mg/mL.
At pH 6 we observed a decrease in viscosity at 5:5 and 5:2.5 mg/mL but an increase at 5:1.25 and
5:0.625 mg/mL. At 5:2.5 mg/mL, pH 6, the most significant decrease in viscosity is observed (Table
4.21). This ratio showed the weakest scattering at pH 9 and 12 and had a much lower Kuhn length
than other ratios at pH 6 pre heat-cooling (suggesting the 1-NapFF structures are significantly less
rigid), Table 4.14. These observations coupled with the trends in viscosity suggests that aggregates are

less stable at this ratio and are perhaps broken apart by heat-cooling.
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Compared to single component 1-NapFF, all multicomponent systems across all pHs (with the
exception of 5:5 mg/mL at pH 9 and 5:2.5 mg/mL at pH 12) have a lower viscosity (which is not
observed in solutions before heat-cooling). This observation suggests that heat-cooling leads to a
change in the physical properties of mixes of NDI-F:1-NapFF, and further supports our hypothesis that
components are interacting with each other, influencing the properties of NDI-F. Further investigation

into the structures and chromic properties of these systems upon heat-cooling was carried out.

4.2.10.1.1 Aggregation and heat-cooling

We must now establish whether heat cooling has any impact upon the aggregation of the systems
(both as single and multicomponent). As the physical property of viscosity changes, we expect some
changes to aggregation, but we do not expect these to be significant. 3’ Firstly we assess the molecular

packing using absorbance spectroscopy.

When heat-cooled, the absorbance spectra of NDI-F,1-NapFF and NDI-F:1-NapFF does not greatly
alter, Figure A.4.71, Appendix. There are some spectra which show a subtle change in molecular
packing as suggested by a change in the ratios of the NDI-F absorbances previously discussed. NDI-F
at all ratios of NDI-F:1-NapFF (except for 5:1.25 mg/mL) at pH 12 show a loss of the small shoulder at
385 nm, Figure 4.29. This is most significant at 5:0 and 5:5 mg/mL ratios, Figure 4.29(a-b). Heat-cooling
has most affect upon the absorbance at pH 12 (under which conditions, absorbances are broad and
undefined and molecules are more dispersed). This observation (coupled with the loss of viscosity at
high pH) suggests that heat-cooling could be disrupting or changing the interaction between

components at high pH.
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Figure 4.29. Absorbance spectra of neutral NDI-F:1-NapFF at pH 12 before (solid line) and after
(dashed line) a heat-cool transition (heating to 40 °C and allowing to cool for 30 minutes) at (a) 5:0,

(b) 5:5, (c) 5:2.5, (d) 5:0.625 mg/mL.

At pH 6, ratios of 5:1.25 and 5:0.625 mg/mL show a subtle change in the ratio of absorbances, Figure
4.30, which suggests small changes to molecular packing. At these ratios at pH 6, viscosity increased
upon heat-cooling, Table 4.21. SAXS will give us further insight into the structures themselves. The
trends in packing changes are not consistent. At lower concentration of 1-NapFF at pH 6, the
absorbance at 385 nm becomes smaller with heat-cooling, making the ratio at 365 and 385 nm
become closer to 1:1. At 5:1.25 mg/mL, the absorbance at 385 nm gets larger from a ratio more
comparable with 1:1. This observation shows how subtle changes to the multicomponent system ratio

affect the reaction to heat-cooling.
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Figure 4.30. Absorbance spectra of neutral NDI-F:1-NapFF at pH 6 before (solid line) and after (dashed
line) a heat-cool transition (heating to 40 °C and allowing to cool for 30 minutes) at (a) 5:1.25 and (b)

5:0.625 mg/mL.

4.2.10.1.2 The reduced state

Having identified some changes at certain ratios of NDI-F:1-NapFF to absorbance spectra after heat-
cooling, we must next assess any changes to the electrochemical properties of these systems. In terms
of the position of the reduction and oxidation potentials, some shifting of peaks is observed at certain
ratios and pH, Table 4.22-Table 4.24. These shifts are mostly small, and the majority of the ratios and

pH combinations do not significantly differ upon heat-cooling.

At pH 6 and 9, the reduction occurs at a more negative potential, and oxidation at a less positive
potential at 5:1.25 mg/mL (this latter trend is also observed at 5:0.625 mg/mL at pH 6 and 5:0 mg/mL
at pH 9), Table 4.22-Table 4.23.

Table 4.22. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF
at various ratios at pH 6 after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes). Scan

rate 0.2 V/s. Full dataset available in Figure A.4.72, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-F:1-NapFF | Reduction Current (pHA) Oxidation Current (HA)
(mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -2.8 -1392 0.5 446

5:2.5 -2.7 -817 0.4 236

5:1.25 -3.2 -641 0.2 232

5:0.625 -2.6 -695 0.1 300

5:0 -2.6 -509 0.1 310
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Table 4.23. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF
at various ratios at pH 9 after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes). Scan

rate 0.2 V/s. Full dataset available in Figure A.4.72, Appendix. CV performed in 1 x 1 FTO window cells.

Ratio of NDI-F:1-NapFF | Reduction Current (HA) Oxidation Current (HA)
(mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -2.8 -2027 0.6 734

5:2.5 -2.8 -843 0.7 202

5:1.25 -3.1 -781 0.2 340

5:0.625 -2.6 -1081 0.4 427

5:0 -2.6 -655 0.3 152

At pH 12, differences are more prevalent, especially in the reduction potentials, Table 4.24. At 5:5
mg/mL all potentials are shifted to a larger (more positive or more neagative) value. At 5:2.5 mg/mL
the first reduction peak is found at a more negative potential whereas at 5:0.625 and 5:0 mg/mL the
second reduction peak is found at a less negative potential, Table 4.24. This observation suggests that
more significant changes occur at pH 12 (consistent with viscosity and absorbance data) and that the
ratio of components is important. The range of potentials is not significantly changed and so we
anticipate that the same potentials can be used in spectro-electrochemical assessment as previously

described for consistency.

Table 4.24. Tabulated reduction and oxidation potentials found by CV of solutions of NDI-F:1-NapFF
at various ratios at pH 12 after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes).

Scan rate 0.2 V/s. Full dataset available in Figure A.4.72, Appendix. CV performed in 1 x 1 FTO window

cells.

Ratio of NDI-F:1-NapFF | Reduction Current (HA) Oxidation Current (HA)
(mg/mL) Potential(s) (V) Potential(s) (V)

5:5 -2.4,-3.3 -2009, -5185 1.1 291

5:2.5 -2.4,-3.1 -1241, -3579 1.2 365

5:1.25 -1.8,-2.5 -342,-1142 1.0 234

5:0.625 -1.8,-2.4 -519, -1297 1.0 478

5:0 -1.8,-2.5 -631, -1585 1.1 257
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The absorbance intensities are tabulated in Table 4.25 and the colour by eye can be seen in Figure

4.31. In general, heat-cooling results in an increase in colour intensity. All ratios and pH are enhanced

with the exception of 5:5 and 5:0.625 mg/mL at pH 12 and 5:1.25 mg/mL at pH 6 and 9, Table 4.25.

Across all pH, single component NDI-F has improved colouration after heat-cooling. This observation

suggests that heat-cooling has some impact upon structures of NDI-F even without 1-NapFF, resulting

in more efficient electrochemical reduction.

Table 4.25. Tabulated absorbance intensity at Amax (after 10 seconds of application of -2.5 V) for NDI-

F:1-NapFF at different ratios and pH before and after heat-cooling (heating to 40 °C and allowing to

cool for 30 minutes). Full data sets available in Figure A.4.73, Appendix. Heat-cooled data is shown as

red text.

System (mg/mL)

Absorbance at Amax at

Absorbance at

Absorbance at Amax

heat-cooled

pH 6 (a.u.) Amax at pH 9 (a.u.) | at pH 12 (a.u.)
NDI-F (5) 0.740 0.532 0.156
NDI-F (5) heat-cooled 1.416 1.019 0.243
NDI-F:1-NapFF (5:5) 1.596 0.977 0.521
NDI-F:1-NapFF (5:5) heat-

1.955 1.900 0.462
cooled
NDI-F:1-NapFF (5:2.5) 0.862 0.494 0.117
NDI-F:1-NapFF (5:2.5) heat-

1.048 0.645 0.487
cooled
NDI-F:1-NapFF (5:1.25) 1.640 1.839 0.146
NDI-F:1-NapFF  (5:1.25)

0.222 1.408 0.179
heat-cooled
NDI-F:1-NapFF (5:0.625) 0.795 0.742 0.589
NDI-F:1-NapFF  (5:0.625)

2.213 2.135 0.185
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@ pH 6

(c) pH 12

10 mm

Figure 4.31. Images of NDI-F:1-NapFF 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0
(dashed line) mg/mL after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes) at pH 6

(a), 9 (b) and 12 (c) following application of -2.5 V for 10 seconds. Any bubbles are a result of loading.

There are significant reductions in colour intensity at pH 6 at 5:1.25 mg/mL (corresponding with a
change in molecular packing, Figure 4.30). At 5:0.625 mg/mL there is a significant increase in
colouration intensity at both pH 6 and 9 which is of particular interest as this is the lowest
concentration of 1-NapFF, Table 4.25. At pH 6 there is also a change in molecular packing opposite to
that at 5:1.25 (corresponding with poorer colouration), Figure 4.30. The increase in viscosity upon
heat-cooling is also more significant at these lower concentrations, Table 4.21. This trend is not
consistent with an increase in colour intensity and so it is likely aggregation is a more significant factor

than viscosity.

These observations suggest that, at lower concentrations of 1-NapFF and at high pH, there are more
significant changes to colouration, even if this is a negative impact. Heat-cooling may add energy into
the system, breaking intercomponent interactions or redistributing structures or aligning fibres,
resulting in more efficient electron transfer or stabilisation of the radical anionic species in some cases.
It is of interest that systems that performed well before heat-cooling and gave enhanced colouration
at the non-ideal pH of NDI-F (5:1.25 mg/mL pH 9 and 5:5 and 5:0.625 mg/mL at pH 12) show a
reduction in colouration after heat-cooling. This factor could be of concern as use in an everyday

setting could involve temperature fluctuation (although perhaps not to such high temperatures).

4.2.10.1.3 Okxidation rates
Similar to the enhancement of colour, at 5:0.625 mg/mL, the oxidation rate is also enhanced, Figure
4.32. As previously discussed, the larger concentration of radical anionic species likely aids the

conductivity of the system and improves the efficiency of oxidation in the initial 30-60 seconds after
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reduction. Compared to pre- heat-cooling there is not a significant improvement in oxidation rate and

this property is relatively consistent.

Based on this investigation, the best performing systems after heat-cooling was NDI-F:1NapFF at a
ratio of 5:0.625 mg/mL at pH 6 and 9. These two systems gave the darkest colouration upon reduction.
After a more thorough investigation of aggregation and the effect of heat-cooling, we can compare
this system to NDI-F at 5 mg/mL ratio at pH 6 and to the non-heat cooled systems previously used, to

compare their cyclability and stability.
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Figure 4.32. Measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for
5 minutes after 20 seconds of reduction with -2.5 V. Solutions of NDI-F:1-NapFF after heat-cooling
(heating to 40 °C and allowing to cool for 30 minutes) at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625

(green) and 5:0 (open square) mg/mL at pH 6 (a), 9 (b) and 12 (c) were used.

4.2.11 SAXS analysis

To gain more detailed insight into how structures are affected by the heat-cool process, we use SAXS,
firstly focusing upon the single components, Figure 4.33 and Table 4.26. Trends in 1-NapFF at high pH
are comparable with the literature.?” Flexibility and radii decreases (consistent with elongation of
structures during heat-cooling). Changes to Kuhn length at high pH are not statistically significant. At

pH 6, Kuhn length and radii decrease and at pH 9 the Kuhn length and radii increase, Table 4.26,
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suggesting structures at different pH have a different response to heat-cooling. It should be noted that

these systems contain salt which may have subtle impact upon aggregation.

(@ 107,
_10%
‘€107
s

’?10_21
32_,10-31
£10%]

1075

0.01 0.1
QA"

0.01

0.1

Q@A"Y

10°4
7E10-1_
&
21024

nsi

Int

10-4_

10

10"

-®

0.01 0.1

¢ 104

10°

0

0.01

0.1

QA"

Q@A™

0.1

Figure 4.33. SAXS data of 5 mg/mL (a) 1-NapFF and (b) NDI-F before (grey) and after (open circles) a

heat-cool transition (heating to 40 °C and allowing to cool for 30 minutes) at pH 6 (red), 9 (black) and

12 (blue).

Table 4.26. Tabulated parameters from fits to SAXS data from single component systems after heat-

cooling (heating to 40 °C and allowing to cool for 30 minutes). Full data set available in Figures A.4.74-

A.4.79 and Tables A.4.41-A.4.46, Appendix. Modelled using various cylinders (see Appendix).

System (mg/mL) Kuhn length | Error | Radius | Error Thickness | Error Axis Error
(A) (A) (A) Ratio

NDI-F (5) pH 6 N/A N/A 4.67 0.0273 5.05 0.0126 | N/A N/A
NDI-F (5) pH 9 N/A N/A 5.55 0.101 4.94 0.162 N/A N/A
NDI-F (5) pH 12 N/A N/A 10.74 | 0.00946 N/A N/A N/A N/A
1-NapFF (5) pH 6 307 137 35.75 0.00324 N/A N/A 1.30 1.09E-04
1-NapFF (5) pH 9 427.05 0.565 | 27.79 | 0.00249 N/A N/A 1.75 1.47E-04
1-NapFF (5) pH 12 | 548 248 | 22.92 |0.00171 | N/A N/A 1.45 1.03E-04

4.2.11.1.1 Heat-cooling multicomponent systems

In multicomponent systems, there are more pronounced differences in the scattering profile upon

heat-cooling than in single components. In general, we observe a small increase in scattering intensity
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at low Q (more prevalent at the lower concentrations of 1-NapFF, Figure A.4.80, Appendix). These
lower concentrations also showed more significant changes in packing and electrochemical

colouration, 4.2.10.1-4.2.10.2.

At high pH and high 1-NapFF concentration, we observe an increase in rigidity in the system after heat-
cooling. As this concertation is lowered however, we see an increase in flexibility, as Kuhn length
decreases after heat-cooling, Table 4.27. This observation suggests that the response to heat-cooling

is changed when NDI-F is the more dominating structure.

In two cases (5:2.5 mg/mL pH 6 and 9) there is a large decrease in scattering intensity across the Q
range as well as a change in the shape of the profile. These observations suggest a significant loss in
network level aggregation, Figure 4.34. This ratio has the most extreme reaction to heat-cooling and
at pH 6, a significant decrease in viscosity is observed (Table 4.21). The consequent improvement in
colouration, Table 4.25, may be due to disruption of 1-NapFF structures, allowing more freedom to
NDI-F to rt-stack and form structures that stabilise the radical anion. However, while improvements in
colour intensity are observed upon heat-cooling, these systems do not achieve better colouration than

single component NDI-F, Table 4.25.
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Figure 4.34. SAXS data of NDI-F:1-NapFF before (filled circles) and after (open circles) a heat-cool

transition (heating to 40 °C and allowing to cool for 30 minutes) at 5:2.5 mg/mL (a) pH 6 and (b) 9.
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Table 4.27. Tabulated fit parameters data from NDI-F:1-NapFF systems after heat-cooling (heating to

40 °C and allowing to cool for 30 minutes). Full data of heat-cooled measurements available in Figures

A.4.81-A.4.92 and Tables A.4.47-A.4.58, Appendix. Heat-cooled data is shown as red text. Modelled

using various cylinders (see Appendix).

(5:1.25) pH 12

System Kuhn Error | Radius | Error Axis Error Radi Error Thickness | Error
(mg/mL) length (A) Ratio us B B (A)

(A) (A)
NDI-F:1-NapFF | 317.28 | 0.487 | 32.97 0.00244 | 1.42 9.77E-05 | 6.66 0.148 5.06 0.0583
(5:5) pH 6
NDI-F:1-NapFF | 215.71 | 0.128 | 34.06 | 0.00281 | 1.38 1.05E-04 | 4.55 0.0579 6.63 0.0313
(5:5) pH 6
heat-cooled
NDI-F:1-NapFF | 242.53 | 0.468 | 19.30 | 0.00469 | 1.38 3.31E-04 | 5.91 0.00493 23.42 0.00416
(5:5) pH9
NDI-F:1-NapFF | 343.64 1.07 21.13 0.00242 | 1.75 0.00190 9.94 0.0190 20.90 0.0136
(5:5) pH 9
heat-cooled
NDI-F:1-NapFF | 302.58 | 0.289 | 24.78 | 0.00256 | N/A N/A 14.29 | 0.0134 16.42 0.00784
(5:5) pH 12
NDI-F:1-NapFF | 384.05 | 0.554 | 24.84 | 0.00183 | 1.28 | 8.87E-05 | 11.56 | 0.0128 N/A N/A
(5:5) pH 12
heat-cooled
NDI-F:1-NapFF | 162.02 | 0.117 | 34.10 | 0.00581 | 1.64 2.53E-04 | 6.52 0.00741 N/A N/A
(5:2.5) pH 6
NDI-F:1-NapFF | 62.82 0.295 | 50.43 0.258 10.8 | 0.0369 12.70 | 0.0313 N/A N/A
(5:2.5) pH 6
heat-cooled
NDI-F:1-NapFF | 193.59 | 0.571 | 19.22 0.0105 2.39 0.00125 | 6.96 0.00421 N/A N/A
(5:2.5) pH 9
NDI-F:1-NapFF | 157.15 | 0.222 | 83.32 0.126 6.72 0.00734 12.31 | 0.0159 N/A N/A
(5:2.5) pH 9
heat-cooled
NDI-F:1-NapFF | 171.02 | 0.405 | 21.40 | 0.0101 7.17 0.00374 | 1.74 7.79E-04 | N/A N/A
(5:2.5) pH 12
NDI-F:1-NapFF | 237.49 | 0.567 | 8.96 0.00311 | 4.13 0.00141 N/A N/A N/A N/A
(5:2.5) pH 12
heat-cooled
NDI-F:1-NapFF | 330.09 | 1.28 34.88 | 0.00517 | 1.48 1.99E-04 | 5.02 0.0439 5.05 0.0195
(5:1.25) pH 6
NDI-F:1-NapFF | 393.71 | 0.658 | 37.00 | 0.00559 | 1.40 1.94E-04 | N/A N/A N/A N/A
(5:1.25) pH 6
heat-cooled
NDI-F:1-NapFF | 286.86 | 0.737 | 15.67 | 0.00428 | N/A N/A 12.94 | 0.0311 17.05 0.0172
(5:1.25) pH 9
NDI-F:1-NapFF | 130.22 | 0.180 | 10.45 0.00348 | N/A N/A 11.76 | 0.0215 16.36 0.0120
(5:1.25) pH 9
heat-cooled
NDI-F:1-NapFF | 208.48 | 0.288 | 22.38 | 0.00313 | 1.44 1.87E-04 | 6.10 | 0.00324 | N/A N/A
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NDI-F:1-NapFF | 138.49 | 0.122 | 21.72 0.00433 | 1.58 2.95E-04 | 8.55 0.00695 N/A N/A
(5:1.25) pH 12
heat-cooled

NDI-F:1-NapFF | 240.99 | 0.286 | 35.81 | 0.00586 | 1.34 | 1.96E-04 | 9.26 | 0.133 N/A N/A
(5:0.625) pH 6

NDI-F:1-NapFF | 236.34 | 0.210 | 8.04 0.0237 1.30 1.95E-04 | 36.26 | 0.00608 N/A N/A
(5:0.625) pH 6
heat-cooled

NDI-F:1-NapFF | 228.08 | 0.367 | 26.51 0.00575 | 1.31 2.59E-04 | 10.07 | 0.00991 N/A N/A
(5:0.625) pH 9

NDI-F:1-NapFF | 242.51 0.290 | 30.10 0.00540 | 1.04 1.68E-04 | 8.66 0.00364 N/A N/A
(5:0.625) pH 9
heat-cooled

NDI-F:1-NapFF | 344.68 | 1.22 | 28.22 | 0.00500 | 1.17 | 1.90E-04 | 12.72 | 0.0110 | N/A N/A
(5:0.625) pH
12

NDI-F:1-NapFF | 193.67 | 0.279 | 24.49 0.00478 | 1.28 2.33E-04 | 12.07 | 0.0142 N/A N/A
(5:0.625) pH
12 heat-
cooled

As two components are present, we expect there may be some inaccuracies in the fits due to the
additional complexity of the multicomponent system. Thinking critically about these data, some
parameters (for example length, which is already potentially unreliably estimated by fitting software
at this length scale) may be subject to larger errors. It is likely that a cylinder model is more appropriate
(Figure 4.15), but the use of an inflexible flexible cylinder allows us to assess any smaller changes in

flexibility within 1-NapFF more easily and so is used.

4.2.11.1.2 Trends in heat-cooled multicomponent systems

Some trends between the parameters of heat-cooled systems and their chromic behaviour were
observed. For example, axis ratio peaks at a ratio of 5:2.5 mg/mL at all pHs, Figure 4.35. This increase
is significant at pH 6 and 9 and corresponds with a loss of scattering intensity at low-mid Q, Figure
4.34. This observation suggests that structures are more elliptical and strained, resulting in disruption
of large scale 1-NapFF networks at this specific ratio of components (most significantly at pH 6, where

more larger aggregates or networks are present). This data highlights the impact of component ratio.
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Figure 4.35. Plot showing how axis ratio of cylindrical model fits varies with concentration of 1-NapFF
in NDI-F:1-NapFF systems at pH 6 (red), 9 (black) and 12 (blue) after heat-cooling (heating to 40 °C and

allowing to cool for 30 minutes). NDI-F kept at a constant concentration of 5 mg/mL.

The trends of flexibility fluctuating with increasing concentration of 1-NapFF is comparable to pre-
heat-cooling at pH 6, Figure 4.19(d) and Figure 4.36. Colouration compared to NDI-F alone is enhanced
at 5:5 and 5:0.625 mg/mL ratios at pH 6, Table 4.25 (where Kuhn length is comparable), while at 5:2.5
and 5:1.25 mg/mL there is a reduction in colour intensity (especially at 5:1.25 mg/mL). When colour
is detrimentally affected, Kuhn length is much lower or higher than 200 A. This observation suggests
that structures of 1-NapFF that are too rigid or too flexible will affect NDI-F aggregates and result in
poor electrochromic colouration. A region of approximately 200 A appears to be an ideal Kuhn length.
Before heat-cooling, the ratio and pH combination showing large colour enhancements also had a
Kuhn length in this area in their model fits (5:5 mg/mL pH 6 and 5:1.25 mg/mL pH 9), Table 4.27. This
observation suggests that a region of flexibility of 1-NapFF supports NDI radical formation or

stabilises/influences the structures of NDI-F to do so.
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Figure 4.36. Plot showing how Kuhn length of 1-NapFF component fluctuates in cylindrical models
with concentration of 1-NapFF in heat-cooled NDI-F:1-NapFF systems at pH 6 (red), 9 (black) and 12
(blue). Data after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes). NDI-F kept at a

constant concentration of 5 mg/mL.

At pH 9 and 12 the trends in flexibility are not consistent with pre-heat-cooling, Figure 4.19(d) and
Figure 4.36, but are consistent with each other, Figure 4.36. These trends do not correspond with
trends in colouration nor with the trends at pH 6. Low pH systems seem to have the most favourable
response to heat-cooling which may be due to the larger size of aggregate at low pH. Heat-cooling
may put enough energy into the system to subtly redistribute aggregates and relive some

unfavourable interaction between components or steric strain.

At pH 9, the trends in radii of the NDI-F and 1-NapFF component are comparable to pre- heat-cooling,
Figure 4.20(a) and Figure 4.37. The increase in radii size at 5:2.5 mg/mL in 1-NapFF is more significant
after heat-cooling, Figure 4.37(b). However, the larger scale networks were observed to be disrupted,
shown by a reduction in scattering intensity at low Q, Figure 4.34. This observation suggests that 1-
NapFF structure may have broken into shorter fibres with larger radii and is consistent with trends in
colouration before heat-cooling. While there is improvement of colouration compared to pre heat-
cooling, compared to NDI-F alone, there is a reduction in colour intensity at this ratio. Interplanar
distances between NDI molecules must not be too large as this will not facilitate effective m electron
delocalisation to form the radical anion.>**! Consistent with Chapter 2, the radius size of NDI-F is a

critical factor for stabilisation of the radical.
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At pH 6 in ratio 5:1.25 mg/mL, colouration is significantly reduced, Table 4.25, and this corresponds
with the NDI component becoming less defined within the model (i.e. a single cylinder model is used
that has parameters consistent with 1-NapFF), Table 4.27. This observation suggests that the NDI
component is forming smaller or less defined structures, resulting in poor electrochromic behaviour.
The radii of the NDI component is larger at 5:0.625 and much smaller at 5:2.5 mg/mL, which could
suggest that at 5:1.25 mg/mL there is a transition structure which cannot be defined by the model,
Figure 4.37(a). The best colouration was found at 5:0.625 mg/mL at pH 6, corresponding to the largest
radii of NDI-F at this pH, Figure 4.37(a).
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Figure 4.37. Plot showing how radii of 1-NapFF (filled squares) and NDI-F (empty squares) components
fluctuates in cylindrical models with concentration of 1-NapFF in heat-cooled (heating to 40 °C and
allowing to cool for 30 minutes). NDI-F:1-NapFF systems at (a) pH 6 and (b) 9. Where data is missing,

no NDI component was used in the model. NDI-F kept at a constant concentration of 5 mg/mL.

Exact parameters cannot be directly linked to better electrochromic properties. A compromise of the
size of 1-NapFF components compared to NDI-F as well as pH, component interaction and overall
viscosity must be found to maximise electrochromic behaviour in these systems. Colouration is also
enhanced at 5:0.625 mg/mL at pH 6 and 9 which may be due to the flexibility of 1-NapFF cylinders
being withing the ideal region of around 200 A, Figure 4.36.

4.2.12 Cyclability
Having identified NDI-F:1-NapFF at a ratio of 5:0.625 mg/mL at pH 6 and 9 as our best multicomponent
heat-cooled systems, we compared these pHs in terms of their cyclability as previously described. This

system performed better, in terms of the oxidation rate and the number of cycles achieved, at pH 6
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(Figure 4.38). At this pH, the aggregates of NDI-F in solutions were larger in terms of radius, Table 4.27.

This ratio is now buffered at pH 6 and compared to NDI-F heat-cooled as a single component system.

10

0 10 20 30 40 50 60
Cycle Number

Average Time of Oxidat

Figure 4.38. Plot showing how time to reach a state without colouration fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements carried out using
solutions of heat-cooled (heating to 40 °C and allowing to cool for 30 minutes) 5:0.625 mg/mL NDI-
F:1-NapFF at pH 6 (red) and 9 (black). Measurements are taken as an average of triplicate

measurements and error bars calculated from standard deviation.

When buffered, both NDI-F and NDI-F:1-NapFF systems become slightly more viscous, Table 4.28, but
have comparable molecular packing to the unbuffered state, Figure 4.39(a and c). The SAXS data
suggests there are some differences in the aggregation upon buffering, Figure 4.39(b and d). There is
a higher scattering intensity at mid to low Q (which suggests larger aggregates) in the multicomponent
system, and a larger intensity at high Q in the single component system (which indicates less solvated

aggregates).
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Table 4.28. Tabulated average apparent viscosity at a shear rate of 1 s*for heat-cooled (heating to 40
°C and allowing to cool for 30 minutes) single and multicomponent systems buffered and unbuffered.

All solutions adjusted to pH 6. Full data set available in Figure A.4.94, Appendix.

Average apparent viscosity

Average apparent viscosity at
ge app y at 1 sshear buffered to pH

System (mg/mL
Y (mg/mL) 1 stshear at pH 6 (Pa-s)

6 (Pa-s)
NDI-F:1-NapFF (5:0.625) 0.158 0.390
NDI-F (5) 0.005 0.010
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Figure 4.39. (a and c) Absorbance spectra of neutral state, (b and d) SAXS measurements at pH 6.
Solutions of heat-cooled (heating to 40 °C and allowing to cool for 30 minutes) (a-b) NDI-F:1-NapFF
5:0.625 mg/mL and (c-d) NDI-F 5 mg/mL are buffered (dashed line or a lighter colour of orange and

lilac) and unbuffered (solid line or a darker colour of red and purple).
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Table 4.29. Tabulated fit parameters of SAXS data from for heat-cooled (heating to 40 °C and allowing
to cool for 30 minutes) single and multicomponent systems buffered and unbuffered. All solutions
adjusted to pH 6. Full data set of buffered data found in Figures A.4.95-A.4.96 and Tables A.4.59-

A.5.60, Appendix. Modelled to various cylinders (see Appendix).

Heat-cooled system Length Error Kuhn Error Radius Error Axis | Error
(mg/mL) pH 6, heat- (A) length (A) Ratio

cooled (A)

NDI-F:1-NapFF 502.61 1.11 236.34 | 0.210 8.035 0.0237 1.30 | 1.95E-04

(5:0.625) unbuffered

NDI-F:1-NapFF 303.56 0.802 201.23 | 0.403 16.41 0.00833 | 5.12 | 0.00235
(5:0.625) buffered

NDI-F (5) unbuffered N/A N/A N/A N/A N/A N/A N/A N/A
NDI-F (5) buffered N/A N/A N/A N/A N/A N/A N/A N/A
(mg/mL) pH 6, heat- (A) B (A) B (A)

cooled

NDI-F:1-NapFF 5.41E+03 | 110 36.26 0.00608 | N/A N/A

(5:0.625) unbuffered

NDI-F:1-NapFF 1.04E+04 | 7.04 43.14 0.00561 | N/A N/A
(5:0.625) buffered

NDI-F (5) unbuffered 16.812 0.0587 | 4.67 0.0273 5.05 0.0126

NDI-F (5) buffered 19.72 0.101 | 6.77 0.0618 | 7.21 0.113

When parameters are compared, Table 4.29, the NDI-F component is longer and has a larger radius in
buffered solutions. This data is consistent with previous findings, Table 4.19. More significant changes
occur to the 1-NapFF component of NDI-F:1-NapFF. Comparably to the buffering of 1-NapFF at 5
mg/mL (Table 4.17), length and Kuhn length decrease and axis ratio increases (Table 4.29). There are
more significant changes to radius and axis ratio at this lower 1-NapFF concentration, which suggests
that more dilute aggregates are more susceptible to high salt concentrations, resulting in a more

elliptical cylindrical aggregate, possibly due to charge interactions.

The NDI-F component does not appear to be significantly affected by buffering as the redox potentials

are comparable (slightly more shifting in 5 x 5 FTO window set-up), Table 4.30.
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Table 4.30. Tabulated data of redox potentials taken from cyclic voltammograms taken at 0.2 V/s of

heat-cooled (heating to 40 °C and allowing to cool for 30 minutes) NDI-F:1-NapFF 5:0.625 mg/mL and

NDI-F 5 mg/mL, buffered and unbuffered at pH 6 in different sixes of FTO window cell. Full data sets

available in Figure A.4.97, Appendix.

Heat-cooled system (mg/mL) Reduction Current | Oxidation Current
Potential(s) (nA) Potential(s) (HA)
(V) (V)

NDI-F:1-NapFF (5:0.625) buffered in 1 x 1 | -2.7 -712 0.2 226

FTO window cell

NDI-F:1-NapFF (5:0.625) unbuffered in 1 x | -2.6 -695 0.1 300

1 FTO window cell

NDI-F:1-NapFF (5:0.625) buffered in 5 x5 | -2.8 -8488 0.9 1686

FTO window cell

NDI-F:1-NapFF (5:0.625) unbuffered in 5 x | -2.5 -2676 0.7 2485

5 FTO window cell

NDI-F (5) buffered in 1 x 1 FTO window cell | -2.5 -1007 0.3 303

NDI-F (5) unbuffered in 1 x 1 FTO window | -2.6 -509 0.1 310

cell

NDI-F (5) buffered in 5 x 5 FTO window cell | -2.7 -5283 0.5 1514

NDI-F (5) unbuffered in 5 x 5 FTO window | -2.4 -1754 0.8 426

cell
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The oxidation rate is improved by the additional salt concentration (Figure 4.40(b and d) but

colouration intensity is only enhanced in the single component system (Figure 4.40(a and c)). This

trend agrees with previous findings for non-heat-cooled systems, Figure 4.25.
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Figure 4.40. (a/c) Absorbance spectra of reduced state after application of -2.5 V for 10 seconds, (b/d)

measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for 5 minutes

after 20 seconds of reduction with -2.5 V. Solutions of heat-cooled (heating to 40 °C and allowing to

cool for 30 minutes) (a-b) NDI-F:1-NapFF 5:0.625 mg/mL and (c-d) NDI-F 5 mg/mL are buffered

(dashed line or open squares) and unbuffered (solid line or filled squares).

As previously found, an improvement in cyclability is also observed upon buffering as the ideal pH and

aggregation is maintained through the experiment, Figure 4.41 (although this is less significant in the

multicomponent system, Figure 4.41(b)). This observation suggests that the 1-NapFF component (in

small concentrations) act as a support for the NDI-F aggregation when heat-cooled, aiding cyclability

even before buffering.
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Figure 4.41. Plot showing how much time Is needed to reach a transmissive state fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements carried out using
solutions of heat-cooled (heating to 40 °C and allowing to cool for 30 minutes) (a) NDI-F 5 mg/mL and
(b) NDI-F:1-NapFF 5:0.625 mg/mL at pH 6 buffered (open shapes, lilac and red) and unbuffered (filled
shapes, purple and orange). Measurements are taken as an average of triplicate measurements and

error bars calculated from standard deviation.

NDI-F:1-NapFF 5:0.625 mg/mL has better cyclability than NDI-F 5 mg/mL. This is significant as non-
heat-cooled multicomponent systems did not improve cyclability, only colouration intensity. This

heat-cooled system improves both.

Despite an improvement in cyclability, the network scale structures of NDI-F:1-NapFF 5:0.625 mg/mL
heat-cooled appear to be significantly affected by cycling, suggested by a significant reduction in low
Q scattering intensity after only one cycle, Figure 4.42. The models after one and 50 cycles also do not
require a power law. However, due to the ex situ nature of the measurements, it is possible that the
transfer and/or mailing process has resulted in the weakening and breaking apart of these larger
structures as suggested in Chapter 3 in NDI-GF systems. As the concertation of 1-NapFF is low, we
would expect structures to be weaker and more susceptible to handling artefacts. Structures become
more flexible with cycling which has been previously observed in NDI systems (Chapter 3), Table 4.31.

This observation could be a product of models no longer including a different cylinder type for NDI-F.
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Figure 4.42. SAXS measurement of relaxed buffered (a) NDI-F:1-NapFF 5:0.625 mg/mL heat-cooled

(heating to 40 °C and allowing to cool for 30 minutes) and buffered at pH 6. Solutions are measured

after O (red), 1 (orange) and 50 (

) electrochemical cycles.

Table 4.31. Tabulated parameters from fits to SAXS data from buffered NDI-F:1-NapFF systems after

heat-cooling (heating to 40 °C and allowing to cool for 30 minutes) at pH 6. Full data set available in

Figures A.4.49 and A.4.98-A.4.99 and Tables A.4.59 and A.4.61-A.4.62, Appendix. Various cylindrical

models used (see Appendix).

Buffered heat- Kuhn Error | Radius | Error Axis | Error Radius | Error
cooled system length (A) Ratio B (A)

(mg/mL) (A)

NDI-F:1-NapFF 201.23 0.403 | 16.41 | 0.00833 | 5.12 | 0.00235 | 43.14 | 0.00561
(5:0.625) pre-

cycled

NDI-F:1-NapFF 98.88 0.1335 | 5.00 8.93E- N/A N/A N/A N/A
(5:0.625) after 1 04

cycle

NDI-F:1-NapFF 112.73 0.145 | 6.86 0.00209 | N/A N/A N/A N/A
(5:0.625) after 50

cycles

209



Chapter Four

Having identified ideal heat-cooled and non-heat-cooled systems, it is of interest to compare the
influence of heat-cooling upon NDI-F as a single component system to identify whether 1-NapFF is

even required to yield comparable results.

Comparing buffered systems of NDI-F pre- and post- heat-cooling, colour intensity is improved by
heat-cooling, however, oxidation time and cyclability are not significant improved, Figure 4.43. Non-
heat-cooled NDI-F has smaller variation in oxidation time and achieves two further cycles. It is of
interest that heat-cooling results in enhanced colouration in single component systems as heating to

this temperature would be a simple processing step in a commercial production.
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Figure 4.43. (a) Absorbance spectra after 10 second application of -2.5 V and (b) plot showing how
time to reach a state without colouration fluctuates with electrochemical cycling between a reduced
and oxidised state. Measurements carried out using solutions of 5 mg/mL NDI-F buffered to pH 6
before (light purple) and after heat-cooling (heating to 40 °C and allowing to cool for 30 minutes)
(purple). Measurements are taken as an average of triplicate measurements and error bars calculated

from standard deviation.

Heat-cooled structures have higher scattering intensity, which indicates larger aggregates, although
the parameters of the cylinders themselves are comparable, Table 4.32 and Figure 4.44(a).
Absorbance spectra (Figure 4.44(b)) suggests that the molecular packing differs in heat-cooled
systems as the ratio of peaks at 365 and 385 nm are notably different. This packing change may be

responsible for the formation of larger aggregates and better stability of the radical anionic species.
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Figure 4.44. (a) SAXS measurement and (b) absorbance spectra of neutral buffered NDI-F 5 mg/mL
pre- (open circles and dashed lines) and post- (filled circles and solid lines) heat-cooling (heating to 40

°C and allowing to cool for 30 minutes).

Table 4.32. Tabulated parameters from fits to SAXS data from for heat-cooled (heating to 40 °C and
allowing to cool for 30 minutes) systems buffered and unbuffered. All solutions adjusted to pH 6. Full
data set available in Figures A.4.63 and A.4.96 and Tables A.4.35 and A.4.60, Appendix. Hollow

cylindrical models used.

Buffered System | Radius(A) Error Thickness (A) Error
(5 mg/mL)

NDI-F heat- 6.77 0.0618 7.21 0.113
cooled

NDI-F 9.12 0.106 5.27 0.0359

Aggregation does not significantly change with cycling in buffered heat-cooled NDI-F, Figure 4.45 and
Table 4.33. While radius and thickness subtly fluctuate, the overall radius size remains consistent.
There is a loss of intensity after 50 cycles, which suggests smaller or more solvated aggregates and is

consistent with the trends observed in NDI-F at 10 mg/mL in Chapter 3.
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Figure 4.45. SAXS measurement of buffered relaxed NDI-F 5 mg/mL heat-cooled (heating to 40 °C and
allowing to cool for 30 minutes) and buffered at pH 6. Solutions are measured after 0 (purple), 1 (lilac)

and 50 ( ) electrochemical cycles.

Table 4.33. Tabulated parameters from fits to SAXS data from relaxed NDI-F systems at 5 mg/mL after
heat-cooling (heating to 40 °C and allowing to cool for 30 minutes). Solutions buffered at pH 6. Full
data set available in Figures A.4.50 and A.4.100-A.4.101 and Tables A.4.60 and A.4.63-A.4.64,

Appendix. Hollow cylindrical models used.

NDI-F buffered, Radius (A) | Error Thickness (A) | Error
and heat cooled

Pre-cycled 6.77 0.0618 7.21 0.113
After 1 cycle 4.99 0.0190 8.15 0.0574
After 50 cycles 8.88 0.135 5.22 0.0322

4.2.13 Comparing our best performing systems

Now that we know our best performing single and multicomponent systems (heat-cooled and non-
heat-cooled) we can compare across our entire investigation. Firstly, assessing the neutral state,
Figure 4.46. The heat-cooled systems are more comparable to each other but still have a slightly
differing ratio of absorbances at 365 and 385 nm between single and multicomponent systems. While
the non-heat-cooled systems are comparable to each other, the ratio of absorbances is different to
the heat-cooled systems. This data suggests that heat-cooling influences molecular packing of NDI-F

in single and multicomponent systems.
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Figure 4.46. (a) Absorbance and (b) normalised absorbance spectra of the neutral state of NDI-F 5
mg/mL (purple), NDI-F:1-NapFF 5:0.625 mg/mL (red) and NDI-F:1-NapFF 5:5 mg/mL (black). All
solutions buffered to pH 6. Dashed lines indicate heat-cooling (heating to 40 °C and allowing to cool

for 30 minutes).

Next, we can compare the reduced state. Both heat-cooled systems have higher colouration intensity
and are comparable to each other (the multicomponent system has slightly higher absorbance), Figure
4.47(a). The single component systems have a faster oxidation rate than the multicomponent systems,
Figure 4.47(b). The heat-cooled single component system reaches full oxidation approximately 30
seconds earlier, but this difference (in terms of colour intensity during oxidation) is negligible to the
eye. The improvement in colouration in both heat-cooled systems may be the result of the change in

molecular packing observed in absorbance spectra.
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Figure 4.47. (a) Absorbance spectra of reduced state after application of -2.5 V for 10 seconds and (b)
measurement of absorbance at 540 nm as an oxidising potential of 0.5 V was applied for 5 minutes
after 20 seconds of reduction with -2.5 V. Spectra taken with NDI-F 5 mg/mL (purple), NDI-F:1-NapFF
5:0.625 mg/mL (red) and NDI-F:1-NapFF 5:5 mg/mL (black). All solutions buffered to pH 6. Dashed

lines and open squares indicate heat-cooling (heating to 40 °C and allowing to cool for 30 minutes).

The viscosity of systems with higher concentrations of 1-NapFF is higher, as expected, Figure 4.48(a).
There is not a linear relationship between cyclability and viscosity however, as the multicomponent
system with higher 1-NapFF concentration does not show the best performance (Figure 4.48(b)).
Interestingly, heat-cooled NDI-F shows a far less significant shear thinning behaviour than non-heat-
cooled NDI-F and has a higher viscosity through shearing, Figure 4.48(a). This suggests that aggregates

are larger or more stable which is likely what stabilised the formation of the radical anionic species.
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Figure 4.48. (a) Viscosity measurements and (b) plot showing how time to reach a state without
colouration fluctuates with electrochemical cycling between a reduced and oxidised state.
Measurements taken with NDI-F 5 mg/mL (purple), NDI-F:1-NapFF 5:5 mg/mL (black), heat-cooled
NDI-F 5 mg/mL (lilac) and heat-cooled NDI-F:1-NapFF 5:0.625 mg/mL (red). All solutions buffered to
pH 6. Heat-cooled systems (heating to 40 °C and allowing to cool for 30 minutes) are shown as open
shapes. Measurements are taken as an average of triplicate measurements and error bars calculated

from standard deviation.

Heat-cooled systems are fairly comparable in terms of their oxidation times and cyclability but the
multicomponent NDI-F:1-NapFF 5:0.625 mg/mL performs better on both accounts, Figure 4.49. The
error bars for this system are also smaller than NDI-F alone, which indicates more reproducible
performance. Non-heat-cooled NDI-F can perform one more cycle than NDI-F:1-NapFF 5:0.625 mg/mL
but overall, the oxidation time is shorter, and the error bars are smaller in the multicomponent system.

This system also has the better colouration.

These data suggests that diffusion issues within our devices are occurring, but that our solution was
not as straightforward as we anticipated. However, we have discovered some interesting interactions
between these components that result in enhancement of colour as well as cyclability and discovered
more about the effect of heat-cooling these systems. Multicomponent systems could be investigated

further to form gels, which could have application in patterning.
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Figure 4.49. Plot showing how time to reach a state without colouration fluctuates with
electrochemical cycling between a reduced and oxidised state. Measurements taken with heat-cooled
(heating to 40 °C and allowing to cool for 30 minutes) NDI-F 5 mg/mL (lilac) and NDI-F:1-NapFF 5:0.625
mg/mL (red). All solutions buffered to pH 6. Measurements are taken as an average of triplicate

measurements and error bars calculated from standard deviation.

The 5:5 mg/mL non-heat-cooled system contains longer, more rigid and less elliptical cylinders of 1-
NapFF with larger radii than 5:0.625 mg/mL heat-cooled systems, Table 4.34. The NDI-F component
has a larger length and radius in this heat-cooled multicomponent system than the 5:0 and 5:5 mg/mL
systems, Table 4.34. This data suggests that the 1-NapFF structures have been affected and the NDI-
F structures have become larger (a trait which supports radical formation). The increased cyclability
of the multicomponent system may be due to these factors as well as an increased viscosity and lower

diffusion rates. It is likely that both diffusion and aggregation contribute to cyclability.
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Table 4.34. Tabulated parameters from fits to SAXS data from single and multicomponent systems.

Some systems are heat-cooled (heating to 40 °C and allowing to cool for 30 minutes). All are buffered

at pH 6. Various cylindrical models used (see Appendix).

Buffered System | Length (A) [Error Kuhn  |Error Radius (A) [Error Axis Error
at pH 6 (mg/mL) length Ratio

(A)
NDI-F:1-NapFF 303.56 0.802 201.23 [0.403 16.41 0.00833] 5.12  [0.00235
(5:0.625) heat-
cooled
NDI-F (5) heat- N/A N/A N/A N/A N/A N/A N/A N/A
cooled
NDI-F:1-NapFF 9.61E+03 |1.11E+03| 304.54 |0.573 32.90 0.00319| 1.72  |1.54E-04
(5:5)
NDI-F (5) N/A N/A N/A N/A N/A N/A N/A  IN/A

Buffered System | Length B [Error Radius |Error Thickness [Error

at pH 6 (mg/mL) | (A) B (A) B (A)
NDI-F:1-NapFF 1.04E+04 (7.04 43.14 0.00561 | N/A N/A
(5:0.625) heat-

cooled

NDI-F (5) heat- 19.72 0.101 6.77 0.0618 | 7.21 0.113
cooled

NDI-F:1-NapFF 40.32 0.0791 | 4.84 0.0108 | 6.34 0.00562
(5:5)

NDI-F (5) 21.92 0.168 9.12 0.1064 | 5.27 0.0359

Due to suspected artefacts in our SAXS data for cycles 5:0.625 mg/mL heat-cooled NDI-F:1-NapFF, we
cannot directly compare the impact of cyclability upon aggregation in our best performing systems.
After 50 cycles, the 5:5 mg/mL system is most comparable to its pre-cycled states but has the worst
cyclability,4.2.9 and 4.2.10.4. Taking this into consideration we find that a multicomponent system of
NDI-F:1-NapFF at a 5:0.625 mg/mL ratio, at pH 6 and heat-cooled, gives the best performance in our
devices. Colouration is not significantly enhanced by the 1-NapFF component compared to heat-

cooled NDI-F, but long term cyclability, oxidation times and reproducibility are.

4.3 Conclusions

Thus far, using absorbance spectroscopy and SAS, the aggregated state of five different NDIs at
different pH has been assessed and preferences for each systems linked to improved chromic
properties. For example, larger radii of aromatic NDIs and more rigidity in aliphatic NDlIs. In situ
techniques have also shown that the production of the radical does not have great impact upon

aggregation but that there may be some attraction of a charged and uncharged fibre which could
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subtly impact aggregation. This finding could have some significance if the radical was allowed to build
up over cycling. Using NMR spectroscopy, SANS and absorbance spectroscopy, we cannot detect any
evidence of degradation with use in our systems. These systems still have great promise and our

hypothesis that they are suitable for long term use is supported by evidence in Chapter 3.

This investigation set out to test a hypothesis that a viscous component will aid cyclability. What we
discovered was that this hypothesis was not a simple matter of increased viscosity leading to improved
properties. We suspect an interaction of components but that ultimately, the components are still
self-sorted structures. This interaction is particularly notable at high and low pH. We found that
chemical structure, ratio of components, pH and the process of heat-cooling affect both the physical
and electrochemical properties of multicomponent systems. From an initial discussion of 24
multicomponent systems, we selected one that demonstrated the best performance. We next
investigated the effect of heat-cooling upon 15 electrochemically active systems and selected a
further two systems, both of which showed improved performance. This investigation allowed us
some insight into complex systems and confirmed some of our earlier findings about single component

NDI aggregation.

NDI-GF:1-NapFF systems were not better performing than NDI-GF. At low pH we believe the two
gelating systems to be interacting in a detrimental way. The higher the concentration of 1-NapFF, the
worse colouration became at low pH in these systems. We attribute this behaviour to the size or high
flexibility of NDI-GF aggregates. At low pH, two fibrous networks are formed and can entangle or
disrupt each other. The interplanar distance between NDI molecules must be small enough to allow

effective 1t electron delocalisation to efficiently form the radical anion.>%%!

NDI-F:1-NapFF systems were actively improved by the addition of 1-NapFF at specific pH and ratios of
component. There was even improvement at non-ideal pHs of NDI-F. At high pH we saw evidence of
unexpected interaction of components, resulting in increases viscosity and improved colouration at
certain ratios. At low pH we also suspect there to be a higher level of interaction between components.
NDI-F forms hollow cylinders (as does 1-NapFF*>%*%) and so this may lead to favourable interaction
between components. NDI-F’'s amino acid is also smaller than NDI-GF and 1-NapFF as so may be able
to partially co-assemble or interact favourably with 1-NapFF structures. We suspect the aggregates

are homogeneous but that larger structures could be less so.

Heat-cooling was also investigated and found to improve colouration upon reduction, which we
believe is linked to larger aggregates and different packing. Enhancement of colour was observed in
many (but not all) multicomponent systems upon heat-cooling, and again rigidity of 1-NapFF and size

of NDI-F aggregates are linked to more intense electrochromic colouration. These factors are
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consistent with non-heat-cooled NDI-F systems. Cyclability is not improved by heat-cooling in NDI-F

alone.

Overall, heat-cooled NDI-F:1-NapFF 5:0.625 mg/mL at pH 6 showed best cyclability, colouration
intensity, oxidation time during cycling experiments, and reproducibility. Packing of aggregates was
identified as an important factor as well as the size of NDI-F aggregates and the process of heat-cooling

(as this ratio did not show great colouration before heat-cooling).

In our best performing system (heat cooled 5:0.625 mg/mL NDI-F:1-NapFF buffered at pH 6), viscosity
was higher than NDI-F but lower than other systems investigated. The increased viscosity and
decrease in diffusion rates could still be improving cyclability compared to single component NDI-F.
Both diffusion and component interactions are factors. At higher concentration of 1-NapFF, we believe
that the more dominant structures of 1-NapFF were limiting the NDI rt stacking or aggregates, resulting

in poorer colouration than other systems.

We have identified how 1-NapFF can improve our systems in a way we did not originally anticipate
and understand more about the factors that may influence such multicomponent systems. The overall
improvement is not significant in terms of the number of cycles, but other properties such as

reproducibility and colour intensity are improved from Chapter 3.

The ideal pH of NDI-F found in Chapter 2 is consistently the best performing, which suggests that
aggregates are comparable in single and multicomponent structures and highlights the importance of

pH upon the chromic ability of NDI systems.

4.4 Experimental

4.4.1 Synthetic procedures

All synthetic procedures and product identical to those described in Chapter 2. 1-NapFF has been
reported previously.343¢ All chemicals and solvent were purchased from Merck Life Sciences, or Alfa

Aesar and used as received. Deionised water was used throughout. NMR spectra and HRMS can be

found in the Appendix (Figures A.4.101-A.4.117).
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4.4.1.1 Synthesis of 2-{2-[2-(naphthalen-1-yloxy)acetamido]-3-phenylpropanamido}-3-
phenylpropanoic acid (1-NapFF)
44111 Synthesis of ethyl 2-(2-{[(tert-butoxy)carbonyllamino}-3- phenylpropanamido)-3-
phenylpropanoate (FF-OEt — Protected)

CHCl,
N/
0 0
O\H/H\)J\OH e o\) Hof
X o H HaN O~ )J\ XO\H/N\-)J\N o~
c O cl oﬁ/ :oH 4

Boc-Phe-OH H-Phe-OEtHCI FF-OEt - Protected
Figure 4.50. 1st step, synthesis of FF-OEt — Protected.

To a solution of Boc-phenylalanine (1 eq, 21.22 g) in chloroform (180 mL) was added N-
methylmorpholine (1 eq, 8.78 mL), followed by isobutyl chloroformate (1 eq, 10.38 mL) and the
mixture was stirred over ice for 20 minutes. After this time, another portion of N-methylmorpholine
(1 eq, 8.78 mL) and L-phenylalanine tert-butyl ester hydrochloride (1 eq, 18.38 g) were added, and the
reaction mixture was stirred overnight. After this time reaction mixture was diluted with chloroform,
washed in turn with water, 1M hydrochloric acid, and water again, dried (MgS04), and evaporated to
dryness under reduced pressure. The product FF-OEt - Protected was thus obtained as a pale yellow,
viscous oil (10.6 g, 30%). The solid was then characterised by 'H and *C NMR. Impurities were

removed in the next step of the synthesis.

FF-OEt-Protected:'H NMR (400 MHz, DMSO-ds) & 8.45 (d, 8.0 Hz, 1H, NHCOOC), 7.34-7.12 (m, 10 H,
HAr), 6.78 (d, Hz, 1H, 8.8 NH), 4.53-4.44 (m, 1H, CH), 4.24-4.16 (m, 1H, CH), 4.09 (q, 7.1 Hz, 2H, CH,CHs),
3.05(dd, 5.5, 14.0 Hz, 1H, CH,Ph), 2.90 (dd, 9.3, 13.6 Hz, 1H, CH,Ph), 2.69 (dd, 3.9, 13.7 Hz, 1H, CH,Ph),
2.55 (m, 1H, CH,Ph), 1.29 (s, 7H, C(CHs)s), 1.21 (s, 2H, C(CHs)s), 1.15 (t, 7.1 Hz, 3H, CH,CH3), *C NMR
(100 MHz, DMSO-dg) & 172.19 and 171.85 and 155.61 (C=0), 138.50, 137.53, 129.68, 129.63, 128.66,
128.37, 127.04 and 126.56 (CAr), 78.44 (CCHs), 61.06 (CH,CHs), 55.83 and 53.99 (NHCH), 37.97 and
37.43 (CH,Ph), 28.57 (C(CHs)s),14.44 (CH,CHs), HRMS (ESI) m/z: [M+Na]* calculated for CosHsN,OsNa,
463.2197; found 463.2203.
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4.41.1.2 Synthesis of ethyl 2-(2-azaniumyl-3-phenylpropanamido)-3-Phenylpropanoate (FF-OEt —

Deprotected)

o 0 [ /\/:
H o
o NJKN o _ TFA CHCI H3NUN o + s
>( \g/ H H B H S F3C o

FF-OEt - Protected FF-OEt - Deprotected
Figure 4.51. 2" step, deprotection of FF-OEt — Protected.

To a solution of FF-OEt - Protected (1 eq, 10.6 g) in chloroform (100 mL) was added trifluoroacetic acid
(13 eq, ca. 25 mL) and the mixture was stirred overnight. The reaction mixture was then poured into
diethyl ether (500 mL) and stirred for 30 minutes. The solids were filtered off, washed with diethyl
ether in the filter and dried under vacuum. The product FF-OEt - Deprotected was obtained as a white

solid (10.33 g, 94%). The solid was then characterised by 'H and *C NMR and HRMS.

FF-OEt-Deprotected:'H NMR (400 MHz, DMSO-ds) § 9.11 (d, 7.5 Hz, 1H, NH), 8.3, (br s, 3H, NHs*), 7.39-
7.16 (m, 10 H, HAr), 4.56 (dd, 7.0, 21.9 Hz, 1H, NHCH), 4.11 (br s, 1 H, NH5"CH), 4.06 (g, 7.0, 21.2 Hz,
2H, CH,CHs), 3.20-2.93 (m, 4 H, CH,Ph), 1.11 (t, 7.1 Hz, 3H, CH,CHs) 13C NMR (100 MHz, DMSO-d) &
171.14 and 168.71 (C=0), 158.92 (q, 32.8 Hz, F3C-C=0), 137.26, 135.26, 130.03, 129.6, 128.94, 128.80,
127.60 and 127.21 (CAr), 117.25 (g, 927 Hz, CFs), 61.23 (CH,CHs), 54.42 and 53.65 (NHCH), 37.35 and
37.25 (CH,Ph), 14.37 (CHs), HRMS (ESI) m/z: [M]* calculated for C0H2sN203Na, 341.19; found 341.1860.

4.41.1.3 Synthesis of ethyl 2-{2-[2-(naphthalen-1-yloxy)acetamido]-3-phenylpropanamido}-3-
phenylpropanoate (1-NapFF — Protected)

d

( CHCl, 0+ O

Os_OH i@ 0y O N7 HNj:/@
Oj/ + - H z® HNji/@ o > oj/n\a/&o

OO Y mio "

e O hl o

1-Naphthoxyacetic acid FF-OEt - Deprotected 1-NapFF - Protected

Figure 4.52. 3" step, synthesis of 1-NapFF — Protected.
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To a solution of FF-OEt - Deprotected (1 eq, 8.30 g) in chloroform (125, 1.87 mL) was added N-
methylmorpholine (1 eq, 2.49 mL), followed by isobutyl chloroformate (1 eq, 2.94 mL) and the mixture
was stirred at on ice for 20 minutes. After this time, another portion of N-methylmorpholine (1 eq,
1.87 mL) and 1-Naphthoxyacetic acid (1 eq, 3.70 g) were added and the reaction mixture was stirred
overnight. After this time reaction mixture was diluted with chloroform, washed in turn with water,
1M hydrochloric acid, and water again, dried (MgS0a), and evaporated to dryness under reduced
pressure. The product 1-NapFF - Protected was obtained as a pale pink/orange solid (6.00 g, 76%). The
solid was then characterised by 'H and *C NMR. Trace Impurities were removed in the next step of

the synthesis.

1-NapFF-Protected:'H NMR (400 MHz, DMSO-d¢) & 8.6 (d, 7.5 Hz, 1H, Ha:), 8.1 (t,7.3 Hz, 2H, Ha/), 7.9,
(dd, 1.9, 9.3 Hz, 1H, Ha), 7.6-7.5 (m, 3H, Ha), 7.3 (t, 7.9 Hz, 1H, NH), 7.3-7.2 (m, 10 H, Ph), 6.7 (d, 7.5
Hz, 1 H, NH), 4.8-4.7 (m, 1 H, CH), 4.7-4.6 (m, 2H, OCH,), 4.6-4.5 (m, 1H, CH), 4.1-4.0 (g, 2H, CH,CHs),
3.1-2.8 (m, 4H, CH,Ph), 1.1 (t, 7.1 Hz, 3H, CH,CH3), **C NMR (100 MHz, DMSO-ds) 6 171.76,171.32 and
167.53 (C=0), 153.35, 137.81, 137.47,134.53,129.74, 129.59, 129.55, 128.73, 128.55, 128.52, 128.47,
127.91, 127.05, 127.00, 126.83, 126.83, 126.47, 125.84, 125.19, 122.14, 121.08 and 106.18 (CAr),
67.80 (OCH3), 61.00 (CH,CHs), 54.35 and 53.59 (NHCH), 37.99 and 37.19 (CH.Ph), 14.41 (CH,CHj),
HRMS (ESI) m/z: [M+Na] * calculated for C3;H32N20sNa, 547.2197; found 547.2203.

4.41.1.4 Synthesis of 2-{2-[2-(naphthalen-1-yloxy)acetamido]-3-phenylpropanamido}-3-
phenylpropanoic acid (1-NapFF)

¢ O+ OH
0 vao LIOHH,O.THF Oj/Na o
oj/ ‘\© 0 \©
2

1-NapFF - Protected 1-NapFF

Figure 4.53. 4" step, deprotection of 1-NapFF — Protected.

1-NapFF — Protected (1 eq, 4.94 g) was dissolved in minimal THF (ca. 10 mL). Dilute lithium hydroxide
(4 eq, 0.9 g) in water (ca. 100 mL) was added to the solution was stirred for 6-7 hours. After this time
HCI (0.1 M) was added in excess (ca. 400 mL). The resulting white precipitate was allowed to stir

overnight. Solids were collected by filtration and washed well with water and petroleum ether before
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being dried under vacuum to give 1-NapFF as a white solid (3.70 g, 79%). The solid was then
characterised by H and 3C NMR.

1-NapFF: 'H NMR (400 MHz, DMSO-de) & 12.9 (br s, 1H, OH), 8.5 (d, 7.9 Hz, 1H, HAr), 8.1 (m, 2H, HAr),
7.9 (dd,1.9, 3.1 Hz, 1H, HAr), 7.6-7.5 (m, 3H, HAr), 7.3 (t, 8.0 Hz, 1H, NH), 7.3-7.2 (m, 10H, Ph), 6.7 (d,
7.5 Hz, 1H, NH), 4.8-4.7 (m, 1H,CH), 4.6 (m, 2H, OCH,), 4.5 (m, 1H,CH), 3.2-3.0 (m, 2H, CH,Ph) 3.0-2.8
(m, 2H, CHyPh). *C NMR (100 MHz, DMSO-d¢) & 173.21, 171.25 and 167.60 (C=0), 153.55, 137.94,
134.51, 129.85, 129.68, 128.69, 128.53, 127.93, 127.00, 126.94, 126.80, 126.48, 125.83, 125.17,
122.14, 121.09 and 106.15 (CAr), 67.58 (OCH,), 53.98 and 53.52 (NHCH), 38.01 and 37.23 (PhCH,)
HRMS (ESI) m/z: [M] * calculated for C3oH29N,0s, 497.2100; found 497.2071

4.4.2 Experimental protocols and equipment

4.4.2.1 Nuclear magnetic resonance (NMR) spectroscopy
For the characterisation after the synthesis of NDIs, NMR measurements were carried out on a Bruker

400 MHz spectrometer as previously described in Chapter 2.

4.4.2.2 Preparation of solutions

Solutions were prepared at 5 or 10 mg/mL of NDlIs as previously described in Chapter 2. Solutions were
prepared using two molar equivalents of 0.1 M NaOH and 0.5 mL/mL of 0.1 NaCl to help conductivity.
Solutions of 1-NapFF only require one molar equivalents of 0.1 M NaOH. Multicomponent solutions
were prepared by mixing together a solution of 10 mg/mL NDI and a solution of 1-NapFF at double
the required concentration. For example, for a 5:2.5 ratio, equal volumes of 10 mg/mL NDI and 5
mg/mL 1-NapFF were combined and gently shaken to mix. The pH of all solutions was adjusted as

previously described. When buffered, solutions were prepared as previously described.

4.4.2.3 Cycling tests
Cycling tests were performed exactly as described in Chapter 3. As a proof of concept to show diffusion
influenced cyclability, an identical experiment was undertaken whilst bass heavy music3® played from

a speaker directly underneath the cell.
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N\

ST A

Figure 4.4.54 Cartoon representation of cycling test set-up with the vibration of music.

When solutions were heat cooled the sample was heated in an oil bath at 40 °C for 30 minutes and
transferred into the FTO window whilst still hot by pouring so as not to disturb the structures with
shear. The window was sealed and left undisturbed for a further 30 minutes before performing

electrochemistry.

4.4.2.4 Apparent pK, titrations

All pK;, titrations were performed as previously described in Chapter 2.

4.4.2.5 Absorption spectroscopy
Absorption spectra were collected using a Cary 60 UV-Visible spectrophotometer as previously

described in Chapter 2.

4.4.2.6 Viscosity measurements

All viscosity measurements were performed using an Anton Paar Physica 301 rheometer using a cone
and plate geometry (75 mm diameter, 1.0° angle, 50 um) and a flat plate measuring system for all
measurements as previously described. When heat cooled, samples were heated on the plate to 40
°C over the course of 30 seconds. After this 40 °C was maintained for 2 minutes. The sample was then
cooled to 25 °C over the course of 30 minutes and left at this final temperature for 5 minutes. Viscosity
measurements were undertaken as previously described after this time has elapsed. Samples were

sealed using a small amount of oil around the edge of the geometry to prevent drying out.

4.4.2.7 FTO windows
FTO glass (50 x 50 x 2.2 mm, TEC 7, surface resistivity ~7 Q/sq, from Sigma Aldrich) was used as

previously described in Chapter 3.

4.4.2.8 Spectro-electrochemistry

Spectra were collected using the spectrometer as previously described in Chapter 2 In NDI-F

containing systems, Amax is taken at 485 nm (pH 6 and 9) and 460 nm (pH 12). In NDI-GF containing
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systems, Amax is taken at 450 nm (pH 6 and 9) and 460 nm (pH 12). When solutions were heat cooled
the sample was heated in an oil bath at 40 °C for 30 minutes and transferred into the FTO window
whilst still hot by pouring so as not to shear align the structures The window was sealed and left

undisturbed for a further 30 minutes before performing electrochemistry.

4.4.2.9 Cyclic voltammetry (CV)
CV was performed as previously described in 1 x 1 or 5 x 5 FTO glass window cells. Set-up and scan

rate is described in figure captions and tables as previously described.

4.4.2.10 Small angle X-ray scattering (SAXS)

Scattering data was collected at B21, Diamond Light Source under experiment number SM27906-2,
SM27906-3 and SM27906-4 using a beam energy of 12.4 keV and a sample to detector distance of
5.647 m calibrated using a standard sample of silver behenate. Data was collected as a single frame
of 1 s duration and reduced to a 1¢ dataset using the DAWN software package and standard
pipelines.®? Samples were prepared in advance as described in 4.4.2.2 and run by Charlotte Edwards-
Gayle due to COVID-19 restrictions. High viscosity systems were run in capillary tubes and where
possible low viscosity samples were run from well plates using an autosampler. Samples were pH
adjusted before being loaded into capillaries and heat cooled samples were heated within the
capillaries using a water bath set at 40 °C for 30 minutes before being allowed to cool for a further 30

minutes.

Data was fitted using SasView (Version 4.2.2)>3 as previously described. The SLD of each material was
calculated using the NIST neutron activation and scattering calculator.>® Where multicomponent
systems are used, an average of the two components relative to their proportion is used. SLD of water

is 9.469. SLD of NDI-F, NDI-GF and 1-NapFF were 13.705, 13.736 and 13.927 respectively.

When electrochemistry was performed upon solutions, as previously described, this was done ex situ

and samples were left to relax before posting.

4.4.2.10.1 Dawn analysis of scattering data
In data sets where kinks were seen, raw detector data of two-dimensional (2D) scattering plots are
shown in the appendix to prove alignment of samples. Histogram plots are shown at a range of 0 to

10, 20, 50 and 100.
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Chapter Five

This thesis set out to understand the relationship between aggregation of amino acid and dipeptide
appended NDIs and their electrochromic properties. These tuneable systems have great potential as
an organic alternative to transition metal oxide and conductive polymer systems for application as
Smart Window devices, as they can achieve intense colour, fast switching times and do not require
mining or extensive processing. The self-assembling nature of these NDI systems allows their tunability

with pH and chemical structure.
We set out criteria of properties for an ideal system:

e solubility or dispersion in water

e fastreversible switching between a transmissive and a dark state

e adark reduced state and a pale and transmissive neutral state

e asmall potential needed to switch between states

e cyclability of at least 100 cycles without detriment of the above parameters (the ability to
switch between states as many times as possible)

e stability (material should not degrade with use or age)

These systems are soluble in water, capable of forming a dark reduced state from a pale and
transmissive state in a short period of time using a small potential. The intensity of the colour change

upon reduction, and the speed of oxidation can be tailored using aggregation.

By investigating five differently appended NDIs, we identified that both chemical structure and pH
have a significant impact upon aggregation, and consequently chromic behaviour. Aggregation
influences the efficiency of electrochemical processes and cyclability, with certain properties
supporting the formation or stability of the NDI radical anionic species. Each system with different
chemical structure has different preferences in terms of their ideal aggregation, with size and flexibility
being noted as key parameters. pH is a very easy factor to change and to maintain (using a buffer),
meaning that the ideal aggregation for each NDI can be kept stable. This ease of maintaining an ideal

state is another advantage alongside the easily tunability of these systems.

We identified that particularly rigid or large dipeptides prevent the efficient formation of cylindrical
aggregates and consequently, have poor chromic performance. These findings allow a more intelligent
approach to design moving forward with these systems. While we cannot conclude conclusively about
what aggregates or properties would be favoured for every amino acid or dipeptide, this thesis lays
the groundwork for a larger library to be explored in the future and critically highlights the importance
of aggregation. It would be of interest to look specifically at dipeptides and investigate the role of the

first amino acid, for example NDI-FG, NDI-AF, NDI-IF, NDI-VF etc (Figure 5.1). Is the colouration poor
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if anything other than hydrogen is appended the first amino acid group? This line of investigation
would be of interest to test the hypothesis that NDI-FF has poor chromic properties due to its steric
bulk and at what size of group this becomes an issue. Tripeptides or longer chains could also be
investigated which may gain insight into if and when length of the peptide R group becomes an issue
for chromic properties. Alternatively, the effect of larger aromatic groups upon singular amino acids
could be investigated, such as NDI-W. The use of groups to further improve solubility (such as NDI-D,
NDI-E or NDI-S and NDI-T) could also be investigated, Figure 5.1.
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Figure 5.1. Chemical structure of NDIs that could be investigated in future work.

Investigating the long-term stability and cyclability of these NDI systems lead us to develop a
methodology, combining the benefits of SANS with in situ electrochemistry. This method yields more
representative data with accurate insight into electrochemically reduced states and has potential for
use in electrochemical kinetics studies such as the growing of gels. We conclude that our materials do
not degrade with use and their chromic properties do not change with cycling. Their potential for long
term use is high. We attribute some issues in our set-up causing radical anionic species to accumulate,
potentially altering aggregation. The formation of the radical anion does not become irreversible, nor

is there a change to the NMR spectra to suggest ageing or degradation.

The final chapter of this thesis highlighted the possibility of improving cyclability with a second
component. It was found that the secondary component interacts with the NDI, in both detrimental
and positive ways depending upon chemical structure, pH and ratio of components. This insight is
useful as it was an unexpected result and allowed investigation into a complex multicomponent

system. In future work, a component could be used that does not react in any way with NDI, but still
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alters diffusion. This scenario is unlikely as the aggregation of these systems are so sensitive and it is
incredibly difficult to predict the behaviour of multicomponent interactions based on theory alone.
For this reason, perhaps a larger unit rather than a small organic molecular system, such as a polymer,

could be used to eliminate the possibility of any co-assembly.

Using a water-soluble polymer (trying to keep to non-toxic components) could also allow the
formation of films instead of solution based devices. Polymers have been seen to align PBI fibres and
improve conductivity in flexible films in our group and could be a promising candidate if it aligned NDI
fibres too. The use of films could mean fitting a product to existing windows could be viable, rather
than replacement of the while window. This feature in itself would be a big advantage for Smart

Window technology.

We also identified the use of heat-cooling as a method of influencing aggregation and interaction of
these components and ultimately, their chromic properties and cyclability. Again, this investigation
highlights the impact of aggregation upon properties and how sensitive aggregation is to small
changes in the NDI itself, as well as changes to the environment/solution. Heat-cooling could be

looked at in future work to ascertain whether it could improve cyclability in different NDIs.

Up to approximately 60 cycles were achieved in our best performing systems. This is under what we
set out in our initial criteria, and below reports of chromic systems in the literature but we believe this
is a limitation of the set-up rather than the NDIs themselves. We found improvements to cyclability
through buffering, electrochemical scripting and adding additional components. In future work

perhaps NDI films would perform better in terms of cyclability.

Overall, we have fulfilled many of our criteria and showed the potential for NDIs as electrochromic
devices with a high contrast, reversible transmissive to dark colour changes. The cyclability is the main
point that could be improved upon, and we have set out a potential strategy to combat this drawback.
It is our hope that either investigating further multicomponent systems, or potentially changing the
form from solution to gel or film based devices could alleviate the diffusion issues we suspect in our
set-up. Such system could further improve cyclability to a standard that is comparable with the
literature. Differing diffusion rates by use of a film or gel could not only improve cyclability but also

open possibilities such as photo- and electrochemically patterning.
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Figure A.3.7. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-I at pD 12
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be fouNd iN Table A.3.1 ...ttt e e srae e srnaeearae e 59
Figure A.3.8. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-V at pD 12
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.3.2. ... o e et ae e s aae e e e abeeee s 60
Figure A.3.9. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-F at pD 12
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.3.3. ... e et ae e e st ae e e e e abeeee s 61
Figure A.3.10. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-GF at pD 12
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.3.4........ it ae e e s aae e e e e rbeeee e 62
Figure A.3.11. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-FF at pD 12
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). The fit
parameters can be fouNd iN Table A.3.5. ...t et e st e s raae e srae e srnaeearaeens 63
Figure A.3.12. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-FF
at pD 7 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). The
fit parameters can be found iN Table A.3.5. ..o s eaae e e 64
Figure A.3.13. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters
Lo Lol oY=l (o 10 g Yo I Ta T -1 o] L= VEc TR S 65
Figure A.3.14. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-I at pD 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.3.8......o et ae e e aae e e e e nbeeae e 66
Figure A.3.15. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters
o Lol o TR (o 10 g Yo I Ta T -] o] L= Ve TR TS 67
Figure A.3.16. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-V at pD 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found in Table A.3.10. ..ot e e sre e sraeeeanaeeas 68
Figure A.3.17. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-F at pD 9
(open circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters can be
1{oY0 oo I Ta T =Y o1 1IN 75 TSSO 69
Figure A.3.18. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F
at pD 6 (open circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters
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Figure A.3.19. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-GF at pD 9
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.3.13. ... et ae s e tae e e s are e e e nbeeee e 71
Figure A.3.20. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).
Fit parameters can be found iN Table A.3.14... ...t trre e e ere e e e s ae e e e errae e eees 72
Figure A.3.21. Cyclic voltammogram showing Reduction and oxidation potentials taken from cyclic
voltammograms of 10 mg/mL hydroquinone with 10 % 0.1 M NaCl. Measurements performed in 5 x 5
FTO window set up. The scan rate of the cyclic voltammograms was 0.5 V/s.......ccceevveeveeeceeeeeenen. 74
Figure A.3.22. Cyclic voltammograms collected from buffered 10 mg/mL solutions of NDI-I (green),
NDI-V (blue), NDI-F (purple) and NDI-GF (brown) adjusted to their respective ideal pH (pH 9 for NDI-I
and NDI-V and pH 6 for NDI-F and NDI-GF). Voltammograms measured using a5 x 5 FTO glass window
CIL AL 0.0 V/S SCAN FAL@. ettt e e e et e e e e e e e e e e aeeesaneeeeeeereeeessesreeessasneeesseeaeneeenannneens 74
Figure A.3.23. Images of FTO windows filled with NDI-l at 10 mg/mL exposed to natural daylight
without (A) and with (B) UV filter protective film. Al and B1 represent the solution at the start of the
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experiments and images following were taken every 30 minutes of exposure to natural light, starting
with Al and B2 until A7 and B7 (images after 3 hours 30 MiNUEES).......ccceeeevveeereiieiee e e 75
Figure A.3.24. (a) Images of FTO glass window filled with NDI-I at 10 mg/mL and buffered at pH 9
during one of the triplicated runs of this cycling experiment. Images captured before the experiment
(1) and at the point of full reduction (R) and oxidation (O) for each cycle. (b) Plot showing how time to
reach a state of full oxidation (i.e. without discolouration of the neutral state) fluctuates with cycling
for buffered (open squares) and unbuffered (filled squares) solutions of 10 mg/mL NDI-I.
Measurements are taken as an average of triplicate measurements and error bars calculated from
STANAArd AEVIAION. .ceiiieiiee ettt st b et e e bt 76
Figure A.3.25. Cyclic voltammograms performed before (black) and during a cycling experiment using
unbuffered 10 mg/mL solutions of NDI-1 at pH 9. Cyclic voltammograms were taken after the reduction
process (a) and the oxidation process (b) had completed. Measurements taken during cycle 1 (purple),
2 (blue), 3 (green), 4 (red) and 5 (PINK)..cceieciiieiece e et 77
Figure A.3.26. Cyclic voltammograms performed before (black) and during a cycling experiment using
buffered 10 mg/mL solutions of NDI-I at pH 9. Cyclic voltammograms were taken after the reduction
process (a) and the oxidation process (b) had completed. Measurements taken during cycle 1 (purple),
2 (blue), 3 (green), 4 (red) and 5 (PINK)...cceieceieiee e e et 78
Figure A.3.27. Plot showing the shifting of the (a) reduction potential and (b) oxidation potential with
cycling based on cyclic voltammetry measurements taken after each cycle. Measurements carried out
using buffered (open squares) and non-buffered (filled squares) 10 mg/mL NDI-l..........ccccveevennenn. 79
Figure A.3.28. Simplified schematic representation of the electrochemical procedure containing a
fixed potential (a) and sweep potential (b) oxidation method. Potential axis is not to scale. (c) Plot
showing how time to reach a state of full oxidation (i.e. without discolouration of the neutral state)
fluctuates with cycling of 10 mg/mL buffered NDI-I with a fixed potential (open squares) and sweep
potential (filled circles) methods. Measurements are taken as an average of triplicate measurements
and error bars calculated from standard deviation...........ccoceeverieeiiieiie e 80
Figure A.3.29. Schematic showing how after reduction (a) diffusion away from the electrode surface
(b) may compromise the efficiency of electrochemical oxidation when oxidising potential is applied
(o) RSP URRNS 81
Figure A.3.30. Simplified schematic representation of the electrochemical oxidation procedure
defined as (a) the sweep method, (b) a short flicker method and (c) a long flicker method. Potential
axis is not to scale. (d) Plot showing how time to reach a state of full oxidation (i.e. without
discolouration of the neutral state) fluctuates with cycling of 10 mg/mL buffered NDI-I with a sweep
potential (red circles), short (pink open triangles) and long (purple filled triangles) flicker methods.
Measurements are taken as an average of triplicate measurements and error bars calculated from
STANAArd AEVIALION. .ceiieiiee ettt e bbb et 82
Figure A.3.31. Images of the reduced state at the start (left) and end (right) of cycling experiments.
Buffered solutions of 10 mg/mL NDI-V (a), NDI-F (b) and NDI-GF (c) were used adjusted to their
respective ideal pH (pH 9 for NDI-V and pH 6 for NDI-F and NDI-GF). The time at the start and end of

the experiment is ShOWN 0N @ STOPWALCN. ....eeiiiiiiiiiic e e e 83
Figure A.3.32. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-V
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Figure A.3.33. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-F
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Figure A.3.34. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-GF
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Figure A.3.35. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-I adjusted to
pH 9. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80
(1T =T e B 0 0§ T Lo =Y RSN 85
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Figure A.3.36. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-V adjusted to
pH 9. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80
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Figure A.3.37. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-F adjusted to
pH 6. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80
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Figure A.3.38. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-GF adjusted
to pH 6. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80
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Figure A.3.39. Enlarged section of *H NMR spectra of 5 mg/mL NDI-F in D,0 at (a) pD 11 and (b) pD 6.
Signals corresponding to different proton environments for aggregate A and B are highlighted
alongside their @SSIBNAtION. ..iiiiiuiiiii i e e e e s bree s srbaee e st b ee e e s saaaeeas 90
Figure A.3.40. Enlarged section of *H NMR spectra of 5 mg/mL NDI-F in D,O at (a) pD 11 and (b) pD 6.
Signals corresponding to different proton environments for aggregate A and B are highlighted
alonNgside their @SSIBNMENT. ..cii it e s et b e e et ba e e e e saaaeessateaesenasraees 91
Figure A.3.41. 'H NMR spectra of 5 mg/mL NDI-F in DO at pD 11 showing integration of aggregate A.

Figure A.3.43. Enlarged section of *H NMR spectra of 5 mg/mL NDI-GF in D,0 at (a) pD 11 and (b) pD
6. Due to low intensity of peaks at pD 6, a rescaled plot is shown (c). Signals corresponding to different
proton environments for aggregate A and B are highlighted alongside their assignation................... 95
Figure A.3.44. Enlarged section of *H NMR spectra of 5 mg/mL NDI-GF in D,0 at (a) pD 11 and (b) pD
6. Signals corresponding to different proton environments for aggregate A and B are highlighted
alongside their @SSIBNAtION. ..iiiiiiiiii i e e e s sbaee s srbaee e et bee e e s saaaeeas 96
Figure A.3.45. Enlarged section of 'H NMR spectra of 5 mg/mL NDI-GF in D,0 at 70 °C showing CH
proton environments of each aggregate (and their relative integration) shifted from below the water

Figure A.3.46. Enlarged section of *H NMR spectra of 5 mg/mL NDI-GF in D,0 at (a) pD 11 and (b) pD
6. Signals corresponding to different proton environments for aggregate A and B are highlighted
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Figure A.3.47. 'H NMR spectra of 5 mg/mL NDI-GF in D,0 at pD 11 showing integration. ................. 99
Figure A.3.48. 'H NMR spectra of 5 mg/mL NDI-F (a) NDI-GF (b) in D,0 at (a) pD as temperature of the
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Figure A.3.58. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-I adjusted to pH 9 before
(black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24 hours of
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Figure A.3.59. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-V adjusted to pH 9
before (black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24
hours of relaxation fOllOWING CYCIING. ..cccvviieiie i et err e e 108
Figure A.3.60. *H NMR spectra of the neutral state of 10 mg/mL buffered NDI-F adjusted to pH 6 before
(black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24 hours of
relaxation fOllOWING CYCIING. c.eveeii e et e e ae e s raae e s e ea e e e e e saataee e sanreeas 109
Figure A.3.61. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-GF adjusted to pH 6
before (black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24
hours of relaxation fOHOWING CYCHNEG. ..ccc.uveiir et e saaeee s 110
Figure A.3.62. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 after one electrochemical cycle and relaxation for several days for several days (open circles)
fitted to a flexible cylinder model combined with power law (red). Fit parameters can be found in Table
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Figure A.3.63. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power
law (red). Fit parameters can be found in Table A.3.16. ...cccoeciieeieiiciieecee e 111
Figure A.3.64. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 after one electrochemical cycle and relaxation for several days (open circles) fitted to a flexible
cylinder model combined with power law (red). Fit parameters can be found in Table A.3.17........ 113
Figure A.3.65. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power
law (red). Fit parameters can be found in Table A.3.17. ... e 113
Figure A.3.66. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F
at pD 6 after application of -2.7 V for 5 minutes and relaxing for several days (open circles) fitted to a
hollow cylinder model combined with power law (red). Fit parameters can be found in Table A.3.18.

Figure A.3.67. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F
at pD 6 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power
law (red). Fit parameters can be found in Table A.3.18. ......cocciieiiieiiiee e 115
Figure A.3.68. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD after one electrochemical cycle and relaxation for several days for several days (open circles)
fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be
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Figure A.3.69. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible elliptical cylinder model combined

with power law (red). Fit parameters can be found in Table A.3.19.....cccccovieeiiciiee e, 117
Figure A.3.70. Cyclic voltammogram of buffered NDI-GF collected at pH 6 at 10 mg/mL within spectro-
electrochemical cell setup (vs Pt). The scan rate of the cyclic voltammograms was 0.2 V/s............ 119

Figure A.3.71. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red) performed
on the exact same solution in the same ISIS ViSit. ....c.coovieriiieiiie i 120
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Figure A.3.72. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).
Data taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.20................ 121
Figure A.3.73. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-
GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).
Data taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.20................ 121
Figure A.3.74. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with
power law (red). Data taken in spectro-electrochemical cell. Data taken in spectro-electrochemical
cell. Fit parameters can be found in Table A.3.20. ......oooiie et e 122
Figure A.3.75. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red).................. 124
Figure A.3.76. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red).................. 124
Figure A.3.77. Cyclic voltammograms of buffered 10 mg/mL NDI-I and NDI-V collected at pH 9 at 10
mg/mL within spectro-electrochemical cell setup (vs Pt). The scan rate of the cyclic voltammograms
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Figure A.3.78. Small angle neutron scattering data for a buffered solution of 10 mg/mL NDI-I at pD 9
in a neutral state before electrochemical reduction (black) and after one electrochemical reduction
and oxidation (red). Measurements taken in (a) spectro-electrochemical cell and (b) in a standard
QUATEZ CUVETER. ceeiiiiiiiiee ettt ettt ettt e e e e e sttt te e e e eeeea e bsbebeteeaesaassaasnsaaaeeeeeeasassnntbesaeeaeessensssnssnne 126
Figure A.3.79. Small angle neutron scattering data for a buffered solution of 10 mg/mL NDI-V at pD 9
in a neutral state before electrochemical reduction (black) and after one electrochemical reduction
and oxidation (red). Measurements taken in (a) spectro-electrochemical cell and (b) in a standard
QUATEZ CUVETER. ceiiiiiiie ittt ettt ettt e e s e s s sttt bt e e e eeeea et abebeaeeeesaaesansabaaaeeaeeasansassbeaaeaaeassennnsnssnne 127
Figure A.3.80. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Data
taken in spectro-electrochemical cell. Data taken in spectro-electrochemical cell. Fit parameters can
oYl fo ] oo I T T 11 o L= WA 0 A SRR R 128
Figure A.3.81. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-I
at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Data
taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.21. .......c.cccuvveennes 128
Figure A.3.82. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-I at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with
power law (red). Data taken in spectro-electrochemical cell. Fit parameters can be found in Table
N 07 TS 129
Figure A.3.83. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken in spectro-
electrochemical cell. Fit parameters can be found in Table A.3.22.......cccoocviiieeviieeee e, 131
Figure A.3.84. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-
V at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken in spectro-
electrochemical cell. Fit parameters can be found in Table A.3.22......cccoocviiieeiiieeeeceeeeeeceeee e, 131
Figure A.3.85. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-V at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken

in spectro-electrochemical cell. Fit parameters can be found in Table A.3.22. ......cccooeveveciveeeecineenn. 132
Figure A.3.86. Plot showing the fluctuation in of the room temperature of the lab over the course of
weekdays (red, blue, beige, pink) and weekends (black, rey). ....ccoveeveeicieeee e, 134

Figure A.3.87. Plot showing how time to reach a state of full oxidation (i.e., without discolouration of
the neutral state) fluctuates with cycling from neutral to reduced state and back in standard (filled
triangles) and temperature-controlled experiments (open triangles). Experiments undertaken using
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pH. Measurements are taken as an average of triplicate measurements and error bars calculated from
standard deviation. Reduced state is achieved by applying -2.7 V for 10 seconds and oxidation
achieved by applying a potential sweep between 0.1 and 0.95 V in 0.05 V increments every 5 seconds.

............................................................................................................................................................ 135
Figure A.4.1. pH titration data taken of 5 mg/mL 1-NapFF with background electrolyte.................. 136
Figure A.4.2. pH titration data taken of 5 mg/mL NDI-F with background electrolyte....................... 136
Figure A.4.3. pH titration data taken of 5 mg/mL NDI-GF with background electrolyte.................... 137

Figure A.4.4. pH titration data taken of 5:5 mg/mL NDI-F:1-NapFF with background electrolyte. ...138
Figure A.4.5. pH titration data taken of 5:5 mg/mL NDI-GF:1-NapFF with background electrolyte..139
Figure A.4.6. Viscosity measurements of 1-NapFF at 5 (black), 2.5 (red), 1.25 (blue) and 0.625 (green)
mg/mL at pH 6 (a), 9 (b) and 12 (c). Measurements are taken as an average of triplicate measurements
and error bars calculated from standard deviation. Background electrolyte present....................... 140
Figure A.4.7. Viscosity measurements of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (open circles) mg/mL at pH 6 (a), 9 (b) and 12 (c). Measurements are taken as
an average of triplicate measurements and error bars calculated from standard deviation. Background
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Figure A.4.8. Viscosity measurements of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (open circles) mg/mL at pH 6 (a), 9 (b) and 12 (c). Measurements are taken as
an average of triplicate measurements and error bars calculated from standard deviation. Background
ElECEIOIYEE PrESENT. . euiiii ittt et se e e st ae e e et e e e s e b b e e s e baae e s e eabeeeeesantaaesearaeas 142
Figure A.4.9. Viscosity measurements of (a) 5 mg/mL 1-NapFF and 5:5 mg/mL (b) NDI-F:1-NapFF and
(c) NDI-GF:1-NapFF at pH 6 (red), 9 (black) and 12 (blue). Measurements are taken as an average of
triplicate measurements and error bars calculated from standard deviation. Background electrolyte
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Figure A.4.10. Absorbance spectra of neutral NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Background electrolyte
P ESENT. «.ititteteeteeeiee ittt et eeeeeeeeeatab e teeeees s s baebbeteeeeeeseaaa bbbt aeeae e e e e e hbetaeaeeeeeaeea et beeaeeeeenesatnraaaaaeeens 144
Figure A.4.11. Absorbance spectra of neutral NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Background electrolyte
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Figure A.4.12. Cyclic voltammograms of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625
(green) and 5:0 (dashed line) mg/mLat pH 6 (a), 9 (b) and 12 (c). Scan rate used was 0.2 V/s. Performed
(LI D A o W@ RV T To [ 1YV oY | £ PP 146
Figure A.4.13. Cyclic voltammograms of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Scan rate used was 0.2 V/s.
Performed in 1 X 1 FTO WIiNAOW CEIIS......eiiiiiiiieieieiiiiestee sttt stee e stae e setee e e saveesaeeesae e s saeeesnnee s 147
Figure A.4.14. Absorbance spectra of reduced solutions of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red),
5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Spectra taken
after 10 second application of -2.5 V. Solutions contain background electrolyte..........ccccccvvveeenneeen. 148
Figure A.4.15. Absorbance spectra of reduced solutions of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red),
5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Spectra taken
after 10 second application of -2.5 V. Solutions contain background electrolyte..........ccccccvvveeenneeen. 149
Figure A.4.16. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 6 (open circles)
fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found in Table
L PSPPSR 150
Figure A.4.17. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 9 (open circles)
fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found in Table
L S TSP 151
Figure A.4.18. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 12 (open circles)
fitted to a sphere model combined with power law (red). Fit parameters can be found in Table A.4.3.
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Figure A.4.19. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 6 (open circles)
fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be
(o]0 TaTe T oI =Y o1 1 N S ST 153
Figure A.4.20. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 9 (open circles)
fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be
FOUNA INTADIE A4S .ot ettt ettt e b et sae e st e eabesabeeabe e aneesneeseee s 154
Figure A.4.21. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 12 (open
circles) fitted to a sphere model combined with power law (red). Fit parameters can be found in Table
ALLLB. ettt h bt eh e et h bttt e h e e ekt e bt e bt e et e ehee st e eabe e bt e be e sheenneenreenae 155
Figure A.4.22. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 6 (open
circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can
De FOUN IN TABIE A4 7. .. sttt ettt et et sae e sebe s b ennees 156
Figure A.4.23. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 9 (open
circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can
oY=l o]0 oo T o =1 o L= N0 F TSP 157
Figure A.4.24. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 12 (open
circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can
be found in Table A.4.9. Shear alignment causing elliptical scattering plot and kink in data is evidenced
[N (O L N 0 PR 158
Figure A.4.25. Raw detector data of 2D scattering plots of measurement taken from for a solution of
5 mg/mL 1-NapFF at pH 12. Histogram plots are shown at a range of 0 to (a) 100, (b) 50, (c) 20 and (d)
0. ettt et bttt she e a et eh et et e e b e Rt ea b e Sh e e Rt e eh et e et eas e e bt e bt e et e e et enreeaneeen 159
Figure A.4.26. Raw detector data of 2D scattering plots of measurement taken from for a solution of
H,0 containing 50% 0.1 M NaCl. Histogram plots are shown at a range of 0 to (a) 100, (b) 50, (c) 20
and (d) 10. This data has no kinks and are shown as a control for no shear aligned sample............. 160
Figure A.4.27. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 6. Histogram plots are shown at a range of 0 to (a) 100, (b)
50, (c) 20 and (d) 10. This data has no kinks and are shown as a control for no shear aligned sample.

Figure A.4.28. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found in Table A.4.10. ...ttt e eae e e e ebe e e e e e sraee e saraeas 162
Figure A.4.29. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 9
(open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit parameters
can be foUNd INTable A4, 1L, ... e e e et e et te e te s ae e e e e e e ae e e teestaeesaeeensananns 163
Figure A.4.30. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 12
(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters
€an be FOUN INTable A4, 12. ...ttt st e st e e te s ae e et e e s sae e e seeeseeensaeesnseesnns 164
Figure A.4.31. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.4.13. ... it e e e ebe e e e e e sraee e enaeas 165
Figure A.4.32. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH 9
(open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters can
oYl fo T oo I T T 11 o L= N0 O SRR 166
Figure A.4.33. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH
12 (open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit
parameters can be found in Table A.4.15. ... et 167
Figure A.4.34. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH
6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found in Table A.4.16........ccuii ittt ae e e ae s 168
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Figure A.4.35. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH
9 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit
parameters can be found iN Table A.4.17.......ooeii et et eaaae s 169
Figure A.4.36. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH
12 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit
parameters can be found iN Table A.4.18.........urii it e ete e e e e e e e e staee s eanaeas 170
Figure A.4.37. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at pH
6 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit
parameters can be found iN Table A.4.19. ... e e e e ta e e e snaaeas 171
Figure A.4.38. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at pH
9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters can
be found in Table A.4.20. Shear alignment causing elliptical scattering plot and kink in data is
EVIAENCEA IN FIBUIE A.4.39.... ittt ettt et e e st e e e s bt e e e st ee e s s sbaeeeeseaateaessaneaaessnsenas 172
Figure A.4.39. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-GF:1-NapFF 5:0.625 mg/mL adjusted to pH 9. Histogram plots are shown at a range of 0 to (a)
100, (b) 50, (€) 20 AN () 10...eecteieieeiiereeetiert ettt st es e er e b r e b e e e eeeere e e eeas 173
Figure A.4.40. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at pH
12 (open circles) fitted to a flexible cylinder model combined with sphere (red). Fit parameters can be
fOUNA INTAbIE A4 21, ..ot ettt ettt e b et sae e st e et sabeebe e sneesneeseeeeais 174
Figure A.4.41. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit
parameters can be found iN Table A.4.22. ... it eare e e e e e e et e e e e sraeas 175
Figure A.4.42. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 9
(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Part of
the data has been cut out (grey) due to a large kink. Fit parameters can be found in Table A.4.23. Shear
alignment causing elliptical scattering plot and kink in data is evidenced in Figure A.4.43............... 176
Figure A.4.43. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 9. Histogram plots are shown at a range of 0 to (a) 100, (b)
50, (€) 20 @Nd () 10 .entieirieie ittt ettt ettt ettt e st h e bt bbb e she e st esrae s e e e ne e e e as 177
Figure A.4.44. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 12
(open circles) fitted to a flexible cylinder model combined with hollow cylinder (red). A small kink
results in a higher Chi2value shown by (b) the residuals of the fit (open triangles). Fit parameters can
be found in Table A.4.24. Shear alignment causing elliptical scattering plot and kink in data is
EVIAENCEA IN FIGUIE A.4.AD.........oeee et e st e e et e e ettt ae e s taee e eestate e e et baeesesaneeeeeennseaesessaeeesnseens 177
Figure A.4.45. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 12. Histogram plots are shown at a range of 0 to (a) 100, (b)
50, (€) 20 @NA (A) 10, wueiiiieiieiee ettt ettt ettt eestre e e e ete et e eetbeaeeesbaeeeeabaaeaeebabeeeaanaaeaseatbreaeeetbraeeesnreeas 178
Figure A.4.46. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit parameters
Can be foUNd IN Table A.4.25. ...t et e e et e e et te e te s te s e s e e e ae e e nteeeteeesaeesnrananns 179
Figure A.4.47. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 9
(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters
€an be fOUNd INTAblE AL4.26. ..ottt et e e et e et te e te s te s et e e e sas e e nbeeeteeensaeeensanenns 180
Figure A.4.48. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 12
(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters
Can be fOUNd iN TAbIE A.4.27. ...ttt ettt st et s r e e e sae b e e 181
Figure A.4.49. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit
parameters can be found iN Table A.4.28........ .ttt eare e e e ebe e e e e staee e snraeas 182
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Figure A.4.50. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 9
(open circles) fitted to a flexible cylinder model combined with hollow cylinder (red). Fit parameters
can be fouNd iN Table A.4.29. ...t et e e erte e et te e te s ae e et e e e sae e e teeeteeensaeesntaeenns 183
Figure A.4.51. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH
12 (open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit
parameters can be found in Table A.4.30. Shear alignment causing elliptical scattering plot and kink in
data is evidenced iN FIGUIE A..52. ...ttt eeteee e st ae e et ae e e s saae e e s enbeeaeesabeaaeesensaeas 184
Figure A.4.52. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:1.25 mg/mL adjusted to pH 12. Histogram plots are shown at a range of 0 to (a) 100,
(D) 50, (€) 20 @NA () 10...uutiiiiiiiieeeeeieeee ettt retee e e eeette e ee et be e e e e sbreeeeesareaeeesbaaeeesbaeeseeasbeeeesessrseeesnreens 185
Figure A.4.53. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH
6 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit
parameters can be found in Table A.4.31. ...t e 186
Figure A.4.54. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH
9 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit
parameters can be found iN Table A.4.3 1. ... it e e e st ee e saaeas 187
Figure A.4.55. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH
12 (open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit

parameters can be found iN Table A.4.33. ... et e e e e et e e e e enraeas 188
Figure A.4.56. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. SOlutions at PH B........ccveeuierieerieiiiecieeie et e 189
Figure A.4.57. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. Solutions at PH 9........ccueeieeiiciiiieeie et e e 190
Figure A.4.58. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. Solutions at PH 12.......cccccueeiieiieiieeieeceeieecre e e 191

Figure A.4.59. Cyclic voltammograms of NDI-F (purple) and NDI-F:1-NapFF (black) at a5 and 5:5 mg/mL
concentration respectively at pH 6. NDI-F:1-NapFF at 5:1.25 mg/mL at pH 9 is also shown (blue).
Voltammograms performed in 5 x 5 FTO window cell at 0.2 V/s scan rate. (a) full voltammogram and
(b) expanded between 0-1 V is ShOWN fOF Clarity. ....cccveeeiieeiii i e 191
Figure A.4.60. Viscosity measurements of NDI-F:1-NapFF at 5:5 mg/mL (black), NDI-F at 5 mg/mL
(purple) and 1-NapFF at 5 mg/mL (grey). All solutions buffered at pH 6. Measurements are taken as
an average of triplicate measurements and error bars calculated from standard deviation. ........... 192
Figure A.4.61. Small angle X-ray scattering data for a solution of 5 mg/mL buffered 1-NapFF at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit
parameters can be found iN Table A.d4.34. ..ottt e aae e 192
Figure A.4.62. Cyclic voltammograms taken at 0.2 V/s of (a/d) NDI-F 5 mg/mL and (a/c) NDI-F:1-NapFF
5:5 mg/mL buffered (dashed line) and unbuffered (solid line) at pH 6 in (a-b) 1 x 1 and (c-d) 5 x 5 FTO
WINAOW CEIIS... ittt et e et e et e s ae e e st e e s beeesaeesteessaeesnseesantaessseesnnseannseesnssnann 193
Figure A.4.63. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F buffered at pH 6 (open
circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found
LTI o L= N B 1 TSRS PTR 194
Figure A.4.64. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered
at pH 6 (open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red).
Fit parameters can be found iN Table A.4.36.......cccuuiiiiiiiieie et erree e e stae e e eraae e e e eaareae e ea 195
Figure A.4.65. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6 and
electrochemically cycles once (open circles) fitted to a flexible elliptical cylinder model combined with
power law (red). Solutions were relaxed for several days prior to measurement. Fit parameters can be
(o]0 oo Lo T I o] 1 N S o TSRS 196
Figure A.4.66. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6 and
electrochemically cycles 50 times (open circles) fitted to a flexible elliptical cylinder model combined
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with power law (red). Solutions were relaxed for several days prior to measurement. Fit parameters
can be fouNnd iN Table A.4.38. ...ttt ettt s st et et b e sae e e e 197
Figure A.4.67. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered
at pH 6 and electrochemically cycles once (open circles) fitted to a flexible elliptical cylinder model
combined with hollow cylinder (red). Solutions were relaxed for several days prior to measurement.
Fit parameters can be found in Table A.4.39.....ccciiii et erree e e srre e s erare e e eaareae e e 198
Figure A.4.68. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered
at pH 6 and electrochemically cycles 50 times (open circles) fitted to a flexible elliptical cylinder model
combined with hollow cylinder (red). Solutions were relaxed for several days prior to measurement.
Fit parameters can be found in Table A.4.40. ...........covvieiiieecieeeceeecee e e sae et ae e eane e 199
Figure A.4.69. Viscosity measurements 1-NapFF after heat cooling at 40 °C at (a) pH 6, (b) 9 and (c) 12.
Solutions at 5 (black), 2.5 (red), 1.25 (blue), 0.625 (green) and 5:0 (open circles) mg/mL. Measurements
are taken as an average of triplicate measurements and error bars calculated from standard deviation.

Figure A.4.70. Viscosity measurements NDI-F:1-NapFF after heat cooling at 40 °C at (a) pH 6, (b) 9 and
(c) 12. Solutions at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (open circles) mg/mL.
Measurements are taken as an average of triplicate measurements and error bars calculated from
=1 a Lo F- 1o e [NV - 4 o] o TR TSP PP 201
Figure A.4.71. Absorbance spectra of neutral NDI-F:1-NapFF before (solid line) and after (dashed line)
heat-cooling at 40 °C at (a) 0:5, (b) 5:0, (c) 5:5, (d) 5:2.5, (e) 5:1.25 and (f) 5:0.625 mg/mL at pH 6 (red),
9 (BIACk) @Nd 12 (BIUE). ettt ettt et ae e eeeta e e e etbbe e e et baeeeeetaaeeeeestreseeentaaeeennraees 202
Figure A.4.72. Cyclic voltammograms of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625
(green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c) after heat-cooling at 40 °C. Scan rate
used was 0.2 V/s. Performed in 1 X 1 FTO WIiNAOW CeIIS. ....veeiiieeie oot 203
Figure A.4.73. Absorbance spectra of reduced solutions (heat-cooled at 40 °C) of NDI-F:1-NapFF at 5:5
(black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12
(c). Spectra taken after 10 second application of 2.5 V......cccciiiiieiciieieeeeeecee et 204
Figure A.4.74. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 6 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.41.......ccccoeeveeeiiieciee e, 205
Figure A.4.75. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 9 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.42........cccoeoveeeiiieecee e, 206
Figure A.4.76. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 12 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.43. .......cccovveeivieiee e, 207
Figure A.4.77. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 6 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.44. .........ccveeevceieeecciiiee e, 208
Figure A.4.78. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 9 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.45. ........ccooveeivieieeecciieee e, 209
Figure A.4.79. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 12 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined
with power law (red). Fit parameters can be found in Table A.4.46. ........cccoveeeeceeeeeccciieee e, 210
Figure A.4.80. SAXS data of NDI-F:1-NapFF before (grey) and after (open circles) a heat-cool transition
(heated to 40 °C and allowed to cool) at pH 6 (red), 9 (black) and 12 (blue) at (a) 5:5, (b) 5:2.5, (c)
5:1.25and (d) 5:0.625 ME/ML. .oocuiiuiiriiiieeecteiie ettt ve ettt sa e st ebesbesbeeaaesbe e e esaeereeneens 211
Figure A.4.81. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 6
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.47.............. 212
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Figure A.4.82. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 9
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.48............... 213
Figure A.4.83. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 12
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with cylinder (red). Fit parameters can be found in Table A.4.49..........ccueeennee.e. 214
Figure A.4.84. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 6
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with cylinder (red). Fit parameters can be found in Table A.4.50...........cccvveeenneeen. 215
Figure A.4.85. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 9
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with sphere (red). Fit parameters can be found in Table A.4.51..........ccccvvveeenneeen. 216
Figure A.4.86. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 12
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with power law (red). Fit parameters can be found in Table A.4.52...................... 217
Figure A.4.87. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 6
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with power law (red). Fit parameters can be found in Table A.4.53...................... 218
Figure A.4.88. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 9
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.54. ............. 219
Figure A.4.89. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH
12 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with sphere (red). Fit parameters can be found in Table A.4.55.........cccccvvveeenneeen. 220
Figure A.4.90. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH
6 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical
model combined with cylinder (red). Fit parameters can be found in Table A.4.56..........ccceeeueennes 221
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Figure A.2.1. pH titration data taken for 10 mg/mL NDI-I with background electrolyte (a). The area of

the plot with both pK; values with x axis on a logarithmic scale is also shown (b).
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Figure A.2.2. pH titration data taken for 10 mg/mL NDI-V with background electrolyte (a). The area of
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the plot with both pK; values with x axis on a logarithmic scale is also shown (b).




Appendix

(a) 12

101

. ."\

0 100 200 300 400 500 600
Volume of 0.1 M HCl added (uL)

(b)

300 400 500 600
Volume of 0.1 M HCIl added (uL)

Figure A.2.3. pH titration data taken for 10 mg/mL NDI-F with background electrolyte (a). The area of

the plot with both pK; values with x axis on a logarithmic scale is also shown (b).
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Figure A.2.4. pH titration data taken for 10 mg/mL NDI-GF with background electrolyte (a). The area

of the plot with both pK, values with x axis on a logarithmic scale is also shown (b).
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Figure A.2.5. pH titration data taken for 10 mg/mL NDI-FF with background electrolyte (a). The area

of the plot with both pK; values with x axis on a logarithmic scale is also shown (b).



Appendix

600 - 20001
(a) (b)
400 — 1
< g 0
= 2001 =
§ 5-2000—
3 3
200 -4000 -
-400- -6000 -
-1 0 1 2 1 0 1
Voltage (V) Voltage (V)

Figure A.2.6. Cyclic voltammogram collected from a 10 mg/mL hydroquinone solution with
10 % 0.1 M NaCl. Voltammograms collected in (a) a referenced glassy carbon set up (vs

Ag/AgCl) and (b) a 1 x 1 cm FTO window cell set up. The scan rate was 0.2 V/s.
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Figure A.2.7. Cyclic voltammogram collected from 10 mg/mL solution of NDI-I adjusted to pH

9. Voltammograms measured using a referenced glassy carbon set up (vs Ag/AgCl). The scan

rate of the cyclic voltammograms was 0.2 V/s.
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Figure A.2.8. Cyclic voltammogram collected from 10 mg/mL solution of NDI-V adjusted to
pH 9. Voltammograms measured using a referenced glassy carbon set up (vs Ag/AgCl). The

scan rate of the cyclic voltammograms was 0.2 V/s.
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Figure A.2.9. Cyclic voltammogram collected from 10 mg/mL solution of NDI-F adjusted to pH
9. Voltammograms measured using a referenced glassy carbon set up (vs Ag/AgCl). The scan

rate of the cyclic voltammograms was 0.2 V/s.
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Figure A.2.10. Cyclic voltammogram collected from 10 mg/mL solution of NDI-GF adjusted to
pH 9. Voltammograms measured using a referenced glassy carbon set up (vs Ag/AgCl). The

scan rate of the cyclic voltammograms was (a) 0.2 and (b) 0.5 V/s.



Appendix

100

Potential (V)

Figure A.2.11. Cyclic voltammogram collected from 10 mg/mL solution of NDI-FF adjusted to
pH 9. Voltammograms measured using a referenced glassy carbon set up (vs Ag/AgCl). The

scan rate of the cyclic voltammograms was 0.2 V/s.
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Figure A.2.12. Cyclic voltammograms collected from 10 mg/mL solutions of NDI-I adjusted to pH 6

(red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). The scan rate of the

cyclic voltammograms was 0.1 V/s.
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Figure A.2.13. Cyclic voltammograms collected from 10 mg/mL solutions of NDI-V adjusted to pH 6
(red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). The scan rate of the

cyclic voltammograms was 0.1 V/s. The scan rate of the cyclic voltammograms was 0.1 V/s.
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Figure A.2.14. Cyclic voltammograms collected from 10 mg/mL solutions of NDI-F adjusted to pH 6
(red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). The scan rate of the

cyclic voltammograms was 0.1 V/s.
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Figure A.2.15. Cyclic voltammograms collected from 10 mg/mL solutions of NDI-GF adjusted to pH 6
(red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). The scan rate of the
cyclic voltammograms was 0.1 V/s. The scan rate of the cyclic voltammograms was 0.1 V/s. (b) shows
data from solutions at pH 6 (red), 7 (pink), 8 (orange), 9 (black), 10 ( ), and 11 (purple) and on

a smaller scale for clarity.
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Figure A.2.16. Cyclic voltammograms collected from 10 mg/mL solutions of NDI-FF adjusted to pH 6
(red), 7 (pink), 8 (orange), 9 (black), 10 ( ), 11 (purple) and 12 (blue). The scan rate of the
cyclic voltammograms was 0.1 V/s. The scan rate of the cyclic voltammograms was 0.1 V/s. (b) shows
data from solutions at pH 6 (red), 7 (pink), 8 (orange), 9 (black) and 10 ( ) on a smaller scale

for clarity.
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A.2.E. Chapter 2 experimental appendices
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Figure A.2.17. Annotated H NMR spectrum (400 MHz, DMSO-ds) of impure starting material as

received.
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Figure A.2.18. Overlaid annotated *H NMR spectra (400 MHz, DMSO-d¢) of impure starting material

(black) and purified product (red).
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Figure A.2.19. Annotated *H NMR spectrum (400 MHz, DMSO-d¢) of NDI-I (a) full spectra with insert

of area between 5.2-5.3 ppm (b) enhanced section of spectra shown between 2.5-0 ppm.
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Figure A.2.20. 'H NMR spectrum showing intergration (400 MHz, DMSO-ds) of NDI-I (a) full spectra

with insert of area at 5.2 ppm (b) enhanced section of spectra shown between 2.5-0.5 ppm.
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Figure A.2.22. HRMS report of NDI-I in ethanol.
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Figure A.2.23. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of NDI-V.
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Figure A.2.24. 'H NMR spectrum showing intergration (400 MHz, DMSO-ds) of NDI-V.
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Figure A.2.26. HRMS report of NDI-V in ethanol.
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Figure A.2.27. Annotated *H NMR spectrum (400 MHz) of NDI-F in DMSO-ds + TFA.
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Figure A.2.29. Annotated *3C NMR spectrum (100 MHz, DMSO-ds + TFA) of NDI-F (a) full spectra (b)

enhanced section marked Ar showing the aromatic carbon environments.
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Figure A.2.30. HRMS report of NDI-F in ethanol.
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Figure A.2.31. Annotated *H NMR spectrum (400 MHz, DMSO-de) of GF-Protected.
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Figure A.2.33. Annotated 3C NMR spectrum (100 MHz, DMSO-ds) of GF-Protected.
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Figure A.2.34. HRMS report of GF-Protected.
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Figure A.2.35. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of GF-Deprotected.
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Figure A.2.37. Annotated *C NMR spectrum (100 MHz, DMSO-d¢) of GF-Deprotected. Environment

12 is too weak to be well defined.
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Figure A.2.38. HRMS report of GF-Deprotected in ethanol.
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Figure A.2.39. Annotated *H NMR spectrum (400 MHz, DMSO-d¢) of NDI-GF.
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Figure A.2.41. Annotated 3C NMR spectrum (100 MHz, DMSO-ds) of NDI-GF (a) full spectra (b)

enhanced section marked Ar showing the aromatic carbon environments.
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Figure A.2.42. HRMS report of NDI-GF in ethanol.
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Figure A.2.43. Annotated *H NMR spectrum (400 MHz, DMSO-de) of FF-Protected.
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Figure A.2.44. 'H NMR spectrum showing integration (400 MHz, DMSO-d¢) of FF-Protected with
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Figure A.2.45. Annotated 3C NMR spectrum (100 MHz, DMSO-ds) of FF-Protected.
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Figure A.2.46. HRSM report of FF-Protected in ethanol.

45



Appendix

Figure A.2.47. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of FF-Deprotected.
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Figure A.2.48. 'H NMR spectrum showing integration (400 MHz, DMSO-ds) of FF-Deprotected.
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Figure A.2.49. Annotated 13C NMR spectrum (100 MHz, DMSO-ds) of FF-Deprotected (a) full spectra
with expanded 55-53 ppm (b) enhanced section marked Ar showing the aromatic carbon

environments.
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Figure A.2.50. HRSM report of FF-Deprotected in ethanol.
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Figure A.2.52. 'H NMR spectrum showing integration (400 MHz, DMSO-ds) of NDI-FF.
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Figure A.2.53. Annotated *3C NMR spectrum (100 MHz, DMSO-ds+ TFA) of NDI-FF.
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Figure A.2.54. HRMS report of NDI-FF in ethanol.
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A.3 Chapter 3 appendices

Current (uA)

Potential (V)

Figure A.3.1. Cyclic voltammograms collected from buffered (dashed line) and unbuffered (solid line)
10 mg/mL solutions of NDI-I adjusted to pH 9 and pH 9 respectively. Voltammograms measured using

a 1x 1 FTO glass window cell. The scan rate of the cyclic voltammograms was 0.1 V/s.
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Figure A.3.2. Cyclic voltammograms collected from buffered (dashed line) and unbuffered (solid line)
10 mg/mL solutions of NDI-V adjusted to pH 9 and pH 9 respectively. Voltammograms measured using

a 1x 1 FTO glass window cell. The scan rate of the cyclic voltammograms was 0.1 V/s.
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Figure A.3.3. Cyclic voltammograms collected from buffered (dashed line) and unbuffered (solid line)
10 mg/mL solutions of NDI-F adjusted to pH 6. Voltammograms measured using a 1x 1 FTO glass

window cell. The scan rate of the cyclic voltammograms was 0.1 V/s.
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Current (uA)

Potential (V)

Figure A.3.4. Cyclic voltammograms collected from buffered (dashed line) and unbuffered (solid line)
10 mg/mL solutions of NDI-GF adjusted to pH 6. Voltammograms measured using a 1x 1 FTO glass

window cell. The scan rate of the cyclic voltammograms was 0.1 V/s.
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Figure A.3.5. Cyclic voltammogram collected from buffered (dashed line) and buffered (solid
line) 10 mg/mL solution of (a) NDI-l, (b) NDI-V pH 9, (c) NDI-F, (d) NDI-GF pH 6.
Voltammograms measured using a referenced classy carbon set up (vs Ag/AgCl). The scan rate

of the cyclic voltammograms was 0.2 V/s.
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Figure A.3.6. Absorbance spectra collected from buffered (dashed line) and buffered (solid line) 10

mg/mL solution of (a) NDI-I, (b) NDI-V pH 9, (c) NDI-F, (d) NDI-GF pH 6after a 10 second application of
-2.5V.
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Figure A.3.7. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-I at pD 12

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.1.

Table A.3.1. Parameters of SANS model fit seen in Figure A.3.7.

NDI-I pD 12 Flexible elliptical cylinder combined with power law

Value Error
Scale a 1.57E-06 6.51E-08
Scale b 7.58E-22 1.67E-22
Background (cm™) 0.016576 1.00E-04
Length (A) 1.76E+03 3.87E+02
Kuhn length (A) 84.985 6.5373
Radius (A) 4.8951 0.15519
Axis ratio 25.898 0.819
Power 8.8107 3.92E-02

Range (A?)

0.00449-0.61892

Chi?

1.3882
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Figure A.3.8. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-V at pD 12

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.2.

Table A.3.2. Parameters of SANS model fit seen in Figure A.3.8.

NDI-V pD 12 Flexible elliptical cylinder combined with

power law

Value Error
Scale a 7.05E-06 2.28E-07
Scale b 6.01E-10 5.76E-11
Background (cm) 0.013081 1.14E-04
Length (A) 7.49E+09 4.92E+14
Kuhn length (A) 120.89 6.074
Radius (A) 5.4376 0.11327
Axis ratio 14.802 0.30733
Power 3.8965 1.94E-02

Range (A7)

0.00449-0.57308

Chi?

0.67995
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Figure A.3.9. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-F at pD 12

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.3.

Table A.3.3. Parameters of SANS model fit seen in Figure A.3.9.

NDI-F pD 12 Flexible elliptical cylinder combined with power

law

Value Error
Scale a 1.14E-06 5.71E-08
Scale b 6.00E-09 2.24E-10
Background (cm) 0.009083 9.68E-05
Length (A) 9.78E+02 1.97E+02
Kuhn length (A) 146.31 18.9
Radius (A) 5.00 0.255
Axis ratio 41.5 2.11
Power 3.5848 7.74E-03

Range (A?)

0.00416-0.57308

Chi?

0.83775
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Figure A.3.10. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-GF at pD 12

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.4.

Table A.3.4. Parameters of SANS model fit seen in Figure A.3.10.

NDI-GF pD 12 Flexible elliptical cylinder combined with power

law

Value Error
Scale a 2.40E-06 7.95E-08
Scale b 5.11E-11 2.31E-12
Background (cm™) 0.014015 9.90E-05
Length (A) 1.73E+03 2.26E+02
Kuhn length (A) 46.787 2.58
Radius (A) 4.9323 0.011069
Axis ratio 18.10 0.040535
Power 4.5189 8.88E-03

Range (A?)

0.00485-0.61892

Chi?

2.4217
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Figure A.3.11. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-FF at pD 12

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). The fit

parameters can be found in Table A.3.5.

Table A.3.5. Parameters of SANS model fit in Figure A.3.11.

NDI-FF pD 12 Flexible elliptical cylinder combined with power

law

Value Error
Scale a 1.26E-05 2.17E-07
Scale b 7.69E-09 8.42E-11
Background (cm™) 0.012715 1.01E-04
Length (A) 257.08 9.3823
Kuhn length (A) 120.99 1.22
Radius (A) 5.4954 8.83E-02
Axis ratio 19.818 3.15E-01
Power 3.8761 2.26E-03

Range (A?)

0.00416-0.72191

Chi?

2.1666
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Figure A.3.12. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-

FF at pD 7 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).

The fit parameters can be found in Table A.3.5.

Table A.3.6. Parameters of SANS model fit in Figure A.3.12.

NDI-FF Neutral

Flexible elliptical cylinder combined with power

law

Value Error
Scale a 7.93E-06 1.25E-07
Scale b 2.77E-08 2.49E-10
Background (cm™) 0.023895 1.07E-04
Length (A) 205.18 5.9816
Kuhn length (A) 133.99 9.65
Radius (A) 10.036 1.78E-02
Ratio Axis 24.877 4.15E-01
Power 3.679 1.89E-03

Range (A?)

0.00416-0.72191

Chi?

1.8468
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Figure A.3.13. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I

at pD 9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters

can be found in Table A.3.7.

Table A.3.7. Parameters of SANS model fit seen in Figure A.3.13.

NDI-I Neutral Flexible cylinder combined with power law

Value Error
Scale a 7.98E-04 2.16E-05
Scale b 3.36E-36 2.44E-36
Background (cm) 0.018544 1.04e-04
Length (A) 3.58E+05 1.21E+05
Kuhn length (A) 118.42 6.784
Radius (A) 5.2269 0.072676
Power 14.374 0.12386
Range 0.00449-0.57308
Chi? 1.8877
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Figure A.3.14. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-I at pD 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.8.

Table A.3.8. Parameters of SANS model fit seen in Figure A.3.14.

NDI-l pD 6 Flexible elliptical cylinder combined with power

law

Value Error
Scale a 4.24E-04 2.12E-05
Scale b 3.89E-09 2.59E-10
Background (cm™) 0.0063224 9.74E-05
Length (A) 1.95E+10 2.36E+10
Kuhn length (A) 89.942 8.14
Radius (A) 5.0167 1.28E-01
Axis ratio 3.5369 0.013796
Power 0.0063224 9.74E-05
Range 0.00416-0.57308
Chi? 1.1865
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Figure A.3.15. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V

at pD 9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters

can be found in Table A.3.9.

Table A.3.9. Parameters of SANS model fit seen in Figure A.3.15.

NDI-V Neutral Flexible cylinder combined with power law

Value Error
Scale a 6.93E-04 2.50E-05
Scale b 9.21E-12 1.92E-12
Background (cm) 0.008282 9.96E-05
Length (A) 2.95E+12 2.78E+12
Kuhn length (A) 111.38 8.13
Radius (A) 5.18 0.1254
Power 4.5031 4.05E-02
Range 0.00416-0.57308
Chi? 0.98001
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Figure A.3.16. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-V at pD 6

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.10.

Table A.3.10. Parameters of SANS model fit seen in Figure A.3.16.

NDI-V pD 6 Flexible elliptical cylinder combined with power law

Value Error
Scale a 1.54E-04 1.53E-05
Scale b 3.02E-31 2.73E-31
Background (cm™) 0.006998 9.73E-05
Length (A) 1.17E+03 4.74E+02
Kuhn length (A) 41.85 7.89
Radius (A) 5.00 2.53E-01
Axis ratio 12.899 1.68E-01
Power 0.006998 9.73E-05
Range 0.00611-0.57308
Chi? 0.77827
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Figure A.3.17. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-F at pD 9

(open circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters can be

found in Table A.3.11.

Table A.3.11. Parameters of SANS model fit seen in Figure A.3.17.

NDI-F pD 9 Hollow cylinder combined with power law

Value Error
Scale a 4.22E-05 4.36E-06
Scale b 4.64E-08 6.34E-10
Background (cm™) 0.011957 9.97E-05
Length (A) 8.05E+02 2.08E+03
Radius (A) 25.379 3.32
Thickness (A) 7.8059 7.82E-02
Power 3.4114 2.91E-03
Range 0.00416-0.72191
Chi? 1.349
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Figure A.3.18. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F

at pD 6 (open circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters

can be found in Table A.3.12.

Table A.3.12. Parameters of SANS model fit seen in Figure A.3.18.

NDI-F Neutral Hollow cylinder combined with power law

Value Error
Scale a 5.02E-05 2.63E-06
Scale b 1.11E-07 3.32E-09
Background (cm) 0.001293 9.94E-05
Length (A) 3.93E+02 1.23E+02
Radius (A) 52.325 2.1714
Thickness (A) 11.761 0.62411
Power 3.0107 6.48E-03
Range 0.00449-00.57308
Chi? 1.4316
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Figure A.3.19. Small angle neutron scattering data for a neutral solution of 10 mg/mL NDI-GF at pD 9

(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.3.13.

Table A.3.13. Parameters of SANS model fit seen in Figure A.3.19.

NDI-GF pD 9 Flexible elliptical cylinder combined with power

law

Value Error
Scale a 8.43E-06 2.51E-07
Scale b 1.01E-08 1.73E-10
Background (cm) 0.002608 9.53E-05
Length (A) 1566.50 475.31
Kuhn length (A) 126.55 9.41
Radius (A) 7.2637 1.46E-01
Axis ratio 10.354 2.06E-01
Power 3.6801 3.56E-03
Range 0.00416-0.72191
Chi? 0.95665
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Figure A.3.20. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-

GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).

Fit parameters can be found in Table A.3.14.

Table A.3.14. Parameters of SANS model fit seen in Figure A.3.20.

NDI-GF Neutral Flexible elliptical cylinder combined with power

law

Value Error
Scale a 4.99E-05 1.76E-06
Scale b 4.99E-05 1.79E-07
Background (cm™) 0.003755 1.09E-03
Length (A) 762.08 5.98
Kuhn length (A) 60.074 2.32E-02
Radius (A) 19.512 2.07E-02
Ratio Axis 1.8167 1.82E-03
Power 2.36 8.73E-04
Range 0.00416-0.66844
Chi? 4.8026
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Table A.3.15. Tabulated transmittance taken at the Amax of the reduced state for buffered 10 mg/mL
NDI-GF, NDI-I, NDI-V, NDI-F and NDI-FF after 10 seconds of application of -2.5 V unless stated

otherwise. Data collected ina 1 x 1 cm FTO window set up.

Transmittance at 450 nm (%T)

NDI-GF 10 mg/mL at pH 6 Neutral State 84.79
Reduced State 7.22
Water 96.34

Transmittance at 490 nm (%T)

NDI-1 10 mg/mLat pH 9 Neutral State 97.37

Reduced State (10 seconds) 0.12

Neutral State 95.35

Reduced State (2 seconds) 3.23

NDI-V 10 mg/mL at pH 9 Neutral State 83.24
Reduced State 0.10
Neutral State 88.08
Reduced State (2 seconds of | 4.17
-2.5V applied)

NDI-F 10 mg/mLat pH 6 Neutral State 91.98
Reduced State 2.78

Water 98.74
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Figure A.3.21. Cyclic voltammogram showing Reduction and oxidation potentials taken from cyclic
voltammograms of 10 mg/mL hydroquinone with 10 % 0.1 M NaCl. Measurements performed in 5 x 5

FTO window set up. The scan rate of the cyclic voltammograms was 0.5 V/s.

100001 =

Current (pA)
S
o
o
?

-20000 |

300001

3 2 1 0 1
Potential (V)

Figure A.3.22. Cyclic voltammograms collected from buffered 10 mg/mL solutions of NDI-I (green),
NDI-V (blue), NDI-F (purple) and NDI-GF (brown) adjusted to their respective ideal pH (pH 9 for NDI-I
and NDI-V and pH 6 for NDI-F and NDI-GF). Voltammograms measured using a 5 x 5 FTO glass window

cell at 0.1 V/s scan rate.
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A.3.1 Development of cyclability testing

Initial trials of cyclability were performed using NDI-I to conserve material. As NDI are photchromic,*
10 cycling experiments were setup in a dark room without natural light. The only light upon the NDI
solution was that cast by a small hand torch above an ultraviolet (UV) filter lens. This setup was found
not to visually discolour the solution when left without any applied potential. These precautions were
taken to eliminate any interference caused by photoinduced reduced species into the experiment. A
UV filtering film was also applied to the outside of the FTO glass. The effect of a UV filter upon natural
sunlight can be seen in Figure A.3.23. Cycling tests were performed using solutions at 10 mg/mLin 5

x5 ¢cm FTO window cells. This size of window allowed observation by camera.

Figure A.3.23. Images of FTO windows filled with NDI-l at 10 mg/mL exposed to natural daylight

without (A) and with (B) UV filter protective film. Al and B1 represent the solution at the start of the
experiments and images following were taken every 30 minutes of exposure to natural light, starting

with Al and B2 until A7 and B7 (images after 3 hours 30 minutes).

As NDI-I was switched between states, a discolouration of the neutral state was observed, Figure
A.3.24(a). Electrochemical oxidation also became less efficient as cycling progressed, Figure A.3.24(b).
When this state was noticeable to the eye, the experiment was stopped. The effect of buffering the
NDI solution to its ideal pH was found to increase the number of cycles achieved within the
experiment, Figure A.3.24(b). In unbuffered solutions, pH decreases, resulting in less efficient

electrochemical processes as aggregation changes (Chapter 2).
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Figure A.3.24. (a) Images of FTO glass window filled with NDI-I at 10 mg/mL and buffered at pH 9
during one of the triplicated runs of this cycling experiment. Images captured before the experiment
(1) and at the point of full reduction (R) and oxidation (O) for each cycle. (b) Plot showing how time to
reach a state of full oxidation (i.e. without discolouration of the neutral state) fluctuates with cycling
for buffered (open squares) and unbuffered (filled squares) solutions of 10 mg/mL NDI-I.
Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.

A cyclic voltammetry measurement was performed after each electrochemical reduction and
oxidation procedure to probe the system further, Figure A.3.25-Figure A.3.26. Within the first 5 cycles
the reduction peak shifts from -3.1 to -2.8 V for unbuffered solutions, Figure A.3.27(a). This trend is
supressed with the addition of a buffer, Figure A.3.27(a). The oxidation peak shifts more significantly
by approximately 0.6 V over 50 cycles in unbuffered solutions whereas this change is only
approximately 0.15 V in buffered solutions, Figure A.3.27(b). These observations suggest that
significant shifting in peaks is due to a change in pH but that some shifting occurs as a result of cycling

between neutral and reduced sates.
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Figure A.3.25. Cyclic voltammograms performed before (black) and during a cycling experiment using
unbuffered 10 mg/mL solutions of NDI-I at pH 9. Cyclic voltammograms were taken after the reduction
process (a) and the oxidation process (b) had completed. Measurements taken during cycle 1 (purple),

2 (blue), 3 (green), 4 (red) and 5 ( ).
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Figure A.3.26. Cyclic voltammograms performed before (black) and during a cycling experiment using
buffered 10 mg/mL solutions of NDI-I at pH 9. Cyclic voltammograms were taken after the reduction
process (a) and the oxidation process (b) had completed. Measurements taken during cycle 1 (purple),

2 (blue), 3 (green), 4 (red) and 5 (pink).
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Figure A.3.27. Plot showing the shifting of the (a) reduction potential and (b) oxidation potential with
cycling based on cyclic voltammetry measurements taken after each cycle. Measurements carried out

using buffered (open squares) and non-buffered (filled squares) 10 mg/mL NDI-I.

As the reduction peak shifts to a lower potential, production of the radical anion will become more
prevalent as the original reduction potential is applied. As the oxidation potential shifts to a higher
potential, oxidation will become more energy intensive and less efficient. Both factors will result in an
increase in oxidation time to reverse the larger concentration of radical anion produced. These
observations explain the gradual increase in oxidation time with cycling and the discolouration

observed in the oxidised state.

A second small reduction peak is observed to appear over time, Figure A.3.25-Figure A.3.26. The peak
gradually appears around -0.2 V and grows with cycling and is only present in the cyclic
voltammograms measured after the oxidation process. This observation which could suggest that a
small amount of reduced material is still present and has diffused away from the working electrode
surface and is partially oxidised by the counter electrode during CV scans, forming a negative peak
around -0.2 V. Data suggests that the oxidative processes are not as efficient as the reductive
processes. Therefore, an electrochemical script was created to maximise the efficiency of

electrochemical oxidation.
A.3.2 The influence of electrochemical script

In order to reduce any negative effects caused by shifting in the oxidation potential, a new
electrochemical procedure was devised. Instead of applying a fixed potential during the oxidation step
of the on-off cycles, a sweeping potential would be applied. In this procedure, potential gradually
increased in steps of 0.05 V every 5 seconds from 0.1 V to 0.95 V. This process cycles for 10 minutes.

A visual representation of this method is shown in Figure A.3.28(a-b).

79



Appendix

(a) (b) 4

= =

s ©

€ €

3 3

e g

Time (Seconds) Time (Seconds)
M
(c) 2

8 7001
£.6001 % »
$ 500- [L/% \ o000’
X 400 T/ﬂT_.'“u
0 300 ﬁ#
gzooj #
l_
5 1001 EE.
(®)] 0_
o
g 0 5 10 15 20 25 30

Cycle Number

Figure A.3.28. Simplified schematic representation of the electrochemical procedure containing a
fixed potential (a) and sweep potential (b) oxidation method. Potential axis is not to scale. (c) Plot
showing how time to reach a state of full oxidation (i.e. without discolouration of the neutral state)
fluctuates with cycling of 10 mg/mL buffered NDI-I with a fixed potential (open squares) and sweep
potential (filled circles) methods. Measurements are taken as an average of triplicate measurements

and error bars calculated from standard deviation.

A sweeping potential method reduces the average time of oxidation consistently compared to a fixed
potential method, Figure A.3.28(c). Sweeping potential also increases the number of cycles that can

be performed before the neutral state becomes discoloured to 28, Figure A.3.28(c).

Another method used was “flickering”. A flickering method is defined as applying a positive potential
followed by a negative potential of the same magnitude (for example, applying 1 V, then -1 V). By
applying a positive potential to the working electrode, the corresponding negative potential flows
through the counter electrode, and vice versa. In this way, we hope to account for diffusion within the

cell away from the working electrode surface which is represented as a cartoon in Figure A.3.29.
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Figure A.3.29. Schematic showing how after reduction (a) diffusion away from the electrode surface
(b) may compromise the efficiency of electrochemical oxidation when oxidising potential is applied

(c).

Two different procedures were used which are described as short and long flicker methods. Both are
based upon the sweep potential oxidation method because this method improved cyclability, Figure
A.3.28(c). The “short flicker method” is shown schematically in Figure A.3.30(b) and the “long flicker”
method is shown schematically in Figure A.3.30(c). The short flicker method involved flicking between
positive and negative potentials before increasing in magnitude (i.e. 0.1 V followed by -0.1 V followed
by 0.15 V etc.). The long flicker method involved flicking between positive and negative sweeps (i.e.

sweeping from 0.1 V to 0.95 V followed by -0.1 V to -0.95 V).
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Figure A.3.30. Simplified schematic representation of the electrochemical oxidation procedure
defined as (a) the sweep method, (b) a short flicker method and (c) a long flicker method. Potential
axis is not to scale. (d) Plot showing how time to reach a state of full oxidation (i.e. without
discolouration of the neutral state) fluctuates with cycling of 10 mg/mL buffered NDI-I with a sweep
potential (red circles), short (pink open triangles) and long (purple filled triangles) flicker methods.

Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.

From Figure A.3.30(d), it is apparent that the difference in performance between flicking methods is

minimal and the best scripting method is a sweeping potential. This method is used moving forward.
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Figure A.3.31. Images of the reduced state at the start (left) and end (right) of cycling experiments.
Buffered solutions of 10 mg/mL NDI-V (a), NDI-F (b) and NDI-GF (c) were used adjusted to their
respective ideal pH (pH 9 for NDI-V and pH 6 for NDI-F and NDI-GF). The time at the start and end of

the experiment is shown on a stopwatch.
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Figure A.3.32. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-V
at pH 9 used.

Figure A.3.33. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-F
at pH 6 used.
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Figure A.3.34. Images of oxidised state after periods of cycling. Solution of buffered 10 mg/mL NDI-
GF at pH 6 used.
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Figure A.3.35. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-I adjusted to
pH 9. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80

( ) and 100 (purple).
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Figure A.3.36. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-V adjusted to
pH 9. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80

( ) and 100 (purple).
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Figure A.3.37. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-F adjusted to
pH 6. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80

( ) and 100 (purple).
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Figure A.3.38. Cyclic voltammogram collected from buffered 10 mg/mL solution of NDI-GF adjusted
to pH 6. Voltammograms measured using a 5 x 5 cm FTO window cell with a scan rate of 0.5 V/s.
Measurements shown from scan number 1 (red), 5 (orange), 10 (yellow), 30 (green), 50 (blue), 80

( ) and 100 (purple).
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A.3.2 Explanation of NMR

In the case of NDI-F, the peaks corresponding to each environment of aggregate A (as seen in d-DMSO)
(Chapter 2, 2.4.1.4) are as previously reported. In D;0, a second set of peaks is observed which we
hypothesis is a result of each R group either side of the NDI being slightly inequivalent which leads to
two core environments (doublets) instead of one. A environments are highlighted in orange whereas
the B environments are highlighted in blue in the same regions, Figure A.3.39-Figure A.3.40. While we
call these aggregates for ease, we do not believe that there are two differently aggregated systems in
solution, but that perhaps the R groups of the NDI are differently twisted or orientated from the core

in some molecules, giving rise to inequality in environments.

The CH; environments of NDI-F are equivalent in aggregate B but not A, Figure A.3.40. At both high
and low pD this second set of peaks are fairly small compared to the primary set of aggregate A, Figure
A.3.39-Figure A.3.40. Integration for peaks attributed to aggregate A/B are as expected relative to one
another, Figure A.3.41-Figure A.3.42.
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Figure A.3.39. Enlarged section of *H NMR spectra of 5 mg/mL NDI-F in D0 at (a) pD 11 and (b) pD 6.

®1t

Signals corresponding to different proton environments for aggregate A and B are highlighted

alongside their assignation.
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Figure A.3.40. Enlarged section of *H NMR spectra of 5 mg/mL NDI-F in D0 at (a) pD 11 and (b) pD 6.
Signals corresponding to different proton environments for aggregate A and B are highlighted

alongside their assignment.
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Figure A.3.41. 'H NMR spectra of 5 mg/mL NDI-F in D,0O at pD 11 showing integration of aggregate A.
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Figure A.3.42. *H NMR spectra of 5 mg/mL NDI-F in D,0 at pD 11 showing integration of aggregate B.
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NDI-GF’s 'H NMR spectra in D,O are more complex. As with NDI-F, two sets of environments are
observed arising from an equivalent and inequivalent core aggregate. The set corresponding to
aggregate B is far more intense at high pD than at low pD, Figure A.3.43-Figure A.3.46. This observation
suggests that the ratio of the two sets of 'H NMR peaks is dependent upon pH and therefore the
reason for each R group being inequivalent may be a result of aggregation changing with pH (not 100
% of the molecules in either category). Some environments are hidden under a solvent peak but are

shifted at higher temperatures, Figure A.3.45.

The ratio of aggregates is closer to 1:1 than with NDI-F which may be a result of the increased flexibility
of NDI-GF in the glycine functionality, allowing more rotation of the bond. The aromatic environments
are under integrated (particularly the singlet of equivalent core protons), Figure A.3.47 We believe
this is due to some aggregation of molecules in D,0 affecting the core environments as the integration

of these environments also changes with pD.
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Figure A.3.43. Enlarged section of 'H NMR spectra of 5 mg/mL NDI-GF in D;0O at (a) pD 11 and (b) pD

6. Due to low intensity of peaks at pD 6, a rescaled plot is shown (c). Signals corresponding to different

proton environments for aggregate A and B are highlighted alongside their assignation.
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Figure A.3.44. Enlarged section of *H NMR spectra of 5 mg/mL NDI-GF in D,0 at (a) pD 11 and (b) pD
6. Signals corresponding to different proton environments for aggregate A and B are highlighted

alongside their assignation.
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Figure A.3.45. Enlarged section of 'H NMR spectra of 5 mg/mL NDI-GF in D,0 at 70 °C showing CH

7.4

proton environments of each aggregate (and their relative integration) shifted from below the water

peak.
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Figure A.3.46. Enlarged section of *H NMR spectra of 5 mg/mL NDI-GF in D,0 at (a) pD 11 and (b) pD
6. Signals corresponding to different proton environments for aggregate A and B are highlighted

alongside their assignation.

98



Appendix

N W 2
1.2218 I
4 s =®
Sp2
1.62 Q3 8
@ [
J i g8 ™
35§
S8
| 2ogy =
@ 2 0
Sw I
.
- ' .
15376 S B8
| 1.53
-
© N
1.604 z
o
2
o
- P
=
o
o
g
o
4 3
2
-]
|t :
3
20.1803 T ——
-~
-
N —
-4.2852
[ SN
| 4.000
&
4.060
| 1844
=3
3 [2112
2
S S S
0.00 0.01 0.02 0.03 0.04 [rel]

Figure A.3.47. *H NMR spectra of 5 mg/mL NDI-GF in D,0 at pD 11 showing integration.
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Increasing temperature to 50 and 70 °C did not result in any of the peaks converging, Figure A.3.48.
Diffusion-ordered spectroscopy (DOSY) did not suggest different diffusion rate for each aggregate,
Figure A.3.49-Figure A.3.56. Some impurities within DO (Figure A.3.57) cause small signals within the
DOSY spectra that can be noted. For this reason, we do not think impurities are present in the NDI

itself and that there are not two separate aggregates in solution with different diffusion coefficients.
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Figure A.3.48. 'H NMR spectra of 5 mg/mL NDI-F (a) NDI-GF (b) in D,0 at (a) pD as temperature of the

sample was increased.
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Figure A.3.49. DOSY spectra of 5 mg/mL NDI-F in D,O at pD 11.

|

"BR NDI-F d20 dosy” 10 1 \ibeaker\nmr4o0idata\rebraninmr

-9.60  F1 [log(m2/s)]

-955

-9.50

T T T T T T T T T T T T T T
84 82 8.0 78 F2 [ppm]

Figure A.3.50. Enlarged region of DOSY spectra of 5 mg/mL NDI-F in D0 at pD 11.
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Figure A.3.51. Enlarged region of DOSY spectra of 5 mg/mL NDI-F in D,0 at pD 11.
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Figure A.3.52. Enlarged region of DOSY spectra of 5 mg/mL NDI-F in D0 at pD 11.
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Figure A.3.53. DOSY spectra of 5 mg/mL NDI-GF in D,0 at pD 11.
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Figure A.3.54. Enlarged region of DOSY spectra of 5 mg/mL NDI-GF in D,O at pD 11.
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Figure A.3.55. Enlarged region of DOSY spectra of 5 mg/mL NDI-GF in D,O at pD 11.

SO, G 1
i gy

F1 [log(m2/s)]

]

50 45 40 35 30 F2 [ppm]

Figure A.3.56. Enlarged region of DOSY spectra of 5 mg/mL NDI-GF in D,0 at pD 11.
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Figure A.3.57. 'H NMR spectra of D,0 used in these experiments.
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Figure A.3.58. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-I adjusted to pH 9 before

(black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24 hours of

relaxation following cycling.
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Figure A.3.59. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-V adjusted to pH 9

before (black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24

hours of relaxation following cycling.
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Figure A.3.60. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-F adjusted to pH 6 before

(black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24 hours of

relaxation following cycling.
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Figure A.3.61. 'H NMR spectra of the neutral state of 10 mg/mL buffered NDI-GF adjusted to pH 6
before (black) and after (red) excessive electrochemical cycling. Spectra taken after a period of 24

hours of relaxation following cycling.
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Figure A.3.62. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 after one electrochemical cycle and relaxation for several days for several days (open circles)

fitted to a flexible cylinder model combined with power law (red). Fit parameters can be found in Table

A3.16.
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Figure A.3.63. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power

law (red). Fit parameters can be found in Table A.3.16.

Table A.3.16. Parameters of SANS model fits seen in Figure A.3.62 and Figure A.3.63.

NDI-I electrochemically | Flexible cylinder combined with power law
reduced and relaxed

Value Error
Scale a 5.92E-04 2.54E-05
Scale b 1.44€-10 9.94E-12
Background (cm) 0.009279 9.99E-05
Length (A) 2.39E+30 2.72E+30
Kuhn length (A) 94.932 7.9
Radius (A) 5.046 0.11151
Power 4.192 0.013739
Range 0.00416-0.57308
Chi? 1.1071
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NDI-I 50 electrochemical | Flexible cylinder combined with power law
cycles and relaxed

Value Error
Scale a 1.40E-03 3.51E-05
Scale b 5.23E-15 8.27E-16
Background (cm) 0.0096984 1.01E-04
Length (A) 3.56E+95 2.56E+94
Kuhn length (A) 72.727 2.5708
Radius (A) 5.315 7.06E-02
Power 5.9971 2.96E-02
Range 0.00449-0.61892
Chi? 1.0179
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Figure A.3.64. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 after one electrochemical cycle and relaxation for several days (open circles) fitted to a flexible

cylinder model combined with power law (red). Fit parameters can be found in Table A.3.17.
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Figure A.3.65. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V

at pD 9 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation

potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by

a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power

law (red). Fit parameters can be found in Table A.3.17.

Table A.3.17. Parameters of SANS model fits seen in Figure A.3.64 and Figure A.3.65.

NDI-V electrochemically | Flexible cylinder combined with power law
reduced and relaxed

Value Error
Scale a 5.31E-04 2.53E-05
Scale b 2.91E-12 4.25E-13
Background (cm™) 0.007503 9.91E-05
Length (A) 5.40E+13 6.96E+14
Kuhn length (A) 115.62 11.5
Radius (A) 5.15 0.127
Power 4.7965 2.82E-02
Range 0.00416-0.72191
Chi? 1.0343
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NDI-V 50 electrochemical

cycles and relaxed

Flexible cylinder combined with power law

Value Error
Scale a 8.61E-04 2.44E-05
Scale b 1.43E-10 2.85E-11
Background (cm) 1.59E-02 1.55E-04
Length (A) 2.26E+10 1.45E+11
Kuhn length (A) 81.133 3.9229
Radius (A) 4.9449 7.15E-02
Power 3.9739 3.99E-02
Range 0.00416-0.61892
Chi? 1.3035
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Figure A.3.66. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F

at pD 6 after application of -2.7 V for 5 minutes and relaxing for several days (open circles) fitted to a

hollow cylinder model combined with power law (red). Fit parameters can be found in Table A.3.18.
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Figure A.3.67. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-F

at pD 6 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation

potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by

a relaxion period of several days (open circles) fitted to a flexible cylinder model combined with power

law (red). Fit parameters can be found in Table A.3.18.

Table A.3.18. Parameters of SANS model fits seen in Figure A.3.66 and Figure A.3.67.

NDI-F electrochemically

reduced and relaxed

Hollow cylinder combined with power law

Value Error
Scale a 4.17E+01 2.21
Scale b 4.40E-08 1.14E-09
Background (cm™) 0.003242 1.01E-04
Length (A) 3.94E+02 1.15E+02
Radius (A) 41.80 2.18
Thickness (A) 10.536 0.5527
Power 3.1933 6.85E-03
Range 0.00416-0.39003
Chi? 1.146
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NDI-F 50 electrochemical | Flexible cylinder combined with power law
cycles and relaxed
Value Error
Scale a 1.85E-03 3.26E-05
Scale b 5.63E-10 3.00E-11
Background (cm) 0.061958 1.26E-04
Length (A) 5.38E+38 2.94E+39
Kuhn length (A) 111.96 4.2725
Radius (A) 6.3855 5.94E-02
Power 4.0189 1.06E-02
Range 0.00416-0.72191
Chi? 2.6594
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Figure A.3.68. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD after one electrochemical cycle and relaxation for several days for several days (open circles)
fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be

found in Table A.3.19.
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Figure A.3.69. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 after 50 electrochemical cycles applying -2.7 V for 10 seconds and a sweeping oxidation
potential between 0.1 and 0.95 V in order to switch between a neutral and reduced state followed by
a relaxion period of several days (open circles) fitted to a flexible elliptical cylinder model combined

with power law (red). Fit parameters can be found in Table A.3.19.
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Table A.3.19. Parameters of SANS model fits seen in Figure A.3.68-Figure A.3.69.

NDI-GF
electrochemically

reduced and relaxed

Flexible elliptical cylinder combined with power law

electrochemical  cycles

Value Error
Scale a 1.19E-04 7.87E-07
Scale b 3.32E-06 4.76E-08
Background (cm™)

0.02576 0.001137
Length (A) 1.32E+03 27.868
Kuhn length (A)

45.638 0.3583
Radius (A) 7.1657 1.96E-02
Ratio Axis 6.2301 1.69E-02
Power 2.5443 2.35E-02
Range 0.00416-0.72191
Chi? 1.5126
NDI-GF 50 | Flexible elliptical cylinder combined with power law

and relaxed

Value Error
Scale a 1.18E* 2.95E-07
Scaleb 3.09E-07 9.02E-09
Background (cm™) 0.004282 1.05E-04
Length (A) 6.48E+03 1.46E+02
Kuhn length (A) 15.262 5.56E-02
Radius (A) 8.8361 1.32E-02
Ratio Axis 4.7215 6.99E-03
Power 2.9474 6.33E-03
Range 0.00416-0.53063
Chi? 1.6282
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A.3.3 In situ measurement

500+

Current (uA)

-500 -

-1000-
10 -05 00 05 1.0
Potential (V)

Figure A.3.70. Cyclic voltammogram of buffered NDI-GF collected at pH 6 at 10 mg/mL within spectro-

electrochemical cell setup (vs Pt). The scan rate of the cyclic voltammograms was 0.2 V/s.

The initial Kuhn length of a solution of NDI-GF is approximately 20 A lower than that calculated from
the fit to the measurement in a standard cuvette, calculated radius is approximately 8 A larger and
the axis ratio approximately 2 units smaller, Table A.3.14 and Table A.3.20. The Kuhn length of NDI-I
and NDI-V are also estimated lower in the spectro-electrochemical cell by approximately 34 A, Table
A.3.7-Table A.3.9 and Table A.3.21-Table A.3.22. The radii of both NDI-I and NDI-V are consistent
between the data collected in the spectro-electrochemical cell and in a cuvette, Table A.3.7-Table

A.3.9 and Table A.3.21-Table A.3.22.
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Figure A.3.71. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red) performed

on the exact same solution in the same ISIS visit.
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Figure A.3.72. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-
GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).

Data taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.20.
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Figure A.3.73. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-
GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red).

Data taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.20.
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Figure A.3.74. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-GF at pD 6 (open circles) fitted to a flexible elliptical cylinder model combined with
power law (red). Data taken in spectro-electrochemical cell. Data taken in spectro-electrochemical

cell. Fit parameters can be found in Table A.3.20.
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Table A.3.20. Parameters of SANS model fits seen in Figure A.3.72-Figure A.3.74.

NDI-GF neutral

Flexible elliptical cylinder combined with power law

Value Error
Scale a 6.76E-04 1.03E-06
Scale b 3.10E-06 2.72E-08
Background (cm)

0.01023 1.53E-04
Length (A) 1031.50 6.00
Kuhn length (A)

40.947 0.11339
Radius (A) 25.132 0.02613
Ratio Axis

1.9368 0.001881
Power 2.8273 1.93E-03
Range 0.00416-0.57308
Chi? 4.8588
NDI-GF electrochemically reduced | Flexible elliptical cylinder combined with power law

Value Error
Scale a 4.89E-04 8.83E-07
Scale b 1.42E-06 1.51E-08
Background {em) 0.011439 1.52E-04
Length (A) 985.70 6.67
Kuhn length (A) 43.057 0.14539
Radius (/o-\) 23.333 0.028803
Ratio Axis 2.1808 0.002541
Power 2.9305 2.31E-03
Range 0.00416-0.72191
Chi? 4.0192

NDI-GF electrochemically oxidised

Flexible elliptical cylinder combined with power law

Value Error
Scale a 5.32E-04 9.46E-07
Scale b 1.73E-06 1.81E-08
Background (cm™) 0.014325 1.54E-04
Length (A) 958.25 6.43
Kuhn length (A) 45.445 0.15312
Radius (A) 24.908 0.030349
Ratio Axis 2.0408 0.002335
Power 2.8958 2.29E-03
Range 0.00416-0.72191
Chi? 4.1256

124



Appendix

Intensity (cm™)

10.01

01
Q (A

Figure A.3.75. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I

at pD 9 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red).
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Figure A.3.76. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V

at pD 9 in a spectro-electrochemical cell (black) and in a standard quartz cuvette (red).
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Figure A.3.77. Cyclic voltammograms of buffered 10 mg/mL NDI-I and NDI-V collected at pH 9 at 10
mg/mL within spectro-electrochemical cell setup (vs Pt). The scan rate of the cyclic voltammograms

was 0.2 V/s.
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Figure A.3.78. Small angle neutron scattering data for a buffered solution of 10 mg/mL NDI-I at pD 9
in a neutral state before electrochemical reduction (black) and after one electrochemical reduction
and oxidation (red). Measurements taken in (a) spectro-electrochemical cell and (b) in a standard

quartz cuvette.
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Figure A.3.79. Small angle neutron scattering data for a buffered solution of 10 mg/mL NDI-V at pD 9
in a neutral state before electrochemical reduction (black) and after one electrochemical reduction
and oxidation (red). Measurements taken in (a) spectro-electrochemical cell and (b) in a standard

quartz cuvette.
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Figure A.3.80. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-I
at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Data

taken in spectro-electrochemical cell. Data taken in spectro-electrochemical cell. Fit parameters can

be found in Table A.3.21.
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Figure A.3.81. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-I
at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Data

taken in spectro-electrochemical cell. Fit parameters can be found in Table A.3.21.
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Figure A.3.82. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-I at pD 9 (open circles) fitted to a flexible elliptical cylinder model combined with
power law (red). Data taken in spectro-electrochemical cell. Fit parameters can be found in Table

A.3.21.
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Table A.3.21. Parameters of SANS model fits shown in Figure A.3.80-Figure A.3.82.

NDI-I neutral

Flexible cylinder combined with power law

Value Error
Scale a 2.22E-04 2.22E-05
Scale b 5.95E-08 8.36E-09
Background (cm™)

0.023571 1.51e-04
Length (A) 1.36E+12 3.26E+13
Kuhn length (A)

84.598 1.45E+01
Radius (A) 6.1236 3.13E-01
Power

2.8822 0.031443
Range 0.00611-0.61892
Chi? 2.0162

NDI-I electrochemically reduced

Flexible cylinder combined with power law

Value Error

Scale a 2.91E-04 2.68E-05
Scale b 8.26E-08 1.51E-08
Backeground (cm) 0.023493 0.001513
Length (A) 2.57E+03 3.26E+03
Kuhn length (A) 78.233 1.41E+01
Radius (A) 4.9999 2.34E-01
Power 2.7499 0.041016
Range 0.00611-0.61892

Chi2 1.8964

NDI-I electrochemically oxidised

Flexible cylinder combined with power law

Value Error

Scale a 3.94E-04 3.17E-05
Scale b 1.30E-08 3.98E-09
Background (cm™) 0.026594 1.52E-04
Length (A) 1.48E+13 2.88E+14
Kuhn length (A) 79.44 1.11E+01
Radius (A) 5.0692 2.07E-01
Power 3.0679 0.067884
Range 0.0077-0.61892

Chi2 2.3304
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Figure A.3.83. Small angle neutron scattering data for a neutral buffered solution of 10 mg/mL NDI-V
at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken in spectro-

electrochemical cell. Fit parameters can be found in Table A.3.22.
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Figure A.3.84. Small angle neutron scattering data for a buffered reduced solution of 10 mg/mL NDI-

V at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken in spectro-

electrochemical cell. Fit parameters can be found in Table A.3.22.
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Figure A.3.85. Small angle neutron scattering data for a buffered electrochemically oxidised solution
of 10 mg/mL NDI-V at pD 9 (open circles) fitted to a flexible elliptical cylinder model (red). Data taken

in spectro-electrochemical cell. Fit parameters can be found in Table A.3.22.
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Table A.3.22. Parameters of SANS model fits shown in Figure A.3.83-Figure A.3.85.

NDI-V neutral Flexible cylinder combined

Value Error
Scale 2.02E-04 3.32E-05
Background (cm™)

0.007539 1.88E-04
Length (A) 1.49E+18 4.14E+19
Kuhn length (A)

81.1380 18.6320
Radius (A) 6.2426 0.4570
Range 0.0132-0.72191
Chi? 0.91148
NDI-V electrochemically reduced Flexible cylinder

Value Error
Scale 2.91E-04 6.15E-03
Background (cm™) 0.007878 0.002162
Length (A) 1.77E+06 3.20E+06
Kuhn length (A) 70.012 12.23
Radius (A) 5.0912 0.26567
Range 0.0132-0.61892
Chi? 0.91741
NDI-V electrochemically oxidised Flexible cylinder

Value Error
Scale 6.39E-04 5.50E-05
Background (cm™) 0.010479 1.47E-04
Length (A) 9.18E+74 2.22E+70
Kuhn length (A) 80.473 11.5680
Radius (A) 5.0978 0.2293
Range 0.01048-0.72191
Chi? 1.232
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A.3.E Chapter 3 experimental appendices

A.3.E.1 The influence of temperature

The temperature in the room in which the experiments were undertaken was recorded over several
days, both in and out of working hours. Weekdays and weekends were recorded to ascertain how
much difference in temperature was caused by people working in the lab. Temperature could be a
factor in the speed of the redox reactions occurring in the FTO window. The ability to perform without
detriment whilst temperature fluctuates is important for any commercial application and so
temperature controlled experiments will help to assess how much temperature changes are

responsible for the cyclability measurements collected.

During the working day there is a variation in temperature of around 2 °C (stating from 9 am), and
almost 4 °C throughout the week,, Figure A.3.86. Without workers (at weekends) variation of
temperature was a lot less. In a temperature-controlled environment set to 18 °C, cycling experiments
were undertaken. By keeping the temperature constant, any fluctuation in temperature can be
eliminated as a factor for trends that have been previously observed. It should be noted that
temperature-controlled conditions made no difference to the intensity of colouration achieved by a

10 second reduction.

24.0
< 23.0-
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N
o
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21.5-
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20.0-

Temperature

0 1 2 3 4 5 6 7
Time (hours)

Figure A.3.86. Plot showing the fluctuation in of the room temperature of the lab over the course of

weekdays (red, blue, beige, ) and weekends (black, grey).
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NDI-GF performs comparably in temperature controlled conditions whereas NDI-V and NDI-F, have
an improved performance, Figure A.3.87(b)-(d). NDI-l demonstrates faster oxidation times in
temperature-controlled conditions but the cyclability itself is not improved, Figure A.3.87(a). The
trend of increasing oxidation time with cyclability is still observed for all NDIs, Figure A.3.87.
Temperature fluctuation is therefore not causing this observed increase in oxidation time. These data
suggest that some NDIs are more sensitive to temperature than others but that ultimately, variation
in temperature has no significant impact upon cyclability. A temperature controlled room is not viable
for any commercial product and so a requirement of 18 °C to improve cyclability is not a solution. This
experiment highlights those NDIs unsuitable for such application (NDI-V and NDI-GF). NDI-l and NDI-

F are still the best performing NDIs in terms of cyclability

w w

(a) % (b)¢
$ 700 8700 A
§600 1 o © 600 . /A.A,A—A-A-A'A'A’A
he) \omaak 2 A
& 500- : jaas X500 J )%
(2 400 %’ {’ £ 24004 /
= g c B
% 300 - A A! %; 300 ’)/A
t, 200+ AaD — 200+ #]
£ é/ ALALH g g
£1004 x A = 1004 %
S 0 i — & 04, : : :
G 0 5 10 15 20 25 S 0 5 10 15
< Cycle Number < Cycle Number
ol
3 1 3

(c)§ 700 " 8 700
~ i ¥ A N
y 600 A\ 2 600 /}
5 500 {] b i
S 4001 8991 /
2 © 400 /f
§ 299 /%, £ 300

4 ©

£ 200 &% 200 A/
: 100 Eiool & A
o 04 , . . . . 2 9
g 0 5 10 15 20 25 8 5 4 6 8 10
[ [
z Cycle Number < Cycle Number

Figure A.3.87. Plot showing how time to reach a state of full oxidation (i.e., without discolouration of
the neutral state) fluctuates with cycling from neutral to reduced state and back in standard (filled
triangles) and temperature-controlled experiments (open triangles). Experiments undertaken using
10 mg/mL buffered solutions of (a) NDI-I, (b) NDI-V, (c) NDI-F and (d) NDI-GF at their respective ‘idea’
pH. Measurements are taken as an average of triplicate measurements and error bars calculated from
standard deviation. Reduced state is achieved by applying -2.7 V for 10 seconds and oxidation

achieved by applying a potential sweep between 0.1 and 0.95 V in 0.05 V increments every 5 seconds.
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A.4 Chapter 4 appendices

12
111

Figure A.4.1. pH titration data taken of 5 mg/mL 1-NapFF with background electrolyte.

0 100 200 300 400
Volume of 0.1 M HCI added (uL)

10-
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7.
5.

0 50 100 150 200 250

Volume of 0.1 M HCI added (uL)

Figure A.4.2. pH titration data taken of 5 mg/mL NDI-F with background electrolyte.
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0 100 200 300 400 500
Volume of 0.1 M HCI Added (uL)

Figure A.4.3. pH titration data taken of 5 mg/mL NDI-GF with background electrolyte.
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Figure A.4.4. pH titration data taken of 5:5 mg/mL NDI-F:1-NapFF with background electrolyte.

139



Appendix

61 e N
0 100 200 300 400
Volume of 0.1 M HCI added (uL)

-
0...

(b)1o '.'
] "ovrns
9- ‘.,
T o "
s 8 -
J [ ]
.
. [ ]
! N
6 - \
| T ""'"'I"""“I""""I.?‘
100 200 300 400

Volume of 0.1 M HCI added (uL)

Figure A.4.5. pH titration data taken of 5:5 mg/mL NDI-GF:1-NapFF with background electrolyte.
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Figure A.4.6. Viscosity measurements of 1-NapFF at 5 (black), 2.5 (red), 1.25 (blue) and 0.625 (green)
mg/mLat pH6 (a), 9 (b) and 12 (c). Measurements are taken as an average of triplicate measurements

and error bars calculated from standard deviation. Background electrolyte present.
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Figure A.4.7. Viscosity measurements of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (open circles) mg/mL at pH 6 (a), 9 (b) and 12 (c). Measurements are taken as

an average of triplicate measurements and error bars calculated from standard deviation. Background

electrolyte present.
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Figure A.4.8. Viscosity measurements of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),

5:0.625 (green) and 5:0 (open circles) mg/mL at pH 6 (a), 9 (b) and 12 (c). Measurements are taken as

an average of triplicate measurements and error bars calculated from standard deviation. Background

electrolyte present.
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Figure A.4.9. Viscosity measurements of (a) 5 mg/mL 1-NapFF and 5:5 mg/mL (b) NDI-F:1-NapFF and

(c) NDI-GF:1-NapFF at pH 6 (red), 9 (black) and 12 (blue). Measurements are taken as an average of

triplicate measurements and error bars calculated from standard deviation. Background electrolyte

present.
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Figure A.4.10. Absorbance spectra of neutral NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Background electrolyte

present.
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Figure A.4.11. Absorbance spectra of neutral NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Background electrolyte

present.
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Figure A.4.12. Cyclic voltammograms of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Scan rate used was 0.2 V/s.

Performed in 1 x 1 FTO window cells.
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Figure A.4.13. Cyclic voltammograms of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),

5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Scan rate used was 0.2 V/s.

Performed in 1 x 1 FTO window cells.
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Figure A.4.14. Absorbance spectra of reduced solutions of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red),
5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Spectra taken

after 10 second application of -2.5 V. Solutions contain background electrolyte.
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Figure A.4.15. Absorbance spectra of reduced solutions of NDI-GF:1-NapFF at 5:5 (black), 5:2.5 (red),

5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c). Spectra taken

after 10 second application of -2.5 V. Solutions contain background electrolyte.
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Figure A.4.16. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 6 (open circles)

fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found in Table

A4.1l.

Table A.4.1. Parameters of SAXS model fit seen in Figure A.4.16.

NDI-F 5 mg/mL pH 6 |Hollow cylinder combined with power law

Value Error
Scale A 2.26E-04 7.92E-07
Scale B 3.14E-08 6.89E-11
Background 0.001334 3.34E-06
Length (A) 20.505 0.094302
Radius (A) 4.7409 0.033889
Thickness (A) 5.0782 0.0155
Power 3.1291 4.60E-04
Range (A") 0.0045-0.3397383
Chi’ 2.5528
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Figure A.4.17. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 9 (open circles)

fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found in Table

A4.2.

Table A.4.2. Parameters of SAXS model fit seen in Figure A.4.17.

NDI-F 5 mg/mL pH 9 |Hollow cylinder combined with power law

Value Error
Scale A 1.56E-05 1.14E-06
Scale B 3.41E-09 5.33E-12
Background 0.002783 9.40E-12
Length (A) 14.1 1.40
Radius (A) 6.259 1.08
Thickness (A) 4 0.320
Power 3.6624 3.15E-04
Range (A" 0.0045-0.22524434
Chi’ 4.355
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Figure A.4.18. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F at pH 12 (open circles)

fitted to a sphere model combined with power law (red). Fit parameters can be found in Table A.4.3.

Table A.4.3. Parameters of SAXS model fit seen in Figure A.4.18.

NDI-F 5 mg/mL pH 12 [Sphere combined with power law

Value Error
Scale A 6.68E-04 9.67E-07
Scale B 1.58E-08 1.01E-11
Background 0.0017806 3.43E-06
Radius (A) 9.1026 5.50E-03
Power 3.5557 1.29E-03
Range (A_l) 0.0045-0.3397383
chi’ 1.8197

153



Appendix

Intensity (cm

10

10

1
N

0.01 0.1

Q (A"

Figure A.4.19. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 6 (open circles)

fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be

found in Table A.4.4.

Table A.4.4. Parameters of SAXS model fit seen in Figure A.4.19.

NDI-GF 5 mg/mL pH 6 [Flexible elliptical cylinder combined with power law
Value Error
Scale A 3.61E-04 2.81E-08
Scale B 3.99E-06 1.27E-09
Background 0.001984 4.24E-06
Length (A) 423.94 0.11
Kuhn length (A) 70.994 0.0148
Radius (A) 32.551 2.15E-03
Axis Ratio 2.042 1.24E-04
Power 2.97 8.36E-05
Range (A') 0.014-0.226
Chiz 6.537
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Figure A.4.20. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 9 (open circles)
fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can be

found in Table A.4.5.

Table A.4.5. Parameters of SAXS model fit seen in Figure A.4.20.

NDI-GF 5 mg/mL pH 9 |Flexible elliptical cylinder combined with power law
Value Error
Scale A 5.15E-06 2.31E-08
Scale B 1.02E-10 2.72E-13
Background 0.003172 4.68E-06
Length (A) 1.34E+58 1.52E+50
Kuhn length (A) 114.96 0.812
Radius (A) 6.0285 0.0169
Axis Ratio 6.642 0.0185
Power 4.25 5.20E-03
Range (A™") 0.0045-0.18533502
Chi’ 3.6122
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Figure A.4.21. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-GF at pH 12 (open
circles) fitted to a sphere model combined with power law (red). Fit parameters can be found in Table

A4.6.

Table A.4.6. Parameters of SAXS model fit seen in Figure A.4.21.

NDI-GF 5 mg/mL pH 12 [Sphere combined with power law

Value Error
Scale A 8.15E-04 1.06E-06
Scale B 8.57E-09 1.18E-11
Background 0.0011828 3.41E-06
Radius (A) 3.6548 0.0046768
Power 3.5035 1.28E-04
Range (A") 0.0045-0.2754335
Chi’ 2.8193
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Figure A.4.22. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 6 (open

circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can

be found in Table A.4.7.

Table A.4.7. Parameters of SAXS model fit seen in Figure A.4.22.

1-NapFF 5 mg/mL pH 6

Flexible elliptical cylinder combined with power law

Value Error
Scale A 4.32E-04 6.19E-08
Scale B 2.48E-07 3.25E-10
Background 6.46E-27 5.08E-06
Length (A) 310.63 0.03084
Kuhn length (A) 310.32 0.97306
Radius (A) 36.889 0.003665
Axis Ratio 1.2996 1.21E-04
Power 3.2179 3.12E-04
Range (A") 0.010519111-0.3397383
chi’ 5.8737
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Figure A.4.23. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 9 (open

circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can

be found in Table A.4.8.

Table A.4.8. Parameters of SAXS model fit seen in Figure A.4.23.

1-NapFF 5 mg/mL pH 9

Flexible elliptical cylinder combined with power law

Value Error
Scale A 2.65E-04 3.25E-08
Scale B 5.03E-13 1.32E-15
Background 3.00E-04 3.95E-06
Length (A) 9.854E+03 51.418
Kuhn length (A) 420.78 0.41916
Radius (A) 23.749 0.001891
Axis Ratio 1.7407 1.32E-04
Power 5.3284 0.004998
Range (A") 0.0045-0.22715172
Chi’ 4.9489
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Figure A.4.24. Small angle X-ray scattering data for a solution of 5 mg/mL 1-NapFF at pH 12 (open
circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit parameters can

be found in Table A.4.9. Shear alignment causing elliptical scattering plot and kink in data is evidenced

in Figure A.4.25.

Table A.4.9. Parameters of SAXS model fit seen in Figure A.4.24.

1-NapFF 5 mg/mL pH 12 |Flexible elliptical cylinder combined with power law
Value Error
Scale A 4.26E-04 5.53E-08
Scale B 4.59E-08 7.69E-10
Background 7.55E-04 3.51E-06
Length (A) 382.26 0.70815
Kuhn length (A) 491.36 8.37
Radius (A) 23.388 1.97E-03
Axis Ratio 1.3765 1.08E-04
Power 3.0871 0.034804
Range (A™") 0.015-0.3397383
Chi’ 10.111
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Figure A.4.25. Raw detector data of 2D scattering plots of measurement taken from for a solution of
5 mg/mL 1-NapFF at pH 12. Histogram plots are shown at a range of 0 to (a) 100, (b) 50, (c) 20 and (d)
10.
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Slice of /entry1/detector/data (indices = 0)(indices = 0) L Slice of /entry1/detector/data (indices = 0)(indices = 0)

Figure A.4.26. Raw detector data of 2D scattering plots of measurement taken from for a solution of
H.0 containing 50% 0.1 M NaCl. Histogram plots are shown at a range of 0 to (a) 100, (b) 50, (c) 20

and (d) 10. This data has no kinks and are shown as a control for no shear aligned sample.
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Figure A.4.27. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 6. Histogram plots are shown at a range of 0 to (a) 100, (b)

50, (c) 20 and (d) 10. This data has no kinks and are shown as a control for no shear aligned sample.
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Figure A.4.28. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.4.10.

Table A.4.10. Parameters of SAXS model fit seen in Figure A.4.28.

NDI-GF:1-NapFF 5:5 mg/mL pH 6 |Flexible elliptical cylinder combined with power law
Value Error
Scale A 3.33E-04 4.48E-08
Scale B 4.17E-05 5.05E-08
Background 2.30E-03 3.66E-06
Length (A) 1.82E+10 4.65E+10
Kuhn length (A) 349.11 1.1876
Radius (A) 26.331 2.79E-03
Axis Ratio 1.725 1.67E-04
Power 1.8485 3.88E-04
Range (A_l) 0.02-0.292763
Chi’ 2.1979
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Figure A.4.29. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 9

(open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit parameters

can be found in Table A.4.11.

Table A.4.11. Parameters of SAXS model fit seen in Figure A.4.29.

NDI-GF:1-NapFF 5:5 mg/mL pH 9

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 8.82E-05 3.13E-08
Scale B 3.96E-04 7.93E-08
Background 3.35E-03 4.17E-06
Length (A) 2.28E+38 1.93E+30
Kuhn length (A) 113.68 0.0732

Radius (A) 14.579 3.79E-03
Axis Ratio 3.5921 8.93E-04
Length B (A) 131.11 0.076227
Radius B (A) 30.378 4.03E-03

Range (A_l)

0.01549142-0.23165601

2

Chi

3.5847
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Figure A.4.30. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:5 mg/mL at pH 12
(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters

can be found in Table A.4.12.

Table A.4.12. Parameters of SAXS model fit seen in Figure A.4.30.

NDI-GF:1-NapFF 5:5 mg/mL pH 12 [Flexible elliptical cylinder combined with sphere

Value Error
Scale A 4.88E-04 5.86E-08
Scale B 1.72€-03 1.92E-06
Background 1.01E-03 3.74E-06
Length (A) 3.74E+05 6.35E+03
Kuhn length (A) 244.22 0.53744
Radius (A) 22.896 1.82E-03
Axis Ratio 1.4604 1.08E-04
Radius B (A) 6.9674 3.19E-03
Range (A_l) 0.015-0.28923
Chi’ 3.8119
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Figure A.4.31. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH

6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.4.13.

Table A.4.13. Parameters of SAXS model fit seen in Figure A.4.31.

NDI-GF:1-NapFF 5:2.5 mg/mL pH 6

Flexible elliptical cylinder combined with power law

Value Error
Scale A 8.78E-03 1.15E-06
Scale B 2.41E-05 1.81E-08
Background 1.73E-03 3.67E-06
Length (A) 207.72 0.17722
Kuhn length (A) 202.7 0.44586
Radius (A) 31.16 0.003393
Axis Ratio 1.6146 1.60E-04
Power 2.1885 2.31E-04

Range (A_l)

0.02-0.0285959

Chi’

2.6725
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Figure A.4.32. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH
9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters can

be found in Table A.4.14.

Table A.4.14. Parameters of SAXS model fit seen in Figure A.4.32.

NDI-GF:1-NapFF 5:2.5 mg/mL pH 9 [|Flexible cylinder combined with power law

Value Error
Scale A 2.40E-03 6.17E-07
Scale B 3.92E-05 1.38E-08
Background 2.63E-03 3.53E-06
Length (A) 409.53 1.20E-03
Kuhn length (A) 40.953 0.027106
Radius (A) 36.884 6.48E-03
Power 2.0339 8.52E-05
Range (A") 0.021-0.3397383
chi’ 4.9983
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Figure A.4.33. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:2.5 mg/mL at pH

12 (open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit

parameters can be found in Table A.4.15.

Table A.4.15. Parameters of SAXS model fit seen in Figure A.4.33.

NDI-GF:1-NapFF 5:2.5 mg/mL pH 12

Flexible elliptical cylinder combined with sphere

Value Error

Scale A 5.33E-03 1.03E-06
Scale B 0.040735 4.85E-05
Background 7.14E-04 3.53E-06
Length (A) 1.16E+04 93.269

Kuhn length (A) 250.75 0.31285
Radius (A) 22.426 2.73E-03
[Axis Ratio 1.4675 1.67E-04
Radius B (A) 6.8386 3.28E-03

Range (A")

0.0107808-0.339738

2

Chi

2.861
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Figure A.4.34. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH

6 (open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.4.16.

Table A.4.16. Parameters of SAXS model fit seen in Figure A.4.34.

NDI-GF:1-NapFF 5:1.25 mg/mL pH 6

Flexible elliptical cylinder combined with power law

Value Error
Scale A 3.51E-03 4.14E-07
Scale B 6.19E-06 2.01E-09
Background 1.89E-03 3.52E-06
Length (A) 501.31 0.1568
Kuhn length (A) 59.577 0.017406
Radius (A) 35.571 3.31E-03
[Axis Ratio 1.8734 1.60E-04
Power 2.6917 3.11E-05
Range (A7) 0.013790367-0.3397383
chi’ 5.3705
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Figure A.4.35. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH

9 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit

parameters can be found in Table A.4.17.

Table A.4.17. Parameters of SAXS model fit seen in Figure A.4.35.

NDI-GF:1-NapFF 5:1.25 mg/mL pH 9

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 1.05E-05 3.50E-08
Scale B 4.15E-03 9.51E-06
Background 2.17E-03 3.36E-06
Length (A) 4.21E+10 2.73E+12
Kuhn length (A) 50.165 0.23662
Radius (A) 34.213 0.6221
Axis Ratio 2.955 0.014281
Length B (A) 21.391 0.063256
Radius B (A) 12.252 0.018069

Range (A")

0.01-0.3397383

Chi’

3.2094
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Figure A.4.36. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:1.25 mg/mL at pH
12 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit

parameters can be found in Table A.4.18.

Table A.4.18. Parameters of SAXS model fit seen in Figure A.4.36.

NDI-GF:1-NapFF 5:1.25 mg/mL pH 12 [Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 2.80E-04 2.47E-07
Scale B 2.27E-02 2.49E-05
Background 1.78E-03 3.45E-06
Length (A) 1.39E+32 2.70E+30
Kuhn length (A) 136.97 0.2122
Radius (A) 29.262 0.022982
Axis Ratio 2.8972 2.07E-03
Length B (A) 84.463 0.26049
Radius B (A) 4.9961 2.92E-03
Range (A™") 0.014-0.339738
Chi’ 2.1395
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Figure A.4.37. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at

pH 6 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit

parameters can be found in Table A.4.

19.

Table A.4.19. Parameters of SAXS model fit seen in Figure A.4.37.

NDI-GF:1-NapFF 5:0.625 mg/mL pH 6

Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 1.10E-03 2.14E-07
Scale B 6.72E-03 7.08E-06
Background 7.08E-04 3.88E-06
Length (A) 307.36 0.381936
Kuhn length (A) 76.839 5.95E-05
Radius (A) 34.958 6.25E-03
Axis Ratio 1.3708 2.08E-04
Length B (A) 2.74E+03 13.979
Radius B (A) 4.8971 2.78E-03
Range (A") 0.0217722231-0.3397383
Chi’ 4.2863
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Figure A.4.38. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at

pH 9 (open circles) fitted to a flexible cylinder model combined with power law (red). Fit parameters

can be found in Table A.4.20. Shear alignment causing elliptical scattering plot and kink in data is

evidenced in Figure A.4.39.

Table A.4.20. Parameters of SAXS model fit seen in Figure A.4.37.

NDI-GF:1-NapFF 5:0.625 mg/mL pH 9

Flexible cylinder combined with power law

Value Error
Scale A 4.02E-04 2.85E-07
Scale B 1.68E-04 7.13E-08
Background 8.24E-04 3.51E-06
Length (A) 2.39E+06 2.81E+10
Kuhn length (A) 207.73 1.0138
Radius (A) 31.442 0.014939
Power 1.5855 1.28E-04
Range (A™") 0.015-0.3397383
Chi’ 6.401
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Figure A.4.39. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-GF:1-NapFF 5:0.625 mg/mL adjusted to pH 9. Histogram plots are shown at a range of 0 to (a)
100, (b) 50, (c) 20 and (d) 10.
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Figure A.4.40. Small angle X-ray scattering data for a solution of NDI-GF:1-NapFF 5:0.625 mg/mL at

pH 12 (open circles) fitted to a flexible cylinder model combined with sphere (red). Fit parameters can

be found in Table A.4.21.

Table A.4.21. Parameters of SAXS model fit seen in Figure A.4.40.

NDI-GF:1-NapFF 5:0.625 mg/mL pH 12

Flexible elliptical cylinder combined with sphere

Value Error

Scale A 1.11E-03 2.61E-07
Scale B 1.41E-03 3.27E-06
Background 2.55E-03 3.62E-06
Length (A) 9.84E+03 88.729
Kuhn length (A) 211.42 0.36517
Radius (A) 23.906 3.63E-03
Axis Ratio 1.3493 1.89E-04
Radius B (A) 12.236 0.012813

Range (A_l)

0.0150989-0.280856

Chi’

1.5755

175



Appendix

Intensity (cm™)
S 3

RN
o

N
il PR

RN
o

o

nl MR

Figure A.4.41. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 6

(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit

parameters can be found in Table A.4.22.

Table A.4.22. Parameters of SAXS model fit seen in Figure A.4.41.

NDI-F:1-NapFF 5:5 mg/mL pH 6

Flexible elliptical cylinder combined with hollow cylinder

Value Error
Scale A 4.37E-04 4.44E-08
Scale B 6.06E-05 7.30E-07
Background 1.51E-03 3.61E-06
Length (A) 385.26 0.57189
Kuhn length (A) 317.28 0.48714
Radius (A) 32.967 2.44E-03
Axis Ratio 1.4234 9.77E-05
Length B (A) 26.528 0.48276
Radius B (A) 6.6582 0.14774
Thickness B (A) 5.0637 0.058302

Range (A")

0.15-0.27666849

2
Chi

2.339
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Figure A.4.42. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 9
(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Part of
the data has been cut out ( ) due to a large kink. Fit parameters can be found in Table A.4.23. Shear

alignment causing elliptical scattering plot and kink in data is evidenced in Figure A.4.43.

Table A.4.23. Parameters of SAXS model fit seen in Figure A.4.42.

NDI-F:1-NapFF 5:5 mg/mL pH 9 |Flexible elliptical cylinder combined with hollow cylinder
Value Error
Scale A 2.02E-04 8.14E-08
Scale B 3.58E-04 8.63E-08
Background 2.24E-03 3.56E-06
Length (A) 392.9 1.1269
Kuhn length (A) 242.53 0.46784
Radius (A) 19.3 4.69E-03
Axis Ratio 1.3823 3.31E-04
Length B (A) 4.43E+03 13.779
Radius B (A) 5.9122 4.93E-03
Thickness B (A) 23.423 4.16E-03
Range (™) 0.0133-0.34
Chi’ 9.4607
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Figure A.4.43. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 9. Histogram plots are shown at a range of 0 to (a) 100, (b)
50, (c) 20 and (d) 10.
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Figure A.4.44. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 12
(open circles) fitted to a flexible cylinder model combined with hollow cylinder (red). A small kink
results in a higher Chi?value shown by (b) the residuals of the fit (open triangles). Fit parameters can
be found in Table A.4.24. Shear alignment causing elliptical scattering plot and kink in data is

evidenced in Figure A.4.45.
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Table A.4.24. Parameters of SAXS model fit seen in Figure A.4.44.

NDI-F:1-NapFF 5:5 mg/mL pH 12 |Flexible cylinder combined with hollow cylinder

Value Error
Scale A 4.92E-04 8.22E-08
Scale B 1.59E-04 8.60E-08
Background 2.54E-03 3.68E-06
Length (A) 616.35 1.4287
Kuhn length (A) 302.58 0.28857
Radius (A) 24.78 2.56E-03
Length B (A) 4.96E+03 40.034
Radius B (A) 14.286 0.013431
Thickness B (A) 16.423 7.84E-03
Range (A”) 0.01-0.28923011
chi’ 19.635

Slice of /entry1/detector/data (indices = 0)(indices = 0) 100 Slice of /entry1/detector/data (indices = 0)(indices = 0)

Slice of /entry1/detector/data (indices = 0)(indices = 0) L Slice of /entry1/detector/data (indices = 0)(indices = 0)

Figure A.4.45. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:5 mg/mL adjusted to pH 12. Histogram plots are shown at a range of 0 to (a) 100, (b)
50, (c) 20 and (d) 10.
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Figure A.4.46. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 6

(open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit parameters

can be found in Table A.4.25.

Table A.4.25. Parameters of SAXS model fit seen in Figure A.4.46.

NDI-F:1-NapFF 5:2.5 mg/mL pH 6

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 2.24E-03 5.01E-07
Scale B 7.66E-03 1.59E-05
Background 7.36E-04 3.96E-06
Length (A) 6.67E+03 40.783

Kuhn length (A) 162.02 0.11674
Radius (A) 34.097 5.81E-03
Axis Ratio 1.6426 2.53E-04
Length B (A) 179.98 3.0406

Radius B (A) 6.5195 7.41E-03

Range (A")

0.014706318-0.23178686

2

Chi

2.1574
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Figure A.4.47. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 9

(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters

can be found in Table A.4.26.

Table A.4.26. Parameters of SAXS model fit seen in Figure A.4.47.

NDI-F:1-NapFF 5:2.5 mg/mL pH 9

Flexible elliptical cylinder combined with sphere

Value Error
Scale A 4.42E-04 3.71E-07
Scale B 0.028788 4.37E-05
Background 7.19E-04 3.40E-06
Length (A) 2.52E+03 33.126
Kuhn length (A) 193.59 0.57129
Radius (A) 19.219 0.010499
Axis Ratio 2.3892 1.25E-03
Radius B (A) 6.9612 4.21E-03
Range (A") 0.012-0.3397383
Chi’ 1.6707
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Figure A.4.48. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 12
(open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit parameters

can be found in Table A.4.27.

Table A.4.27. Parameters of SAXS model fit seen in Figure A.4.48.

NDI-F:1-NapFF 5:2.5 mg/mL pH 12 |Flexible elliptical cylinder combined with sphere

Value Error
Scale A 7.36E-04 5.68E-07
Scale B 0.031674 4.12E-05
Background 1.03E-03 3.44E-06
Length (A) 1.46E+04 459.65
Kuhn length (A) 171.02 0.4051
Radius (A) 21.403 0.010119
Axis Ratio 1.7393 7.79E-04
Radius B (A) 7.1664 3.74E-03
Range (A™") 0.011827613-0.3397383
Chi’ 1.5793
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Figure A.4.49. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 6

(open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit

parameters can be found in Table A.4.28.

Table A.4.28. Parameters of SAXS model fit seen in Figure A.4.49.

NDI-F:1-NapFF 5:1.25 mg/mL pH 6

Flexible elliptical cylinder combined with hollow cylinder

Value Error
Scale A 3.04E-03 6.07E-07
Scale B 4.61E-03 1.97E-05
Background 1.25E-03 3.45E-06
Length (A) 1.36E+04 156.31
Kuhn length (A) 330.09 1.275
Radius (A) 34.879 5.17E-03
Axis Ratio 1.4808 1.99E-04
Length B (A) 21.781 0.12918
Radius B (A) 5.0231 0.043872
Thickness (A) 5.0486 0.019501

Range (A_l)

0.013528666-0.3397383

2

Chi

1.9196
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Figure A.4.50. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 9

(open circles) fitted to a flexible cylinder model combined with hollow cylinder (red). Fit parameters

can be found in Table A.4.29.

Table A.4.29. Parameters of SAXS model fit seen in Figure A.4.50.

NDI-F:1-NapFF 5:1.25 mg/mL pH 9

Flexible cylinder combined with hollow cylinder

Value Error
Scale A 1.25E-03 1.45E-06
Scale B 1.44E-03 6.27E-07
Background 2.16E-03 3.58E-06
Length (A) 263 454.48
Kuhn length (A) 286.86 0.73692
Radius (A) 15.674 4.28E-03
Length B (A) 298.02 2.6231
Radius B (A) 12.942 0.031054
Thickness (A) 17.047 0.017152
Range (A") 0.01-0.26659302
chi’ 1.9601
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Figure A.4.51. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH

12 (open circles) fitted to a flexible elliptical cylinder model combined with sphere (red). Fit

parameters can be found in Table A.4.30. Shear alignment causing elliptical scattering plot and kink in

data is evidenced in Figure A.4.52.

Table A.4.30. Parameters of SAXS model fit seen in Figure A.4.51.

NDI-F:1-NapFF 5:1.25 mg/mL pH 12

Flexible elliptical cylinder combined with sphere

Value Error
Scale A 4.04E-04 3.52E-06
Scale B 4.58E-03 1.00E-06
Background 4.60E-02 6.24E-05
Length (A) 214 7.4733
Kuhn length (A) 208.48 0.2878
Radius (A) 22.384 3.13E-03
Axis Ratio 1.441 1.87E-04
Radius B (A) 6.1026 3.24E-03

Range (")

0.015-0.3397383

chi’

7.0611
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Figure A.4.52. Raw detector data of 2D scattering plots of measurement taken from for a solution of
NDI-F:1-NapFF 5:1.25 mg/mL adjusted to pH 12. Histogram plots are shown at a range of 0 to (a) 100,
(b) 50, (c) 20 and (d) 10.
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Figure A.4.53. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

6 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit

parameters can be found in Table A.4.31.

Table A.4.31. Parameters of SAXS model fit seen in Figure A.4.53.

NDI-F:1-NapFF 5:0.625 mg/mL pH 6 |Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 7.87E-04 1.73E-07
Scale B 7.99E-04 1.99E-06
Background 1.64E-03 3.45E-06
Length (A) 341.48 0.50947
Kuhn length (A) 240.99 0.28554
Radius (A) 35.814 5.86E-03
Axis Ratio 1.3442 1.96E-04
Length B (A) 4.95E+03 48.856
Radius B (A) 9.2622 0.13251
Range (A" 0.015-0.3397383
Chi’ 2.1487
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Figure A.4.54. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

9 (open circles) fitted to a flexible elliptical cylinder model combined with cylinder (red). Fit

parameters can be found in Table A.4.31.

Table A.4.32. Parameters of SAXS model fit seen in Figure A.4.53.

NDI-F:1-NapFF 5:0.625 mg/mL pH 9

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 6.62E-04 2.18E-07
Scale B 9.30E-04 1.62E-06
Background 1.69E-03 3.62E-06
Length (A) 355.18 0.85363
Kuhn length (A) 228.08 0.36735
Radius (A) 26.512 5.75E-03
Axis Ratio 1.3059 2.59E-04
Length B (A) 3.16E+03 35.313

Radius B (A) 10.073 9.91E-03

Range (")

0.015-0.26044306

Chi’

1.825
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Figure A.4.55. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

12 (open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red). Fit

parameters can be found in Table A.4.33.

Table A.4.33. Parameters of SAXS model fit seen in Figure A.4.55.

NDI-F:1-NapFF 5:0.625 mg/mL pH 12

Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 8.54E-04 2.38E-07
Scale B 7.32E-04 1.10E-06
Background 2.29E-03 3.45E-06
Length (A) 1.19E+04 163.56
Kuhn length (A) 344.68 1.2153
Radius (A) 28.224 5.00E-03
Axis Ratio 1.1715 1.90E-04
Length B (A) 4.55E+03 36.469
Radius B (A) 12.723 0.011025

Range (A"

0.0097340094-0.3397383

2

Chi

2.1225
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Figure A.4.56. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. Solutions at pH 6.
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Figure A.4.57. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. Solutions at pH 9.
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Figure A.4.58. SAXS data of NDI-F:1-NapFF (purple) and NDI-GF:1-NapFF (brown) at (a) 5:5, (b) 5:2.5,
(c) 5:1.25 and (d) 5:0.625 mg/mL ratios. Solutions at pH 12.
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Figure A.4.59. Cyclic voltammograms of NDI-F (purple) and NDI-F:1-NapFF (black) at a 5 and 5:5
mg/mL concentration respectively at pH 6. NDI-F:1-NapFF at 5:1.25 mg/mL at pH 9 is also shown

(blue). Voltammograms performed in 5 x 5 FTO window cell at 0.2 V/s scan rate. (a) full voltammogram

and (b) expanded between 0-1 V is shown for clarity.
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Figure A.4.60. Viscosity measurements of NDI-F:1-NapFF at 5:5 mg/mL (black), NDI-F at 5 mg/mL
(purple) and 1-NapFF at 5 mg/mL (grey). All solutions buffered at pH 6. Measurements are taken as

an average of triplicate measurements and error bars calculated from standard deviation.
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Figure A.4.61. Small angle X-ray scattering data for a solution of 5 mg/mL buffered 1-NapFF at pH 6
(open circles) fitted to a flexible elliptical cylinder model combined with power law (red). Fit

parameters can be found in Table A.4.34.
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Table A.4.34. Parameters of SAXS model fit seen in Figure A.4.61.

1-NapFF buffered 5 mg/mL pH 6 |Flexible elliptical cylinder combined with power law
Value Error
Scale A 2.40E-04 3.08E-08
Scale B 3.39E-07 2.43E-10
Background 1.31E-03 3.52E-06
Length (A) 250.95 0.23673
Kuhn length (A) 308.02 1.0143
Radius (A) 32.945 3.18E-03
Axis Ratio 1.5991 1.43E-04
Power 3.1981 1.75E-04
Range (A”) 0.012119029-0.33973727
chi’ 3.1229
(a) (b) R—
0 ~ 0 ——
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§ -500- § 500
5 5
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Figure A.4.62. Cyclic voltammograms taken at 0.2 V/s of (a/d) NDI-F 5 mg/mL and (a/c) NDI-F:1-NapFF

5:5 mg/mL buffered (dashed line) and unbuffered (solid line) at pH 6 in (a-b) 1 x 1 and (c-d) 5 x 5 FTO

window cells.
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Figure A.4.63. Small angle X-ray scattering data for a solution of 5 mg/mL NDI-F buffered at pH 6 (open

circles) fitted to a hollow cylinder model combined with power law (red). Fit parameters can be found

in Table A.4.35.

Table A.4.35. Parameters of SAXS model fit seen in Figure A.4.63.

NDI-F 5 mg/mL pH 6

Hollow cylinder combined with power law

Value Error
Scale A 2.68E-04 9.50E-06
Scale B 3.93E-13 3.66E-13
Background 0.002592 1.17E-05
Length (A) 21.919 0.16779
Radius (A) 9.1247 0.1064
Thickness (A) 5.2739 0.035929
Power 4.8905 0.18175
Range | /f\'l) 0.0045-0.34
Chi’ 1.0233
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Figure A.4.64. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered

at pH 6 (open circles) fitted to a flexible elliptical cylinder model combined with hollow cylinder (red).

Fit parameters can be found in Table A.4.36.

Table A.4.36. Parameters of SAXS model fit seen in Figure A.4.64.

NDI-F:1-NapFF 5:5 mg/mL pH 6 |Flexible elliptical cylinder combined with hollow cylinder
Value Error
Scale A 1.98E-04 2.59E-08
Scale B 4.75E-04 4.91E-07
Background 0.002751 3.90E-06
Length (A) 9.61E+03 1.106E+03
Kuhn length (A) 304.54 0.57256
Radius (A) 32.898 0.003192
Axis Ratio 1.718 1.54E-04
Length B (A) 40.321 0.079107
Radius B (A) 4.8418 0.010837
Thickness B (A) 6.3351 0.00562
Range (A") 0.0118563-0.251462
chi’ 12.461
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Figure A.4.65. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6 and

electrochemically cycles once (open circles) fitted to a flexible elliptical cylinder model combined with

power law (red). Solutions were relaxed for several days prior to measurement. Fit parameters can be

found in Table A.4.37.

Table A.4.37. Parameters of SAXS model fit seen in Figure A.4.65.

NDI-F 5 mg/mL at pH 6 and
electrochemically cycled once

Flexible elliptical cylinder combined with power law

Value Error

Scale A 2.21E-04 2.09E-06
Scale B 9.70E-11 1.77€-12
Background 2.73E-03 1.17E-05
Length (A) 21.39 0.16561
Radius (A) 9.4351 0.11338
Thickness (A) 5.0627 0.032683
Power 3.9098 4.66E-03
Range (A") 0.0045-0.34

Chi’ 1.1616
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Figure A.4.66. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6 and
electrochemically cycles 50 times (open circles) fitted to a flexible elliptical cylinder model combined
with power law (red). Solutions were relaxed for several days prior to measurement. Fit parameters

can be found in Table A.4.38.

Table A.4.38. Parameters of SAXS model fit seen in Figure A.4.66.

NDI-F 5 mg/mL at pH 6 and Flexible elliptical cylinder combined with power law
electrochemically 50 cycles

Value Error
Scale A 3.83E-04 1.84E-06
Scale B 3.88E-10 1.05E-10
Background 2.88E-03 1.19E-05
Length (A) 24.878 0.14172
Radius (A) 9.4517 0.071064
Thickness (A) 5.2611 0.024297
Power 3.6971 0.054138
Range (A'l) 0.0045-0.34
chi’ 1.0877
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Figure A.4.67. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered

at pH 6 and electrochemically cycles once (open circles) fitted to a flexible elliptical cylinder model

combined with hollow cylinder (red). Solutions were relaxed for several days prior to measurement.

Fit parameters can be found in Ta

Table A.4.39. Parameters of SAXS model fit seen in Figure A.4.67.

ble A.4.39.

NDI-F:1-NapFF 5:5 mg/mLat pH 6

and electrochemically cycled|Flexible elliptical cylinder combined with hollow cylinder

once

Value Error
Scale A 3.15E-04 3.07E-08
Scale B 3.77E-04 4.80E-07
Background 2.07E-03 3.56E-06
Length (A) 3.75E+03 7.4858
Kuhn length (A) 298.49 0.21687
Radius (A) 32.004 2.22E-03
Axis Ratio 1.6815 1.09E-04
Length (A) B 45.684 0.12587
Radius (A) B 4.8693 0.013661
Thickness (A) B 6.5279 7.22E-03

Range (A")

0.010936766-0.33973727

2
Chi

5.034
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Figure A.4.68. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL buffered

at pH 6 and electrochemically cycles 50 times (open circles) fitted to a flexible elliptical cylinder model

combined with hollow cylinder (red). Solutions were relaxed for several days prior to measurement.

Fit parameters can be found in Ta

Table A.4.40. Parameters of SAXS model fit seen in Figure A.4.68.

ble A.4.40.

NDI-F:1-NapFF 5:5 mg/mLat pH 6
and electrochemically 50 cycles

Flexible elliptical cylinder combined with hollow cylinder

Value Error

Scale A 3.43E-04 3.26E-08
Scale B 2.01E-04 4.00E-07
Background 2.52E-03 3.58E-06
Length (A) 1.35E+05 1098.7
Kuhn length (A) 307.39 0.15327
Radius (A) 34.873 2.29E-03
Axis Ratio 1.5243 9.44E-05
Length (A) 48.906 0.21743
Radius (A) 4.7426 0.022453
Thickness (A) 7.4649 0.012701

Range (A")

0.0084408771-0.33973727

chi’

4.9949
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Figure A.4.69. Viscosity measurements 1-NapFF after heat cooling at 40 °C at (a) pH 6, (b) 9 and (c)
12. Solutions at 5 (black), 2.5 (red), 1.25 (blue), 0.625 (green) and 5:0 (open circles) mg/mL.

Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.
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Figure A.4.70. Viscosity measurements NDI-F:1-NapFF after heat cooling at 40 °C at (a) pH 6, (b) 9 and
(c) 12. Solutions at 5:5 (black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (open circles) mg/mL.
Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.
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Figure A.4.71. Absorbance spectra of neutral NDI-F:1-NapFF before (solid line) and after (dashed line)

heat-cooling at 40 °C at (a) 0:5, (b) 5:0, (c) 5:5, (d) 5:2.5, (e) 5:1.25 and (f) 5:0.625 mg/mL at pH 6 (red),

9 (black) and 12 (blue).
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Figure A.4.72. Cyclic voltammograms of NDI-F:1-NapFF at 5:5 (black), 5:2.5 (red), 5:1.25 (blue),
5:0.625 (green) and 5:0 (dashed line) mg/mL at pH 6 (a), 9 (b) and 12 (c) after heat-cooling at 40 °C.

Scan rate used was 0.2 V/s. Performed in 1 x 1 FTO window cells.
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Figure A.4.73. Absorbance spectra of reduced solutions (heat-cooled at 40 °C) of NDI-F:1-NapFF at 5:5
(black), 5:2.5 (red), 5:1.25 (blue), 5:0.625 (green) and 5:0 (dashed line) mg/mLat pH 6 (a), 9 (b) and 12

(c). Spectra taken after 10 second application of -2.5 V.
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Figure A.4.74. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 6 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.41.

Table A.4.41. Parameters of SAXS model fit seen in Figure A.4.74.

NDI-F 5 mg/mL pH 6 heat-cooled [Hollow cylinder combined with power law

Value Error
Scale A 3.38E-04 9.50E-07
Scale B 1.50E-08 3.61E-11
Background 1.50E-03 3.70E-06
Length (A) 16.812 0.058688
Radius (A) 4.6741 0.027332
Thickness (A) 5.0526 0.012555
Power 3.2663 4.99E-04
Range (A_l) 0.0045-0.18978393
Chi’ 2.3593
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Figure A.4.75. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 9 after heat-

cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.42.

Table A.4.42. Parameters of SAXS model fit seen in Figure A.4.75.

NDI-F 5 mg/mL pH 9 heat-cooled

Hollow cylinder combined with power law

Value Error
Scale A 1.00E-04 3.70E-06
Scale B 1.09E-09 2.46E-12
Background 2.05E-03 3.34E-06
Length (A) 20.524 0.17472
Radius (A) 5.545 0.10166
Thickness (A) 4.9382 0.1621
Power 3.8139 4.13E-04
Range (") 0.0045-0.3397383
Chi’ 2.5829
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Figure A.4.76. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at pH 12 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.43.

Table A.4.43. Parameters of SAXS model fit seen in Figure A.4.76.

NDI-F 5 mg/mL pH 12 heat-cooled [Sphere with power law

Value Error
Scale A 3.22E-04 6.70E-07
Scale B 4.81E-09 4.98E-12
Background 0.0035152 3.45E-06
Radius (A) 10.735 9.46E-03
Power 3.6843 2.62E-03
Range (A") 0.0045-0.3397383
Chi’ 2.0426
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Figure A.4.77. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 6 after heat-

cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.44.

Table A.4.44. Parameters of SAXS model fit seen in Figure A.4.77.

1-NapFF 5 mg/mL pH 6 heat-cooled

Flexible elliptical cylinder combined with power law

Value Error
Scale A 4.45E-04 1.01E-07
Scale B 1.21E-08 3.79E-11
Background 2.10E-08 3.59E-06
Length (A) 263.94 0.81312
Kuhn Length (A) 307.63 1.37E+02
Radius (A) 35.745 3.24E-03
Axis Ratio 1.3025 1.09E-04
Power 4.1329 4.30E-04
Range (A™) 0.025-0.27614509
Chi’ 11.491
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Figure A.4.78. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 9 after heat-

cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.45.

Table A.4.45. Parameters of SAXS model fit seen in Figure A.4.78. Chi? is higher for this fit likely due

to noisy data at high Q (Figure A.4.78) leading to a poor fit of the model over approximately 0.1 A™.

1-NapFF 5 mg/mL pH 9 heat-cooled

Flexible elliptical cylinder combined with power law

Value Error
Scale A 2.15E-04 2.77E-08
Scale B 9.23E-13 2.36E-14
Background 9.68E-08 3.44E-06
Length (A) 5398 25.703
Kuhn Length (A) 427.05 0.5653
Radius (A) 27.794 2.49E-03
Axis Ratio 1.7526 1.47E-04
Power 5.243 5.75E-03
Range (A" 0.01-0.3397383
Chi’ 6.3448
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Figure A.4.79. Small angle X-ray scattering data for a solution of 1-NapFF 5 mg/mL at pH 12 after heat-
cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model combined

with power law (red). Fit parameters can be found in Table A.4.46.

Table A.4.46. Parameters of SAXS model fit seen in Figure A.4.79.

1-NapFF 5 mg/mL pH 12 heat-cooled |Flexible elliptical cylinder combined with power law
Value Error
Scale A 3.96E-04 4.71E-08
Scale B 5.76E-18 4.41E-20
Background 1.51E-03 3.53E-06
Length (A) 547.81 0.89307
Kuhn Length (A) 2.47E+04 248.35
Radius (A) 22.922 1.71E-03
Axis Ratio 1.453 1.03E-04
Power 7.2691 1.44E-03
Range (A'l) 0.0045-0.3397383
Chi’ 2.5879
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Figure A.4.80. SAXS data of NDI-F:1-NapFF before (grey) and after (open circles) a heat-cool transition

(heated to 40 °C and allowed to cool) at pH 6 (red), 9 (black) and 12 (blue) at (a) 5:5, (b) 5:2.5, (c)
5:1.25 and (d) 5:0.625 mg/mL.
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Figure A.4.81. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 6
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.47.

Table A.4.47. Parameters of SAXS model fit seen in Figure A.4.81.

I:}-II)IG-FF;Z;T-T:;:;:S mg/ml Flexible elliptical cylinder combined with hollow cylinder
Value Error
Scale A 6.80E-05 3.82E-07
Scale B 3.74E-04 4.24E-08
Background 2.21E-03 3.55E-06
Length (A) 287.5 0.16084
Kuhn Length (A) 215.71 0.12837
Radius (A) 34.066 2.81E-03
Axis Ratio 1.38 1.05E-04
Length B (A) 179.88 3.3362
Radius B (A) 4.5461 0.0579
Thickness B (A) 6.6336 0.031307
Range (A") 0.15-0.27666849
Chi’ 4.8944
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Figure A.4.82. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 9

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.48.

Table A.4.48. Parameters of SAXS model fit seen in Figure A.4.82.

NDI-F:1-NapFF 5:5 mg/mL
pH 9 heat-cooled

Flexible elliptical cylinder combined with hollow cylinder

Value Error
Scale A 2.44E-04 4.28E-08
Scale B 1.81E-04 7.86E-08
Background 1.87E-03 3.62E-06
Length (A) 1.10E+05 2.24E+03
Kuhn Length (A) 343.64 1.07
Radius (A) 21.126 2.42E-03
Axis Ratio 1.7501 1.90E-03
Length B (A) 284.86 0.8212
Radius B (A) 9.9386 0.019015
Thickness B (A) 20.902 0.013645

Range (™)

0.01-0.28936096

Chi’

3.5318
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Figure A.4.83. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:5 mg/mL at pH 12

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with cylinder (red). Fit parameters can be found in Table A.4.49.

Table A.4.49. Parameters of SAXS model fit seen in Figure A.4.83.

NDI-F:1-NapFF 5:5 mg/mL
pH 12 heat-cooled

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 5.17E-04 6.04E-08
Scale B 1.55E-04 2.85E-07
Background 3.87E-03 3.66E-06
Length (A) 1536.2 1.10E-03
Kuhn Length (A) 384.05 0.55395
Radius (A) 24.837 1.83E-03
Axis Ratio 1.2823 8.87E-05
Length B (A) 3721.8 34.204
Radius B (A) 11.559 0.012833

Range (A_l)

0.01-0.339738

Chi’

2.803
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Figure A.4.84. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 6
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with cylinder (red). Fit parameters can be found in Table A.4.50.

Table A.4.50. Parameters of SAXS model fit seen in Figure A.4.84.

I:ﬁ';;;':izl;ﬁejzz's me/mL Flexible elliptical cylinder combined with cylinder
Value Error
Scale A 4.70E-06 1.54E-08
Scale B 2.30E-03 8.73E-06
Background 1.24E-03 3.33E-06
Length (A) 1.36E+04 6.72E+03
Kuhn Length (A) 62.822 0.29529
Radius (A) 50.428 0.25753
Axis Ratio 10.748 0.036931
Length B (A) 22.469 0.11169
Radius B (A) 12.696 0.031313
Range (A") 0.01-0.3397383
Chi’ 2.2681
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Figure A.4.85. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 9

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with sphere (red). Fit parameters can be found in Table A.4.51.

Table A.4.51. Parameters of SAXS model fit seen in Figure A.4.85.

I::gi;?ii:;ej:z's mg/mLFIexibIe elliptical cylinder combined with sphere
Value Error
Scale A 3.80E-03 1.15E-05
Scale B 3.82E-05 3.75E-08
Background 1.08E-03 3.42E-06
Length (A) 8.93E+40 1.17E+40
Kuhn Length (A) 157.15 0.22194
Radius (A) 33.318 0.12642
Axis Ratio 6.7222 7.34E-03
Radius B (A) 12.305 0.015917
Range (A™") 0.0056776521-0.3397383
Chi’ 2.3503
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Figure A.4.86. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:2.5 mg/mL at pH 12

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with power law (red). Fit parameters can be found in Table A.4.52.

Table A.4.52. Parameters of SAXS model fit seen in Figure A.4.86.

I:ﬁll-;:}l]g?izzli;z's me/mL Flexible elliptical cylinder combined with power law

Value Error
Scale A 9.40E-04 5.39E-07
Scale B 2.68E-10 2.51E-13
Background 4.12E-03 3.59E-06
Length (A) 2374.9 9.53E-03
Kuhn Length (A) 237.49 0.56692
Radius (A) 8.9616 3.11E-03
Axis Ratio 4.1282 1.41E-03
Power 4.2976 1.83E-04
Range (A™") 0.0045-0.3397383
Chi’ 3.4598
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Figure A.4.87. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 6

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with power law (red). Fit parameters can be found in Table A.4.53.

Table A.4.53. Parameters of SAXS model fit seen in Figure A.4.87.

I::EFGZ;T.?;I;TQ;:LZS me/ml Flexible elliptical cylinder combined with power law
Value Error
Scale A 2.66E-03 5.70E-07
Scale B 1.17E-05 1.38E-08
Background 1.36E-03 3.53E-06
Length (A) 3935.3 8.76E-03
Kuhn Length (A) 393.71 0.65811
Radius (A) 37.002 5.59E-03
Axis Ratio 1.4004 1.94E-04
Power 2.0602 3.12E-04
Range (A") 0.0094723089-0.28111739
chi’ 3.5462
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Figure A.4.88. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH 9
after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with hollow cylinder (red). Fit parameters can be found in Table A.4.54.

Table A.4.54. Parameters of SAXS model fit seen in Figure A.4.88.

NDI-F:1-NapFF 5:1.25 mg/mLFIexibIe elliptical cylinder combined with hollow cylinder
pH 9 heat-cooled

Value Error
Scale A 9.79E-04 5.28E-07
Scale B 1.84E-03 1.57E-06
Background 1.94E-03 3.41E-06
Length (A) 6.33E+03 112.65
Kuhn Length (A) 130.22 0.17973
Radius (A) 10.451 3.48E-03
Axis Ratio 3.636 0.001189
Length B (A) 372.94 4.3216
Radius B (A) 11.759 0.021534
Thickness B (A) 16.355 0.012011
Range (™) 0.013005265-0.3397383
Chi’ 2.0067
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Figure A.4.89. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:1.25 mg/mL at pH

12 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with sphere (red). Fit parameters can be found in Table A.4.55.

Table A.4.55. Parameters of SAXS model fit seen in Figure A.4.89.

I::'i;:;::?iiiljél'ﬁ me/ml Flexible elliptical cylinder combined with sphere

Value Error
Scale A 2.45E-03 7.68E-07
Scale B 1.40E-02 2.69E-05
Background 1.37E-03 3.45E-06
Length (A) 1.18E+04 147.02
Kuhn Length (A) 138.49 0.12185
Radius (A) 21.721 4.33E-03
Axis Ratio 1.5779 2.95E-04
Radius B (A) 8.5485 6.95E-03
Range (A™") 0.015-0.3397383
Chi’ 1.7716
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Figure A.4.90. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

6 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with cylinder (red). Fit parameters can be found in Table A.4.56.

Table A.4.56. Parameters of SAXS model fit seen in Figure A.4.90.

IF\)II-iDIG-FI':\:aT-a(:zzTedS:O'GZS mg/ml Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 7.74E-04 1.84E-07
Scale B 5.86E-04 3.15E-06
Background 2.01E-03 4.68E-06
Length (A) 502.61 1.1139
Kuhn Length (A) 236.34 0.20972
Radius (A) 8.0352 0.023693
Axis Ratio 1.301 1.95E-04
Length B (A) 5408.3 110.065
Radius B (A) 36.259 6.08E-03
Range (A™") 0.015-0.3397383
Chi’ 2.2282
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Figure A.4.91. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

9 after heat-cooling(heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with cylinder (red). Fit parameters can be found in Table A.4.57.

Table A.4.57. Parameters of SAXS model fit seen in Figure A.4.91.

I:HDIS;FF;Z;T_?(J)I;FI;:O.GZS me/mL Flexible elliptical cylinder combined with cylinder

Value Error
Scale A 1.02E-03 2.84E-07
Scale B 3.04E-03 2.26E-06
Background 2.69E-03 3.53E-06
Length (A) 530.53 2.0296
Kuhn Length (A) 242.51 0.28957
Radius (A) 30.098 5.40E-03
Axis Ratio 1.041 1.68E-04
Length B (A) 3135.9 13.455
Radius B (A) 8.6648 3.64E-03
Range (A™") 0.013397816-0.3397383
Chi’ 2.2613
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Figure A.4.92. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at pH

12 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a flexible elliptical

model combined with sphere (red). Fit parameters can be found in Table A.4.58.

Table A.4.58. Parameters of SAXS model fit seen in Figure A.4.92.

I;I::;::\-el\;?i?olesdﬂﬁzs mg/mL Flexible elliptical cylinder combined with sphere

Value Error
Scale A 7.12E-04 2.24E-07
Scale B 1.22E-03 3.24E-06
Background 2.41E-03 3.48E-06
Length (A) 4248.9 30.728
Kuhn Length (A) 193.67 0.27866
Radius (A) 24.494 4.78E-03
Axis Ratio 1.2811 2.33E-04
Radius B (A) 12.073 0.014214
Range (A" 0.012-0.3397383
Chi’ 1.7946
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Figure A.4.93. SAXS data of NDI-F:1-NapFF after heat-cooling (heated to 40 °C and allowed to cool) at
5:5 (black), 5:2.5 (red), 5:1.25 (blue) and 5:0.625 (green) mg/mL at pH 6 (a), 9 (b) and 12 (c).
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Figure A.4.94. Viscosity measurements (a) NDI-F:1-NapFF 5:0.625 mg/mL and (b) NDI-F 5 mg/mL after
heat cooling at 40 °C. Solutions at pH 6 buffered (open circles) and unbuffered (filled circles).

Measurements are taken as an average of triplicate measurements and error bars calculated from

standard deviation.
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Figure A.4.95. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL at
buffered at pH 6 after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a

flexible elliptical model combined with cylinder (red). Fit parameters can be found in Table A.4.59.
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Table A.4.59. Parameters of SAXS model fit seen in Figure A.4.95.

NDI-F:1-NapFF 5:0.625 mg/mL
pH 6 heat-cooled buffered

Flexible elliptical cylinder combined with cylinder

Value Error

Scale A 1.77E-03 3.06E-07
Scale B 1.93E-04 9.54E-08
Background 1.88E-03 3.51E-06
Length (A) 303.56 0.80161
Kuhn Length (A) 201.23 0.40333
Radius (A) 16.406 8.33E-03
Axis Ratio 5.1161 2.35E-03
Length B (A) 1.04E+04 7.0388

Radius B (A) 43.138 5.61E-03

Range (A")

0.016716719-0.33973727

2
Chi

6.6238

Intensity (cm™)

0.01

Figure A.4.96. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL at buffered at pH 6

after heat-cooling (heated to 40 °C and allowed to cool) (open circles) fitted to a hollow cylinder model

combined with power law (red). Fit parameters can be found in Table A.4.60.
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Table A.4.60. Parameters of SAXS model fit seen in Figure A.4.96.

NDI-F 5 mg/mL pH 6 heat-cooled
buffered

Hollow cylinder combined with power law

Value Error
Scale A 3.08E-04 1.6859-06
Scale B 1.80E-09 4.37E-11
Background 1.97E-02 9.35E-06
Length (A) 19.72 0.10064
Radius (A) 6.7749 0.061828
Thickness (A) 7.2061 0.11269
Range (A) 0.0045-0.34
Chi” 1.1831
(a) (b)
0_
< 0 <
= 2 -5000+
c €
o o
S -500- 5 -10000
O O
10004 1 -15000 -
32 a0 1 372 4 o0
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Figure A.4.97. Cyclic voltammograms taken at 0.2 V/s of heat-cooled (heated to 40 °C and allowed to

cool) (a-b) NDI-F:1-NapFF 5:0.625 mg/mL and (b-c) NDI-F 5 mg/mL buffered (dashed line) and

unbuffered (solid line) at pH 6 in (a/c) 1 x 1 and (b/d) 5 x 5 FTO window cells.
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Figure A.4.98. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL
buffered at pH 6, heat-cooled (heated to 40 °C and allowed to cool) and electrochemically cycles once
(open circles) fitted to a flexible cylinder model (red). Solutions were relaxed for several days prior to

measurement. Fit parameters can be found in Table A.4.61.

Table A.4.61. Parameters of SAXS model fit seen in Figure A.4.98.

NDI-F:1-NapFF 5:0.625 mg/mL at pH 6 heat-

. Flexible cylinder
cooled and electrochemically cycled once ¥

Value Error
Scale 7.68E-03 3.69E+96
Background 1.21E-03 3.58E-06
Length (A) 1.32E+03 10.173
Kuhn length (A) 98.875 0.13349
Radius (A) 5 8.93E-04

Range (A'l) 0.011330854-0.27615779

Chi’ 4.235
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Figure A.4.99. Small angle X-ray scattering data for a solution of NDI-F:1-NapFF 5:0.625 mg/mL
buffered at pH 6, heat-cooled (heated to 40 °C and allowed to cool) and electrochemically cycles 50
times (open circles) fitted to a flexible cylinder model combined (red). Solutions were relaxed for

several days prior to measurement. Fit parameters can be found in Table A.4.62.

Table A.4.62. Parameters of SAXS model fit seen in Figure A.4.99.

NDI-F:1-NapFF 5:0.625 mg/mL at pH 6, heat-

. . Flexible cylind
cooled and electrochemically cycles 50 times exible cylinder

Value Error
Scale 5.67E-03 3.18E-06
Background 9.76E-04 3.48E-06
Length (A) 6.79E+44 1.26E+40
Kuhn length (A) 112.73 0.14531
Radius (A) 6.8581 2.09E-03

o1 0.017110807-0.31044342
Range (A )

Chi’ 6.55
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Figure A.4.100. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6,

heat-cooled (heated to 40 °C and allowed to cool) and electrochemically cycles once (open circles)

fitted to a hollow cylinder model combined with power law (red). Solutions were relaxed for several

days prior to measurement. Fit parameters can be found in Table A.4.63.

Table A.4.63. Parameters of SAXS model fit seen in Figure A.4.100.

NDI-F 5 mg/mL at pH 6 heat-cooled and
electrochemically cycled once

Hollow cylinder combined with power law

Value Error
Scale A 4.66E-04 2.50E-06
Scale B 1.55E-09 5.63E-11
Background 1.96E-02 1.24E-05
Length (A) 18.588 0.085496
Radius (A) 4.9871 0.019028
Thickness (A) 8.1499 0.05741
Power 3.2369 6.88E-03
Range &%) 0.0045-0.34
Chi’ 1.002

231



Appendix

01 3 ‘e
‘TE |
L 0.014
> ]
)
GC) 4
£0.001

Q (A"

Figure A.4.101. Small angle X-ray scattering data for a solution of NDI-F 5 mg/mL buffered at pH 6,

heat-cooled (heated to 40 °C and allowed to cool) and electrochemically cycles 50 times (open circles)

fitted to a flexible elliptical cylinder model combined with cylinder (red). Solutions were relaxed for

several days prior to measurement. Fit parameters can be found in Table A.4.64.

Table A.4.64. Parameters of SAXS model fit seen in Figure A.4.101.

NDI-F 5 mg/mL at pH 6 heat-cooled and
electrochemically cycled 50 times

Hollow cylinder combined with power law

chi’

Value Error
Scale A 2.03E-04 2.00E-06
Scale B 6.65E-09 1.80E-09
Background 2.87E-03 1.17E-05
Length (A) 25.417 0.28348
Radius (A) 8.8805 0.13457
Thickness (A) 5.217 0.032194
Power 3.0631 0.056069
Range (A") 0.0045-0.34

1.2882
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Figure A.4.102. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of FF-OEt — Protected.
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Figure A.4.103. 'H NMR spectrum showing integrals (400 MHz, DMSO-ds) of FF-OEt — Protected.
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Figure A.4.104. Annotated *C NMR spectrum (100 MHz, DMSO-ds) of FF-OEt - Protected. (a) full

spectra (b) enhanced section marked Ar showing the aromatic carbon environments.
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Figure A.4.105. HRMS report of FF-OEt — Protected in ethanol.
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Figure A.4.106. Annotated H NMR spectrum (400 MHz, DMSO-ds) of FF-OEt — Deprotected with

expanded 4.3-3.9 ppm.
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Figure A.4.107. 'H NMR spectrum showing integrals (400 MHz, DMSO-ds) of FF-OEt — Deprotected.
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Figure A.4.108. Annotated *C NMR spectrum (100 MHz, DMSO-ds) of FF-OEt - Deprotected. (a) full

spectra (b) enhanced section marked Ar showing the aromatic carbon environments.
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Figure A.4.109. HRMS report of FF-OEt — Deprotected in ethanol.
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Figure A.4.110. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of 1-NapFF - Protected.
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Figure A.4.112. Annotated *C NMR spectrum (100 MHz, DMSO-ds) of 1-NapFF - Protected. (a) full

spectra (b) enhanced section marked Ar showing the aromatic carbon environments.
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Figure A.4.113. HRMS report of 1-NapFF — Protected in ethanol.
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Figure A.4.114. Annotated *H NMR spectrum (400 MHz, DMSO-ds) of 1-NapFF.
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Figure A.4.115. *H NMR spectrum showing integrals (400 MHz, DMSO-ds) of 1-NapFF.
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Figure A.4.116. Annotated *C NMR spectrum (100 MHz, DMSO-ds) of 1-NapFF (a) full spectra (b)

enhanced section marked Ar showing the aromatic carbon environments.
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HRSM report of 1-NapFF in ethanol.

Figure A.4.117
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