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Introduction



1.1 A very brief history

All species on Earth leave footprints behind on the planet. ~2.7 billion years ago oxygen
producing cyanobacteria formed in the oceans.'” At first this oxygen reacted with
reducing molecules and elements in the ocean and atmosphere, after which oxygen started
to appear free in the atmosphere. This altered the composition of Earth’s atmosphere so
much, that the first mass extinction event took place. Oxygen replaced methane in the
atmosphere. Methane is a potent greenhouse gas, so this resulted in a drop in global
temperatures. The cyanobacteria had such a profound footprint on the Earth, that it shifted
the entire planetary ecosystem. 850 million years ago, the first plants started to inhabit
terrestrial habits.* This had again a profound effect on atmospheric oxygen levels, since
more space was now available for photosynthesis. This increased the oxygen level above
10%.°

Not all organisms can trigger such big events on Earth, but they all have footprints. Every
tree alters the atmosphere, every Apex predator let prey populations shrink with every
meal. Early in human history, we, as hunter-gatherers, had a similar footprint compared
to other animals of the same size.® With the advent of agriculture and a growing
population, human environmental footprint started to get bigger, we cut away trees to
generate fields for farming. Urbanization and the emergence of the first empires enabled
trade of goods. Domesticated animals were raised for food in places far from where their
evolutionary ancestors came from.” Forever diverting the evolutionary paths of many
species. However, this increasingly bigger footprint was all based on energy and materials
from the biosphere, which always meant that the growth was in some balance with the
biosphere. If this balance was not in check, famine and depopulation would occur. In
extreme cases, entire populations disappeared from areas.®

This all changed during the industrial revolution in the late 18" century. Humanity started
to tap into energy and material resources outside the biosphere and inside the geosphere,
fossil fuels.” The combustion of coal, oil and natural gas generates carbon dioxide and
heat. CO; escapes into the atmosphere, while the heat can be used for warmth, performing
work or generating electricity. Global use of fossil fuels have grown exponentially since
the industrial revolution.'® The energy and materials that we obtain from fossil fuels have
greatly contributed to the wealth and well-being of societies around the planet.'!

1.2 The climate problem

The exponential increase in fossil fuel consumption has also let to exponentially more
CO; emissions into the atmosphere. Since the emission rate is far higher than the rate at
which the biosphere can absorb CO»,'>!? it accumulates in the atmosphere, where the
concentration CO, has increased from 280 ppm in the late 18" century'# to 410 ppm in
2019.5 CO, is a greenhouse gas that will trap heat in the atmosphere. A higher
concentration of greenhouse gasses in the atmosphere will increase the atmospheric
temperature on Earth, causing the climate to shift. The increase in atmospheric CO is so
rapid, that the climate shift is also rapid. Far too fast for most ecosystems to adapt to the
new conditions. A rapid shift in climate patterns are often followed by mass extinction
events.

Also, polar ice caps will melt and terrestrial ice will than contribute to a rise in the sea
level, threatening coastal settlements and cities, impacting around 2.4 billion people



directly from this. Changing weather patterns will also make agriculture more
challenging, impacting the entire world population. '3

To mitigate the problems caused by climate change, it is vital for atmospheric CO; levels
to stop increasing. In 2015 at the United Nations Climate Conference near Paris, world
governments agreed to keep the rise in average global temperature below 2°C and
preferably limit it to 1.5°C.!* Although not forbidding greenhouse gas emissions,
realistically, nations will only reach this goal if they stop emitting CO». It makes sense to
focus efforts on the biggest source of CO», which is energy consumption from fossil
fuels.!” This can either be direct consumption of fuels for heating or transportation, or
indirect through electricity generated by fossil fuels. If all this energy was generated from
renewable or sustainable sources, most CO, emissions would stop. Methane is another
potent greenhouse gas that is emitted on a large scale, but a large part is also emitted due
to fossil fuel extraction and utilization.!” Governments have made different pledges and
timelines in which they will reduce and eliminate CO, emission, their net-zero targets.
Most advanced economies have pledged to reach net-zero in 2050, China pledged 2060,
while India has pledged 2070.'® In 2020 the average global surface temperature had
already risen to ~1.26°C (Fig 1), bold actions are therefore needed.

1.3 Energy

When we take a closer look at the available sustainable and renewable energy sources,
they can be divided in 2 groups, solar!® and wind® are intermittent, while nuclear,?!
biomass®? and hydro?® are more stable sources of energy. Biomass is constrained in its
capacity, since there is not enough available space on Earth to feed all people, have
healthy ecosystems and generate enough energy for our societies. Although biomass is a
good option to overcome peak demands in electricity generation. Biomass should
however be primarily used for the production of valuable chemicals. Hydropower can
deliver stable amounts of electricity over longer periods of time, but it is constrained to
very specific geographic places. Currently, nuclear energy is the backbone of electricity
production in many places around the world. This can be expanded upon, but the main
drawbacks of nuclear energy are its high price, complex

engineering challenges, safety and waste management. That leaves wind and solar energy,
which are intermittent sources of electricity. They are however very cheap and
environmentally benign. The main drive for wind and solar is their versatility in location
options. Most nations on the planet have suitable areas for large scale electricity
generation by wind or solar. Taking a look at climate policies from different nations tells
you that wind and solar are going to be the biggest sources of electricity in the latter half
of the 21" century in many places.?* Many nations are already well under way to make
this a reality.

This leaves a very big problem that still needs to be solved, the intermittency of wind and
solar. Already, nations in the European Union are seeing that on some days, their
renewable energy generation is higher than is needed and on some days there is almost
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Figure 1. Observed global mean surface temperature change (GMST) from different
datasets. The temperatures on the y-axes are relative to the average temperatures of
1850-1900. The area highlighted in grey is the estimated temperature range for 1750,
before the industrial revolution. Figure 1.12 in IPCC, 2021: Chapter 1, In: Climate
Change 2021: the physical science basis.

non being generated. This also leads to wild price fluctuations on the energy markets from
day to day.? Currently, this is solved by exporting electricity on high production days,
while gas turbines deliver electricity on low production days. Although export and import
of renewable energy across borders are an important way to smooth out electricity
production and demand, it is not sufficient to solve the intermittency of wind and solar
when the majority of countries are relying on them. The volumes are simply too big.

1.4 Electricity storage

A new solution is therefore needed to store the excess electricity from one moment, and
deliver it for consumption on other moments, electricity storage. A few technologies have
already proven themselves as viable energy storage solutions. Pumped hydro,?® where the
elevation difference of 2 water reservoirs is utilized, accounts for 160 GW, 90% of
installed capacity in 2021. Grid-scale batteries accounted for 16 GW of installed capacity
in 2021.% Batteries are more versatile than pumped hydro, since they are not
geographically constrained. Most grid-scale batteries in 2021 are lithium-ion batteries,
and this will be the case in the coming years.'8 If governments go ahead with their energy
and climate policies in the coming years, demand for electricity storage will grow
dramatically. When governments are on track with their net-zero targets, the International
Energy Agency has calculated, the world will need 680 GW of grid-scale batteries in
2030.18



1.5 Lithium-ion batteries

Like said earlier, in the short term future, lithium-ion batteries will make up the vast
majority of grid-scale battery capacity. Although prices have fallen in the last decade, the
price of lithium-ion batteries is now largely dictated by mineral prices.'® The most
precious materials being lithium, cobalt and nickel.?® Another problem is competition
with other applications. Lithium-ion batteries are already used in small electronics, but
they are expected to be used in the vast majority of automobiles in the later part of this
century.?’ Also, lithium-ion batteries have rather short lifetimes compared to other energy
infrastructure.?® This all puts pressure on the price and implementation of lithium-ion
based grid-scale storage.

A lithium-ion battery is composed of an anode, an electrolyte and a cathode (Fig 2).2
Generally, the anode is made from graphite, while other materials can be used for
specialty applications. The electrolyte is composed of lithium salts, such as LiPFs, LiBFs
and LiClOs, dissolved in an organic solvent (ethylene carbonate, dimethyl carbonate and
diethyl carbonate). The cathode is made from LiCoO; (LCO), LiFePOs, (LFP), LiMn,0O4
(LMO), LiNiCoAl, (NCA) or LiNixMnyCo,0, (NMC). Specific combinations will result
in lithium-ion batteries with desired properties. For example, LCO is commonly used for
its high capacity, while LFP is used for its safety profile and lifetime, while having a
lower capacity. Both the cathode and anode operate through an intercalation mechanism.
When the battery is fully charged, metallic lithium is stored between the graphene sheets
in the anode. Upon full discharge of the battery, lithium cations are stored in the cathode
crystal structure. Although lithium-ion batteries are known for their high capacity,
commercialized systems operate far from the thermodynamic maximum that a pure
lithium battery can. This has to be done mainly because of issues that result in a low cycle
life, the amounts of times a battery can charge and discharge.
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Figure 2. Schematic overview of a lithium-ion battery, with LCO as cathode and
graphite as cathode.



Lithium-ion batteries can be produced in modules that can be connected in parallel or
series.?® This can result in a small battery that operates a personal electronic device, or it
can be expanded to a grid-scale battery. This makes lithium-ion batteries flexible enough
for a wide range of applications.

Cycle lifetime, safety concerns and cost are the main drawbacks of grid-scale lithium-ion
batteries.>® When LCO is used, the battery can do 500-1000 full charge and discharge
cycles, while with LFP, this can be increased to 2500 cycles. After these amounts of
cycles, the capacity has faded to 90% compare to the original capacity. Although one can
still use the battery after this point, more defects start to occur and the capacity fading is
accelerated. If the grid-scale battery is used to its full potential once every day, the lifetime
of LCO is just ~1.4 — 2.8 years until the capacity has faded to 90%. LFP can do better
with ~6.8 years. Proper and advanced battery monitor systems can expand the lifetime of
a lithium-ion battery, but the problem of capacity fading still remains.

Safety is already a concern for small lithium-ion battery, this becomes a bigger issue when
scaling up to an electric automobile, but in a grid-scale lithium-ion battery this takes on
new proportions. The safety concerns are mainly due to the volatile organic electrolyte.’!
When a battery module self-discharges, enough heat can be formed for the electrolyte to
vaporize. This builds up the pressure inside the module, which will rupture. The escaping
hot vapour comes in contact with oxygen, which initiates a fire.

The price of lithium-ion battery modules has greatly decreased in the last decade. In 2013,
it was priced ~$732/kWh, while in 2021 this has decreased to ~$141/kWh.3? Due to
economic and geopolitical pressures, the price has slightly increased between 2021 and
2022. This was the first time in many years that the price of lithium-ion batteries
increased. Demand for lithium-ion batteries is set to increase in the coming decade. Many
new applications will see mass adoption, the electric automobile for example. Therefore
it should be noted that mineral prices are predicted to increase, since the supply of rare
battery minerals in finite, while demand will increase. A great decrease in lithium-ion
battery prices is therefore unlikely.

Although not all details about lithium-ion batteries have been included in this
introduction, a picture emerges that lithium-ion batteries cannot supply all the energy
storage demands that will come in the future. Applications were a high energy density is
required, like personal electronics and electric automobiles, will need to use lithium-ion
batteries in the coming decades. Other applications, where energy density is of lesser
importance, but cost and safety are important, need to use different battery chemistries.
New high energy density batteries can still be discovered in the future, which work with
abundant or renewable materials, but that is a much harder task.

1.6 Sustainable battery chemistries

If one thinks from the top down, and forgets about the chemical limitations, grid-scale
batteries need to have certain properties. They should be durable and have a long lifetime.
Coal-fired power plants can operate for over 30 years if properly maintained,** while wind
and solar farms have an estimated lifetime of 20-30 years.** The primary use of a grid-
scale battery is to store excess wind and solar energy, so a lifetime of 20-30 years is
minimal. If the battery is used at a solar farm and is used to store solar energy for the
night, it needs to be charged and discharge almost 11 000 times over 30 years. Over 30
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years, the solar farm will lose ~20% of its output,®* so a connected grid-scale battery
should still have 80% of its capacity after 30 years. The battery should be safe and non-
flammable and its contents are preferably environmentally benign. The materials used
should be abundant, renewable and easily sourced from many places around the world.
The costs should be very low, a battery will always increase the price of the electricity
without adding additional value, so the cost really matters. Therefore, material cost and
large scale production should be cheap and easy.

Taking this into consideration, one can look at possible battery chemistries and start from
that. For a non-flammable and safe battery, water is a great choice for an electrolyte.*> An
anode can be based on earth abundant metals. Sodium, magnesium, aluminium,
potassium, calcium and iron are all abundant rock-forming metals that can be mined in
many places in the world.3¢ Cathodes can be based on abundant transition metal oxides,’’
or organic materials,*® which are renewable. Literature already provides great examples
of such systems.?”-3%

1.7 Organic cathodes

Organic materials are both abundant and renewable. If used for durable applications,
fossil feedstock’s provide abundant organic materials, while biomass provides renewable
organic materials. Both anodes and cathodes have been successfully made with organic
materials as the active compound.®® Especially organic cathodes are promising, as they
can be very stable in electrochemical environments and provide a great specific capacity
and a decent potential against most metals.’® Different chemical bonds in the organic
molecules can be used to store electrochemical energy, these are repeatedly reduced and
oxidized.*

The most investigated type is based on carbonyl chemistry.*! Naphthalene and perylene
derivatives are part of the rylene family of polyaromatic compounds and are a commonly
investigated family of molecules for cathodes. In particular naphthalene and perylene
diimides are of interest for their electrochemical properties. It has been shown that lithium
and sodium can react with the carbonyl groups of the perylene/naphthalene diimide.*? A
cation is then chelated in an enolate while the electrons are stored in the elaborate
aromatic system. The electrochemical potential of these compounds is determined by the
electron density of the aromatic system. Electron donating or withdrawing substituents
can then be employed to obtain a very specific electron density.** Perylenes and
naphtalenes can undergo supramolecular interactions through n-n stacking.** This could
potentially result in electron conductive properties, when the n-orbitals can successfully
overlap.

Organic molecules can suffer from solubility in the electrolyte, fading the battery capacity
in the process.*? One needs to take into account all the different derivatives the molecule
forms during electrochemical cycling. A common way to solve this problem is by
polymerization of the small organic molecule. However, extensive polymerization can
negatively impact the kinetics of the material. By controlling the extent of polymerization,
a compromise can be found between solubility and preserving good kinetics.*



1.8 Aqueous electrolytes

A good electrolyte conducts ions, while having a high resistance towards electron
conductivity.*® Like mentioned before, grid-scale batteries need to be very safe and the
electrolyte choice is a big component in that. Lithium-ion batteries use an organic solvent
with salts dissolved in it, which is highly flammable.*’” Water is a safer option for an
electrolyte and conveniently it is also very abundant and cheap. Aqueous electrolytes are
known for a long time, the first electrochemical battery, the voltaic pile, made by
Alessandro Volta, used brine as an electrolyte between copper and zinc plates.*®

A big downside to a water-based electrolyte is it electrochemical stability window. At
room temperature this is 1.23 V. This hampers most aqueous electrolytes for use in high
capacity batteries. Another issue is anodic stability against water. Earlier, we have
determined that sodium, magnesium, aluminium, potassium, calcium and iron are the
metals that are interesting for grid-scale batteries. Sodium and potassium react very
violently with water. Magnesium, calcium and aluminium react less violent, but still react
over time. Only iron will be stable against water.

A solution for this problem has been found, water-in-salt electrolytes.** In these
electrolytes, the concentration of salt is so high, one can speak about a brine. The high
concentration of salt expands the potential stability window of water to ~3 V in a lithium-
ion battery.>® It also helps with the anodic stability. The water molecules are not free
moving, they are tightly bound to ions. This dims their reactivity towards the reactive
metals. The key here, it too still use water as an electrolyte, but to change its properties
with the salts.

1.9 Redox flow battery

In this introduction, the design of a grid-scale battery has not been mentioned yet. Typical
batteries that people are familiar with, are modular with a solid cathode and anode. The
lithium-ion battery is a good example of this. When the battery is fully charged, all energy
in stored in the anode. This modular design has its advantages, it is easy to expand and it
can be manufactured on a large scale. For smaller scale applications, like electronics or
electric automobiles, a modular design works very well. You can choose the output
voltage and current by stacking the modules in parallel or in series.

In grid-scale batteries, this is less important, while other factors of a modular design
become limiting. Every cell needs to be individually packaged and needs individual
outlets. This is all wasted space and material. When one cell in a stack is not properly
working anymore, it can degrade the performance of other cells. A redox flow battery
design solves many of these issues. In a redox flow cell, the cathode and anode materials
are not solid, but in solution in two separate compartments, the catholyte and anolyte.>!->
These solutions are then pumped between a common membrane and two different current
collectors (Fig 3). At the current collectors, the redox reaction takes place, the membrane
facilitates charge compensation through ion transport. The compartments can be as large
as required and practically feasible. In a redox flow battery, the energy storage is
decoupled from the size of electrochemical cell. The size of the current collectors and the
membrane, together with the pump speed, dictate the kinetics of the redox reaction, which
in turn determines the amount of electricity that can be generated or stored per unit of
time.



Figure 3. A schematic overview of a vanadium redox flow battery.

Redox flow batteries offer great advantages over regular batteries. Theoretically, they do
not self-discharge, since the catholyte and anolyte can be physically separated by closing
off a compartment.*? Like said before, the total storage capacity is decoupled from the
amount of power it can produce, which creates flexibility in designs. Also, the lifetime of
a redox flow battery is very long, >30 years.>»> This is because all redox reactions take
place in solution. There is no need for solid to solution transitions.

A lot of laboratory scale redox flow batteries have been made, and some larger scale pilots
have been constructed. At the end 0of 2022, in Dalian, China, the largest so far, went online
on the grid. It can deliver 100 MW with a capacity of 400 MWh. It is an aqueous
vanadium redox flow battery, the most investigated redox flow chemistry.>**® When this
battery is discharged, V3" is reduced to V' in the anolyte, while V** is oxidized to V°* in
the catholyte. Although vanadium is an expensive metal, the long lifetime of the battery
results in low overall cost.

There are, however, also reasons why vanadium chemistry is not optimal for large scale
applications. Its abundance on earth is quite low, 0.015% of the crust,’” and it can be toxic
for humans and ecosystems.> Organic materials and abundant metals can also be used in
a redox flow battery, a lot of research is ongoing on this topic.>!

1.10 Motivation and outline of this thesis

To fulfil the climate goals, agreed in Paris in 2015, humanity needs to decarbonize its
way of living. More specifically, stop the burning of fossil fuels and fossil derived
chemicals. The majority of material from fossil sources is used for direct energy
consumption or electricity generation. Moving to renewable energy is the most important
step we need to take to reach our goals. At the moment of writing, solar and wind energy
are the most abundant sources of renewable energy humanity can tap into. They are cheap
and clean, but they are also intermittent. Therefore, in the coming decades, we need to
develop large scale electricity storage. Chemical batteries are the most versatile
technology we can deploy, but this comes at a time where batteries are needed in a large
array of applications, like electronics and electric automobiles. At the moment, lithium-
ion batteries, although not perfect, are best suited for large grid-scale batteries. Materials
used in lithium-ion batteries are common, but not abundant on Earth. To fulfil all future
demand for energy storage, we need different battery chemistries, preferably at lot of
them. This will decrease demand for lithium-ion batteries, decreasing their price. Also,
large scale deployment of grid-scale batteries raises safety and health concerns. Lithium-



ion batteries are amazing high energy density batteries, but our focus should now be on
durable and safe battery chemistries.

Chapter 2, 3 and 4 will zoom in on a very promising organic cathode material, perylene
diimide. Chapter 2 will elaborate on novel reaction conditions to synthesize perylene
diimides. The original conditions have been known for decades and are quite harsh. It
uses molten imidazole or refluxing DMF between 140-160 °C with a zinc catalyst. We
have found new and mild conditions to prepare perylene diimides. Under specific
circumstances, one can already prepare the compound at room temperature in DMSO and
water with DBU as a base. In a more general approach, the perylene diimide can be
prepare at 60 °C with DMF and DBU, or at 100 °C with DMSO and K,COs. The latter
only using renewable or abundant additives. Chapter 3 uses similar conditions mentioned
in chapter 2, to make perylene diamic acid salts. These salts are highly soluble in basic
solutions, which is highly unusual for perylene derivatives. Upon controlled acidification,
perylene diamic acid salts are protonated and hydrolysed, making them very hydrophobic.
They then stack in supramolecular polymers and form a hydrogel. Perylene diamic acid
salts might be interesting molecules to use in an aqueous redox flow battery. Chapter 4
will take a close look at modifications of perylene diimides. These modifications can alter
the HOMO and LUMO of the perylene molecule, which impact it potential versus metals
in a battery setup. This can be very useful, since it allows for cathode design with full
control over the potential.

Chapter 5 and 6 will take a look at a new material in battery research, alginate. Alginate
is well known in the food- and pharmaceutical industries. It is a polysaccharide, obtained
for algae, making it a renewable source. The saccharides in this polymer are equipped
with carboxylate side groups that make the polymer anionic. Divalent and trivalent
cations can bind with the carboxylates, crosslinking the polymers in the process. The
cations are bound to the polymer in varying strengths. Chapter 5 describes magnesium
alginate as a new electrolyte for aqueous magnesium batteries. Magnesium cations are
loosely bound to the alginate backbone, this enables magnesium conductivity in the
material. We also found that magnesium alginate stabilizes metallic magnesium against
reacting with water, a very relevant finding. Chapter 6 takes a look at iron(III) alginate
and manganese(II) alginate as electrodes in a battery. Alginate is used to trap the ions into
the material to prevent dissolution. Iron is a very abundant metal, while manganese is
quite abundant. They both have a low toxicity for the environment, if a spill were to occur.
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Room temperature synthesis of perylene diimides
facilitated by high amic acid solubility

Abstract

A novel protocol for the synthesis of perylene diimides (PDIs), by reacting perylene
dianhydride (PDA) with aliphatic amines is reported. Full conversions were obtained at
temperatures between 20 and 60°C, using DBU as the base in DMF or DMSO. A “green”
synthesis of PDIs, that runs at higher temperatures, was developed using K,COs3 in
DMSO. The reaction sequence for the imidization process, via perylene amic acid
intermediates (PAAs), has been confirmed experimentally aided by the synthesis and full
characterization of stable model amic acid salts and amic esters. Kinetic studies, using
absorption spectroscopy, have established that PDI formation proceeds via fast amic acid
formation, followed by a slow conversion to imides. Solubility of the intermediate PAA
salts is found to be low and rate-limiting. Based on this finding, quantitative PDI synthesis
at room temperature was achieved by diluting the reaction mixture with water, the solvent
in which PAA salts have better solubility. Thus, the otherwise harsh synthesis of PDIs
has been transformed into an extremely convenient functional group tolerant and highly
efficient reaction that runs at room temperature.

Based on: Kwakernaak M.C.; Koel, M.; van den Berg, P.J.L.; Kelder, E.M.; Jager, W.F.

Room temperature synthesis of perylene diimides facilitated by high amic acid solubility.
Org. Chem. Front. 2022, 9 (1090). https://doi.org/10.1039/D1Q0O01723C
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2.1 Introduction

Perylene-3,4,9,10-tetracarboxylic acid derivatives (PTCAs) form a class of organic dyes
and pigments, from which perylene- 3,4,9,10-tetracarboxylic diimides (PDIs) are the
most abundantly used representatives.! These compounds have very benign optical
properties, which has resulted in large scale application of PDIs as dyes and pigments.?
Moreover, PDIs are well-suited for utilization as functional materials, mostly in the
optoelectronic domain.> Current research efforts are focused on the use of PDIs as non-
fullerene acceptors in photovoltaics,®® light harvesting antenna molecules,’™!> electrode
materials in batteries,'®'® fluorescent probes'®?° and photocatalysts for the
dehalogenation of aromatic compounds.?!

Despite this long history and intense interest by scientists from a wide range of
disciplines, the synthesis of PDIs is generally performed under harsh conditions, with
limited functional group tolerance.?> PDIs are routinely synthesized by the “Langhals
method”, reacting perylene-3,4,9,10-tetracarcoxylic dianhydride (PDA) with primary
amines in molten imidazole at 140-180°C, using zinc acetate as a catalyst.?>?* This
method has been the gold standard for decades and has proven itself to be very reliable
and universally applicable. Nevertheless, a milder, greener and more user-friendly
synthesis would be desirable, in order to make more PDIs accessible to a larger scientific
audience.

The harsh conditions in the “Langhals method” appear to originate from either the low
reactivity of the amic acid intermediates, the low solubility of starting compounds and
intermediates, or both. The more soluble bay-halogenated PDAs generally undergo
imidization reactions at milder conditions, typically using organic acids as catalyst and
(co)solvent,? while the imidization of 4-substituted naphthyl anhydrides proceeds at even
milder conditions,?® typically in refluxing ethanol. These observations suggest that
solubility is the major driver for applying harsh reaction conditions in the current PDI
syntheses.

Greener methods for PDI synthesis have been reported recently, notably a solvent-less
method using a twin screw extruder?’” and a method in which water at high temperatures
and elevated pressure is used.?® Both methods work particularly well for aliphatic amines
and are definitely green(er). Still these reactions require high temperatures, which limits
functional group tolerance. Interestingly, when using water at milder temperatures,
around 60°C, PDIs are not formed in significant quantities. Instead, perylene-3,4-
dicarboxylic acid monoanhydride-9,10-dicarboxylic acid monoimide (PMAMIs) are the
major reaction products.?’ Most likely, anhydride ring opening by hydroxide ions,*’
resulting in the formation of adjacent dicarboxylates on the perylene scaffold is
responsible for the observed PMAMI formation.?®3=* It should be mentioned
nevertheless, that partial hydrolysis of PDA to perylene-3,4-dicarboxylic
monoanhydride-9,10-dicarboxyates, followed by a selective imidization at the anhydride
position is a highly beneficial reaction that has been exploited for efficient syntheses of
aliphatic PMAMIs and N-desymmetrized PDIs.>>37
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Scheme 1. Room temperature synthesis of PTEs (3) PDAAs (5), PDAEs (6) and PDIs
(7).

In contrast to imidization, esterification of PDA has been achieved at mild reaction
conditions,*®*? even at room temperature,*’ see Scheme 1. In the first step of this reaction
an alcohol opens the anhydride in the presence of the strong base DBU. The perylene-
3,9-dicarboxylic acid-4,10-dicarboxylic dialkyl esters 2 resulting from the first reaction
step are highly soluble and subsequently react with an alkyl halide in a slower rate-
determining step to produce perylene-3,4,9,10-tetracarboxylic tetra-alkyl esters (PTEs 3)
in almost quantitative yields. Interestingly, in a variation of this reaction, the synthesis of
an imide at room temperature, postulated to proceed via an amic acid, has been reported.
Although the reported synthetic procedure, exploiting a 3-day aminolysis reaction, may
not be the most practical one, this finding suggests that PDI synthesis at mild reaction
conditions is a realistic option.*’

Additional information suggesting that PDI synthesis at low temperatures is feasible,
comes from mechanistic studies on naphthalene-1,8-dicarboxylic amic acid (NMAA)*!
and naphthalene-1,3,4,8-tetracarboxylic diamic acid (NDAA).*>* NMAA has been
synthesized by a reaction of naphthalene-1,8- dicarboxylic anhydride (NMA) with butyl
amine at low temperatures.** At high pH values in water, NMAA forms the corresponding
imide, naphthalene-1,8-dicarboxylic imide (NMI), while at low pH values the anhydride
NMA is formed. These reactions are reversible and already proceeds at appreciable rates
at temperatures as low as 30°C. These studies suggest that formation of PDIs from PDA
via corresponding amic acids may take place at low temperatures and high pH values,
provided that a suitable polar solvent is identified. This may not be a trivial event in the
light of the low solubility of most PTCA derivatives. Also it should be mentioned that the
chemistry of PTCAs may differ from those of the corresponding naphthalene derivatives
in other aspects than solubility. For example perylene-3,4,9,10-tetracarboxilic acid
chloride has never been prepared** whereas the analogous naphthyl-1,8-di** and 1,3,4,8-
tetracid chlorides*® are readily available by conventional means.

In this work we report the synthesis of PDIs by reacting PDA with primary aliphatic
amines at low temperatures, in a manner analogous to the synthesis of PTEs depicted in
Scheme 1. Reaction conditions for the imidization of PDA under “standard” conditions,
with DBU as the base in the solvent DMF, were optimized. In addition an entirely green
synthesis of PDIs, using DMSO and K,COs, was developed. To identify the reactive
intermediates formed during the imidization reaction, stable model amic acids have been
synthesized by the reaction of PDA with secondary amines. The (photo) physical
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properties of these compounds were determined and their spectra were compared with
those of the reaction intermediates to support the proposed mechanism of imide
formation. A kinetic model of the imidization reactions has been constructed and tested
by monitoring imidization reactions in real time. Based on the mechanistic insights
obtained from these experiments the reaction conditions were optimized further to
achieve quantitative imide formation at room temperature.

2.2 Results and discussion

2.2.1 General reaction and proposed reaction mechanism

When secondary amines were reacted with PDA 1, using the synthetic protocol for the
synthesis of PTEs, perylene-3,4,9,10- tetracarboxylic-diamic esters PDAE 6 were formed
via perylene-3,4,9,10-tetracarboxylic-diamic acid PDAA 5, see Scheme 1. Both
compounds have been isolated and fully characterized, vide infra. When primary amines
were employed, using the same procedure, however, PDIs 7 were obtained in appreciable
yields. The fact that PDIs are formed is not surprising as such, since amic acids and amic
esters are known to react further to form imides. The observation that this reaction takes
place at room temperature already was surprising to us and clearly indicates that PDI
synthesis can be performed at very mild conditions.

Next, it is worthwhile to establish whether alkylation of amic acids, i.e. amic ester
formation, is a prerequisite for efficient imide formation. Reactions from amic esters to
imides have been reported in the context of polyimide formation. This work, however,
involved the synthesis of five-membered phthalimides and these imidization reaction
have been performed by “brute force”. To the best of our knowledge, neither the
temperature nor the solvent dependence of such reactions have been explored.*’ In
another work the alkylation of a perylene-3,4-monoamic acid has been reported. This
reaction resulted in a double alkylation at the carboxylate and the amide nitrogen,*® but
imide formation was not reported.

Whether the imide formation using our original procedure proceeds via the amic acid 5,
the amic ester 6, or possibly both has been investigated by reacting 1 with 2-ethyl-hexyl
amine 4b, in the presence and in the absence of butyl bromide. For both reactions PDI 7b
was isolated, in yields of 60% and 25%, respectively, see Table 2 entries 3 and 4. This
outcome demonstrated convincingly that addition of an alkylating reagent significantly
increased the yield of PDI 7b, and thereby proofs that imidization via PDAE 6 is the faster
route to form PDIs.*

Although significantly higher yields have been obtained by adding an alkylating reagent,
we decided to further develop mild imidization reactions without the use of alkylating
reagents. This choice has been made because alkylation requires an extra reaction step,
uses a highly reactive alkylating reagent and thereby severely limits functional group
tolerance. As for the reaction without an alkylating reagent, the imide formation itself
already has a conversion around 50%,>" and that is a good starting point for obtaining
satisfactory yields after optimizing the reaction conditions. It should be noted that the use
of alkylating reagents for highly unreactive systems, such as electron deficient or
sterically hindered amines, is still a viable option.

The detailed reaction schemes for the imidization reactions, starting from PDA 1 or model
compound perylene-3,4-dicarboxylic anhydride-9,10-dicarboxylic dibutyl ester PMADE
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11,°"°2 are depicted in Schemes 2 and 3. The imidization reaction of PMADE 11 is
included in this work, because this reaction proceeds via a single amic acid intermediate
compound 12, and yields reaction products, perylene-3,4-dicarboxylic monoimide-9,10-
dicarboxylic diesters (PMIDEs 13), that are soluble in common organic solvents. The
more complex imidization of PDA (1) proceeds through four intermediates; compound 8,
cis- and trans-5 and compound 9. In addition, the resulting PDIs 7 generally are not
soluble in organic solvents, which prevents easy identification of the reaction product(s).

2.2.2 Synthesis and characterization of model amic acids

In order to validate the reaction mechanism depicted in Schemes 2 and 3, the potassium
salts of the amic acids 12a, 5a and 9a were synthesized and characterized. These
compounds are model compounds for the intermediate amic acid salts in the imidization
reaction. Potassium salts were synthesized, because these compounds are easier to isolate
and characterize than the corresponding DBU salts. It has been reported that hydrolysis
of structurally similar amic acids yield anhydrides under acidic conditions.*'* Under
basic conditions amic acids derived from primary amines form imides, but this reaction
is blocked for amic acids derived from secondary amines. Therefore amic acids salts
K12a, K>5a and K9a are expected to be stable under basic conditions.

At room temperature the formation of the amic acid salt K12a from PMADE 11 proceeds
within 60 minutes, as the pale reaction mixture, in which PMADE 11 is sparsely soluble,
is converted to a bright orange solution. Isolation of compound K12a was achieved by
precipitation, using water-free conditions, see entry 1, Table 3. Formation of the perylene
monoamide triester 14a, a thermally and hydrolytically stable compound, was
accomplished by adding butylbromide to the reaction mixture. This reaction is highly
efficient and without any purification efforts compound 14a was isolated in 86% yield,
see entry 2 in Table 3. Compounds K12a and 14a were characterized by NMR, absorption
and emission spectroscopy and mass spectrometry. These techniques provided solid proof
of the molecular structure of these compounds, see SI. With the successful synthesis and
characterization of compounds K12a and 14a it has been proven that the amic acid 12 in
an intermediate in the imidization of PMADE 11, which strongly supports the validity of
Scheme 3. Also, the synthesis and spectral characterization of K12a facilitates the
identification of other perylene monoamic acid diesters salts of 12.

R3-Br

Ry Risy RQO Risy-R2 2n orRe Risy-Reo-Rs
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20600
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Scheme 2. Imidization reaction starting from PDA (1) including all anticipated
intermediates.
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Scheme 3. Imidization reaction starting from PMADE (11) including all anticipated
intermediates.

When PDA 1 is reacted with dimethylamine 4a soluble amic acids are formed even faster.
The initial reaction mixture, a red suspension, is transformed to a deep orange viscous
liquid within 20 minutes. Amic acid salt K>5a was isolated by precipitation in dry
acetone, see entry 1, Table 2. The dibasic salt K25a is soluble in polar solvents, including
water, and exhibits an absorption spectrum that is very similar to that of PTE 3 and
perylene-3,4,9,10-tetracarboxylate.>® When butylbromide was added after formation of
PDAA 5a, PDAE 6a was obtained in 76% yield, virtually free of contaminants, see Table
2, entry 2 and Fig. S1 and S2 in the SI. The cis and trans regioisomers of compound 6a
were not distinguishable in the 'H NMR spectrum. Broadening of the resonances of the
aromatic protons is the sole indication of the presence of two isomers, a result that is in
line with the '"H NMR spectrum reported for a similar amic acid,>>> see Fig. S1. The 1*C
NMR spectrum, however, clearly revealed the formation of two isomers by the presence
of two amide and two carboxylate carbons. Also the number of aromatic carbons atoms
in the 3C NMR spectrum exceeds the 10 expected for either the cis or the trans isomer,
see Fig. S2. The successful isolation of compounds K25a and 6a confirms that diamic
acid salt of 5 is an intermediate in the imidization of PDA and supports the reaction
mechanism in Scheme 2.

Bu—Br

DMF, 16 h
20°C

Scheme 4. Synthesis of model compounds K9a and 10a.

Model compounds K9a and 10a were synthesized according to Scheme 4. This synthesis
starts with the imidization of compound 11 using our mild imidization protocol and
produced 13c in almost quantitative yield. Cleavage of the ester functionalities in
concentrated sulfuric acid gave compound 15 in high yield.>*>* Ring opening, using
dimethylamine 4a, yielded model compound K9a, that was isolated via an anhydrous
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precipitation. The hydrolytically stable and highly soluble compound 10a was obtained
from K9a in situ, by addition of bromobutane. The identity of compounds 10a and K9a
was unambiguously proven by NMR spectroscopy and mass spectrometry, see SI.

To provide proof of the intermittency of compound 9 in the imidization reaction we have
reacted compound 15 with butylamine under standard conditions (DBU, DMF) to form
compound 9¢ in situ, see Scheme S1. The conversion of this compound to PDI 7¢ was
followed by absorption spectroscopy, vide infra, and this experiment has confirmed the
intermediary of compound 9¢ in Scheme 2.
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Figure 1. a) Normalized UV-Vis absorption and b) Normalized fluorescence emission

spectra of Compounds 3, K25a, 6a, K9a, 10a, K12a and 14a in Ethanol.

The absorption and emission spectra of the amic acid salts Ki:5a, K9a, K12a were
recorded in water, DMF and ethanol, see Fig. S14 and S16, while the spectra of the
corresponding apolar model compounds 6a, 10a and 14a were recorded in ethanol and
chloroform, see Fig. S15. The spectra of all compounds in the common solvent EtOH are
presented in Fig. 1, while photo physical data are presented in Table S2. The absorption
spectra of compounds 3, 13¢ and 7¢ in chloroform are depicted in Fig. S3. The spectra in
this Figure serve as a point of reference, for the spectra expected for molecularly dissolved
perylene diamic acids, perylene monoamic acid monoimides and perylene diimides,
respectively.

The absorption spectra in ethanol of diamic acid salt K25a, diamic ester 6a and the diester
monoamic ester 14a resemble that of tetraester 3, with a clear vibronic structure and
absorption maxima around 470 and 440 nm. Substitution of a butyl ester by a dimethyl
amide (3 to 14a, 6a) resulted in ~2 nm blue shifts per substitution, whereas substitution
of an amic ester by an amic acid salt (6a, 14a to 12a, 5a) resulted in ~3 nm red shifts per
substitution. The absorption of the monoamic ester diester 10a is 32 nm red shifted as
compared to tetraester 3, see also Fig. S3. The absorption spectra of the amic acid salts
K12a and K9a are red shifted and show a diminished vibrational structure, as compared
to their amic ester analogues. Amic acids, obtained after protonation of their potassium
salts, exhibit blue shifted absorption spectra, but are too unstable for full characterization,
see Fig. 8, S12 and S13.
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Table 1. Spectral data of amic acid salts K25a and K9a in different solvents

Compound Solvent Aabs Aem ®r
K>25a DMF 475, 443 487 0.16
K>25a EtOH 466, 438 4717.5, 509 0.93
K>5a H,0* 463, 435 475, 505 1.0
K9a DMF 521 581 0.14
K9a EtOH 513 584 0.65
K9a H,0* 505 591 0.19

20.01 M K,CO;

Since the amic acid salts of 5 and 9 are intermediates in the PDI synthesis, it is worthwhile
to investigate the (photo) physical data of compounds K25a and K9a in different solvents,
see Table 1. Surprisingly, these amic acid salts have poor solubility in DMF, the solvent
used for the imide formation, while solubility in water is much higher. Fluorescence
quantum yields of compound Kaz5a are very high in water and ethanol, which indicates
that this dianionic compound is molecularly dissolved. In DMF, however, the
fluorescence quantum yield is a meagre 0.16. For compound K9a the structure-less
absorption and emission spectra, as compared to those of compound 10a and 13¢, may be
indicative for aggregate formation. Fluorescence quantum yields are high in ethanol, but
in DMF and water quantum yields of 0.14 and 0.19 reflect substantial quenching.
Solutions of K9a in water form a strong foam layer after shaking, which indicates that
this compound acts as a surfactant and presumably forms micelles. The corresponding
DBU salts of 5a and 9a have not been isolated, but spectra from diluted reaction mixtures
containing these DBU salts have been recorded. Absorption and emission spectra as well
as fluorescence quantum yields taken from these reaction mixtures closely resemble those
of the corresponding potassium salts.

To determine the relative rates of the reaction steps in the imidization process, we have
reacted PDA 1 with butyl amine 4¢ at room temperature and monitored the reaction by
sampling the reaction mixture at regular intervals. Subsequently, these samples were
diluted and analyzed by absorption spectroscopy. Highly fluorescent yellow solutions
were obtained after 20 minutes of reaction, both in water and chloroform, as seen in Fig.
S4. This result indicates that all PDA had reacted, and that all reaction products are
soluble, both in water and chloroform. The absorption and emission spectra of the reaction
product closely resembled those of diamic acid salt K:5a, indicating that the reaction
product is the DBU salt of 5¢. Amic acid formation using K,COj3; in DMSO, proceeded at
a similar rate.

Upon heating the reaction to 60°C, the amount of diamic acid salt 5S¢ slowly decreased. It
is anticipated that the DBU salt of 9¢ is formed. However, this compound has not been
identified in the absorption spectra. Poor solubility of compound 9¢ in chloroform, the
solvent used for dilution, along with the presence of considerable quantities of
compounds S¢ and 7¢, may be the reason for this. The formation of PDI 7¢, however, is
clearly visible when the imidization reaction is performed, see Fig. S4.%¢

In summary, these preliminary studies of the reaction of PDA 1 with butylamine 4c,

revealed a fast formation of diamic acid 5c¢ in 15-20 minutes at room temperature. At
prolonged reaction times and elevated temperatures, typically a few hours at 60°C, the
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concentration of diamic acid 5 decreased and monoamic acid monoimide 9¢ was formed
(but not detected). Subsequently the formation of PDI 7c¢ has been observed. It was
concluded that the fast ring opening reactions, forming amic acid Se, and the subsequent
slow imidization processes, forming intermediate 9¢ and eventually the PDI 7¢, are
decoupled processes that take place at markedly different time scales.

2.2.3. Reaction optimization by variation of reaction conditions

After validation of Scheme 3 and the establishment of the relative rates of the reaction
steps, the imidization reaction was optimized by changing the reaction parameters. The
reaction of PDA 1 with 2-ethyl-hexyl amine 4b was chosen for this purpose, because the
product of this reaction, PDI 7b, is highly soluble in chloroform and conveniently
characterized by NMR spectroscopy. Isolation of the reaction product was extremely
convenient; pouring the reaction mixture in water, filtering the precipitate and washing
the product with dilute base to remove water-soluble amic acids, yielded pure PDI.%’

Using the standard conditions (4 molar equivalents of amine and DBU and DMF as the
solvent), increasing the reaction yields was achieved by increasing the temperature to
60°C or the reaction time to 7 days, see entries 5 and S1 in Tables 2 and S1. From a
practical point of view the elevated temperature is preferred. In the original work by
Langhals,10 Zinc Acetate Zn(OAc), was used to catalyze the reaction. In our experiments
Zn(OAc); leads to higher yields at room temperature, but addition of this compound no
longer has a pronounced effect at elevated temperatures, see entries 2 and 3 in Table S1.
Therefore, and also because we want to keep the reactions clean and simple, we refrain
from the addition of Zn (OAc),. In summary, the optimized imidization proceeds at 60°C,
achieves quantitative yields and takes approximately 24 hours.

Our next objective is to convert the mild, convenient and efficient imidization reaction
into a green(er) and more sustainable process.® This has been accomplished by
substitution of the solvent DMF and the base DBU by greener alternatives. Substitution
of toxic DMF by DMSO, a non-toxic solvent with similar physical properties, did not
affect the reaction yields (entry 6, Table 2). With regard to the substitution of DBU by
organic bases, it was observed that DBU is distinctly the best base for this reaction, as
was the case for the PTE formation as well.>® Reaction with TEA or DIPEA, resulted in
significantly lower yields, typically around 20-25% after 24 hours at 60°C, entry S4,
Table S1. Since most organic bases have toxicity issues similar to those of DBU,
substitution of DBU by organic bases was not explored further. Finally, the use of the
non-toxic inorganic base K,COs in combination with DMSO, was investigated. At 60°C,
significantly lower yield were observed than with DBU as a base, see entry S5, Table S1.
By raising the reaction temperature to 100°C, however, the decreased reaction rate was
fully compensated for and the reaction gave quantitative yields, see entry 7 in Table 2.
This result demonstrates that an entirely green and sustainable process for the imidization
of PDA has been developed. Apart from starting material PDA 1, the amine 4b and the
reaction product PDI 7b, all inherent to this reaction, the solvent and other reactant are
non-toxic and environmentally benign.
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Table 2. Formation of PDIs 7 from the reaction of PDA 1 with different amines, using
various reaction conditions.

Entry PDA Reagents Base Solvent Conditions Yield, in %
1 PDA (1) 4a K,CO; DMSO 24h K;5a
0.5 mmol 2 mmol 2 mmol 4 mL RT 66%
2 PDA (1) 4a DBU DMF 24h 6a
0.5 mmol 2 mmol 2 mmol 4 mL RT 76%
BuBr 2 mmol
3 PDA (1) 4b 2 mmol DBU DMF 24h 7b
0.5 mmol 2 mmol 4 mL RT 25%
4 PDA (1) 4b DBU DMF 24h 7b
0.5 mmol 2 mmol 2 mmol 4 mL RT 60%
BuBr 4 mmol
5 PDA (1) 4b, 4¢, 4d°. 4f 2 DBU DMF 24h 7b, 7¢, 7d, 7f
0.5 mmol mmol 2 mmol 4 mL 60°C >97%
6 PDA (1) 4b, 4¢ DBU DMSO 24h 7b, 7¢
0.5 mmol | 2 mmol 2 mmol 4 mL 60°C >97%
7 PDA (1) 4b, 4c¢, 4d°, 4e°, K,CO; DMSO 24h 7b, 7¢, 7d, Te, 7f
0.5 mmol | 4f 2 mmol 4 mL 100°C >97%
2 mmol
8 PDA (1) 4b, 4¢ K,CO; DMSO 24h 7b, 93%
0.5 mmol 1.1 mmol 2 mmol 4 mL 100°C 7¢,>97%
9 PDA (1) 4e DBU DMF 8h Te
0.5 mmol 2 mmol 2 mmol 4 mL RT >97%
10 PDA (1) 4b°, 4c, 4d, 4f DBU DMSO 24h 7b, 7¢, 7d
0.5 mmol 2 mmol 2 mmol 4 mL RT >97%
H,0¢ 7f
4 mL 90%

2 First hour kept at RT. ® At 80°C. ¢2 mL of water added. ¢ Water added to the reaction
after half an hour.

Next, imidization reactions of PDA 1 were undertaken using the amines 4c—4f. The PDIs
obtained by these reactions bear small alkyl chains (7¢—7d), or hydroxyalkyl chains (7e—
7f) and only the PDIs 7¢ and 7f are sparsely soluble in chloroform.®® With butylamine 4c,
the room temperature reaction was incomplete, but the yield of 7c¢, (48%) was
considerably higher than that of 7b (25%). By increasing the reaction temperature to
60°C, the reaction yielded 7¢ in quantitative yield, both in DMF and DMSO. Using the
green conditions, DMSO as a solvent and K>COs as a base, quantitative yields were
obtained at 100°C, see entries 5-7 and S6 in Tables 2 and S1. In order to make the
DMSO/K,COj reaction entirely green, the excess of amine was limited to 10%. After
facilitating the amic acid formation, by stirring one hour at room temperature, the reaction
mixture was heated to 100°C and PDI 7¢ was isolated in quantitative yield, see entry 8
Table 2. With this modification only minute amounts of unreacted amine are present in
the final reaction mixture. This procedure of forming the amic acid at room temperature
prior to imidization at higher temperatures, may also be extremely suited for working
with volatile or expensive amines.

In the synthesis of 7d, methylamine 4d dissolved in methanol was used as a reactant. The
room temperature reaction yielded 7d in 89% yield. When the reaction was stirred at room
temperature for 1 hour, to ensure amic acid formation and prevent evaporation of the
amine, quantitative yields were obtained for the DBU reactions at 60°C as well as the
K,CO; reaction at 100°C, see entries 5,7 and S7 in Tables 2 and S1.19 For the reaction
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Table 3. Reaction of amines 4a-4f PMADE 11.

Entry Perylene Reagents Base Solvent Reaction Product and
anhydride conditions yield, in %
1 PMADE (11) 4a K,CO; DMSO 24h K12a
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 61%
2 PMADE (11) 4a DBU DMF 24h 14a
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 86%
BuBr0.76
mmol
3 PMADE (11) 4b DBU DMF 24h 13b
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 55%
4 PMADE (11) 4c DBU DMF 24h 13¢
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 65%
5 PMADE (11) 4d DBU DMF 24h 13d
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 75%
6 PMADE (11) 4e DBU DMF 24h 13e
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 80%
7 PMADE (11) 4f DBU DMF 24h 13f
0.19 mmol 0.38 mmol 0.38 mmol | 2 ml RT 75%

with 6-amino-1-hexanol

4f, the yield of the DMF/DBU reaction was 66% at room

temperature. Quantitative yields are obtained by raising the temperature to 60°C, while
the K»,COjs reaction gave quantitative yields at 100°C, see entries 5, 7 and S8 in Tables 2

and S1.

The imidization reaction with ethanolamine 4e proceeded much faster and quantitative
conversion at room temperature was achieved after 8 hours already. When this reaction
was sampled and diluted in water, the resulting absorption spectra clearly showed that
amic acid formation and imidization both take place at room temperature and that amic
acid formation and imidization are no longer decoupled. The initial rise in the
concentration of amic acid 5e is reversed within 20 minutes and a broad structure-less
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Figure 2. UV-Vis spectra of the reaction of PDA (1) with ethanolamine (4e) in DMF
using DBU as the base. Spectra were taken from samples of the reaction mixture diluted
in water. The baseline is lifted due to the presence of insoluble PDA 1 and/or PDI 7e.
Absorptions do not accurately scale with concentrations in the reaction mixture due to
sampling from a heterogeneous reaction mixture.
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red-shifted absorption emerges, which closely resembles that of compound 9a, see Fig. 2
an S16. Also, a purple precipitate originating from PDI 7e is formed upon diluting the
reaction mixture in water early in the reaction. For the same reaction in DMSO, using
K>CO;j as the base, amic acid formation took place within 20 minutes, but imidization
was not observed at room temperature, see Fig. S6. For this reaction quantitative yields
were obtained at 80°C, see entries 7 and 9, Table 2.

The mild imidization reaction with model compound PMADE 11 and the aliphatic amines
4b—4f was also examined. Reactions were performed at room temperature and yields,
after purification by column chromatography are displayed in Table 3. Purity and identity
of compounds 13b—f were conveniently proven by NMR spectroscopy. From the reported
yields in Table 3 it is concluded that in all cases the reaction yields are well over 50% at
room temperature, and that ethanolamine 4e is the most reactive amine. These room
temperature yields correlate well with those obtained for the bisimides and may be
indicative for the reactivity of the amines in the imidization of perylene anhydrides. By
increasing the reaction temperatures to 40°C, quantitative yields can be obtained
overnight, as demonstrated with the synthesis of compound 13¢, vide supra.

In summary, the reactions of PDA 1 with all aliphatic amines are very convenient and
quantitative yields are obtained with DBU in DMF or DMSO at 60°C and with K>COs in
DMSO at 100°C. Quantitative PDI formation resulted in a convenient workup in which
the filtrate is transparent, virtually colorless and free from PTCA derivatives. These
results indicate that these reaction conditions are universally applicable for aliphatic
amines. For all reactions the ring opening by the amines is fast while the imidization from
the amic acid intermediates is rate-determining. Therefore, differences in amine reactivity
must be due to differences in rates of imidization of the respective amic acids.

2.2.4. Reaction kinetics; modelling and measuring

Based on the reaction sequence for the imidization of PDA in Scheme 2, a kinetic model
has been constructed. With this kinetic model the reaction mechanism can be validated
and the rate constants for the different reaction steps determined. Furthermore, this model
may also help to understand why our novel synthetic approach produces PDIs at room
temperature already. In addition, factors that limit the rate of the imidization step, can be
identified and potentially resolved to make the process even faster at mild and green
conditions.

The imidization of PDA consists of 4 reaction steps, two consecutive second-order amic
acid forming ring opening reactions, followed by two intramolecular consecutive first-
order imidization reactions, see eqn (1). These consecutive reaction steps are identical by
mechanism and their rate constants should have near-identical values, i.e. k; = k'; and k>
=~ k',. It should also be noted that the stable amic acids salts K25a and K9a, have been
synthesized and characterized, which facilitated easy identification of analogous amic
acid intermediates.

k k k k;
1—8— "+ 55—=2 559 =27 eq 1
Bimolecular ring opening reactions to form amic acids are fast, vide supra, and we have

observed that these ring opening reactions are generally decoupled from the slower
unimolecular imidization reactions. Therefore, both reactions, the amic acid formation
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from vide supra to vide supra and the imidization from vide supra to vide supra, will be
described separately.

The first part of the reaction, from PDA to diamic acid 5, is treated in detail in the SI. In
deriving the kinetic equations, we assume that compound 1 is insoluble, whereas
compound 8 will be somewhat soluble. Therefore, the conversion from PDA 1 to
compound 8 is the rate-limiting step in this sequence. Accumulation of compound 8,
whose spectroscopic signature in molecular solutions is expected to be close to that of
compound 9, apart from a ~4 nm blue shift,?’ is not anticipated. The rate of consumption
of compound 1 and the rate of formation of compound 5 according to eqn (S3) and (S8),
are identical and depicted in Fig. S7. Experimental data, shown in Fig. S3 and S6, do not
resemble those in Fig. S7, most likely because the data used for constructing Fig. S3 and
S6, were obtained from sampling inhomogeneous reaction mixtures.

Compounds 5 and 9, participating in the second part of the reaction, are partly soluble in
the reaction medium, as indicated by the deep red color that is developed throughout the
reaction. Eqn (2)—(4) describe the rates of the individual reaction steps.

d[5] _

e —2k,[5] eq2
d[?] 2k,[5]-k,[9] eq3
d[7]

el =k,[9] eq 4

Solutions for eqn (2)—(4) are given by eqn (5)—(7).°!

[5]=[5], exp ™ s

912 e enp ) a6

[7]1=[5], 41+ 1 , |:k2 exp 2 — 2k, exp—kg‘t:| eq7
k, - 2k,

The kinetic model for the imidization of PMADE 11 or PMAMI 15, in which the same
reaction rate constants k; and k, are employed, is described in the SI (eqn (S9)—(S15)).

A graphical representation of the composition of the reaction mixture, according to eqn
(5)—(7), is given in Fig. 3. The decay of the diamic acid 5 follows first order kinetics, the
amic acid monoimide 9 is an intermediate whose concentration builds up to nearly 50%
and subsequently declines, while the formation of PDI 7 distinctly lags behind the
disappearance of compound 5. Experimental data, to support our kinetic model have not
been obtained so far. Qualitatively the consumption of compound Se¢ and formation of
compound 7c¢ have been demonstrated but detection, let alone quantification of the
amount of compound 9¢ has not been achieved.
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Figure 3. Consumption of diamic acid 5 , formation and disappearance of reaction
intermediate 9 and formation of PDI 7 according to equations 5-7.

It should be noted that the amic acid salts of compounds 5 and especially 9 have limited
solubility in DMF and DMSO and form aggregates and precipitates at the high
concentrations used for the standard reactions. Thus solubility and possibly the type of
aggregation of the amic acid salts of 5 and 9,°% will govern the rate of the imidization
reaction. The solubility and aggregation behavior of these salts depends on the reaction
temperature, the solvent, the substituent R, and the counter ions. Therefore, we anticipate
that these are the major factors that determine rates of imide formation.

Absorption

5(‘]0
Wavelength (nm)

Figure 4. Absorption spectra as a function of time of the reaction of the DBU salt of
diamic acid 5¢ in DMF at room temperature (20°C) at concentrations around 107 M.

To test the hypothesis that solubility of amic acid salts limits the rate of imidization
reaction, we decided to perform the second stage of this reaction in a highly diluted
medium. The imidization reaction with butylamine 4¢ at room temperature was conducted
under standard conditions (DMF, DBU) for 30 minutes, until the formation of the diamic
acid 5¢ was completed. At this stage the reaction mixture was a thick orange slurry, a
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clear indication that the amic acid salts derived from compound 5c¢ did not fully dissolve.
By strongly diluting the reaction mixture with DMF, reaching concentrations in the 1073
molar range,® the remainder of the reaction at room temperature was followed in situ by
absorption spectroscopy, see Fig. 4.9 While the normal reaction reaches 48% conversion
in 24 hours, the diluted reaction reaches this conversion in approximately 6 hours and
achieves a near-quantitative conversion in 24 hours. The diamic acid salt of 5S¢, absorbing
at 438 and 466 nm, is consumed swiftly, and a broad absorption (extending up to 600
nm), which closely resembles the absorption of model compound K9a, emerges. In time
this broad absorption, which originates from the salt of compound 9e, builds up and
disappears, while eventually PDI 7¢, with distinct absorptions at 488 and 524 nm, is
formed. At the end of the reaction a clear, brightly fluorescent solution that contains PDI
7c is obtained. The good solubility of PDI 7¢ in DMF is really surprising, although it is
obvious that these solutions are oversaturated.®’
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Figure 5. Composition of the reaction mixture obtained from the data displayed in
Figure 4. Solid lines represent the fitting curves obtained using equations 5-7. The
solid squires, balls and triangles are concentrations of compounds 5S¢, 9c and 7c,
respectively obtained by analyzing the absorption spectra.

In Fig. 5, the composition of the reaction mixture as a function of time is displayed. For
determining the composition of the reaction mixture, it was assumed that the spectrum
taken at t = 0 is that of the DBU salt of 5S¢ and that the spectrum taken after 24 hours is
from 7¢. Relative concentrations of Sc¢ and 7¢ were determined by manual fitting of the
absorption spectra. The remaining absorption spectrum, obtained by subtracting the
contributions from compounds 5c¢ and 7¢, is assigned to reaction intermediate 9c. The
fitting was done such that the absorption spectra of compound 9c¢ were consistent
throughout the series, and closely resembled the spectra that we have previously obtained
from compound K9a, see Fig. S14. Using this procedure, determining the concentration
of PDI 7c¢ is fairly consistent and reliable. However, for determining [5¢] and [9c]
independently this procedure is not suited.®®
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Figure 6. Absorption spectra as a function of time of the reaction of the DBU salt of
amic acid monoimide 9c in DMF at concentrations around 5*10°° M. The starting
compound 9c already contains traces of the product 7c. The sharp isosbestic points
clearly indicate the presence of only two compounds; 9c and 7c.

The experimental data in Fig. 5 resemble those predicted by our model depicted in Fig.
3, qualitatively; the monotonic decrease of compound 5c, the delayed formation of
compound 7¢ and the intermediate formation of compound 9c¢ are clearly visible. The
curve fitting of the data in Fig. 5 was accomplished by using values for the rate constants
ky and k’> of 3 x 1075 s'and 8 x 1073 s7!, respectively. The blue curve for the formation
of PDI 7 was constructed by taking identical values for ks and k’> of 5 x 107° s7!. We
anticipate that these seemingly different values for the rate constants k, and k', are
artefacts that emerged because the concentrations of diamic acid 5S¢ and the monoamic
acid 9¢ could not be determined independently.
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Figure 7. Composition of the reaction mixture obtained from the data displayed in
Figure 6. Solid lines represent the theoretical fitting curves obtained using a first-order
decay obtained using equations S11 and S12.
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Figure 8. Absorption spectra of compound K25a (black) in DMF and 5a (red), formed
after acidification with 1 drop IN HCI. In the time-dependent absorption spectra the
reaction from 5a (Amax= 466 and 438 nm) via compound 8a to compound 1 (Amax= 517.5
and 482 nm) is visible. Please note that the first spectrum after acidification already
contains traces of compound 8a.

To find out if this assumption is correct, the rate constant k'» was determined
independently by monitoring the reaction from compound 9¢ to 7c. To this end,
monoanhydride 15 was reacted with butylamine 4¢ under standard conditions for 30
minutes to form compound 9¢ quantitatively, see Scheme S1. After dilution with DMF,
the conversion from intermediate 9¢ to PDI 7¢ by a first order process was monitored, see
Fig. 6 and 7. In Fig. 6 three isosbestic points at 499, 512 and 535 nm are observed, which
proofs that 9¢ is converted to 7¢ directly. The rate constant k', was determined to be 5 x
107 s7!, as demonstrated in Fig. 7. In addition this reaction rate constant was also
determined from the reaction of monoamic acid diester 12¢ to PMIDE 13c, see Fig. S9
and S10. The imidization rate constant for this reaction had the same value, 5 x 107 s,
Combining these results it is obvious that the rate constants ko/k’, for the transformation
of an amic acid to an imide on the perylene scaffold has a value of 5 x 107 s7! and is not
significantly affected by the substituent(s) at the opposing peri-position(s). It is also
concluded that kinetic measurements, starting from compound Sc are not appropriate for
determining k, and k', independently. With the assumption that k, = k',, however, the
reaction rate constant can be determined from such kinetic measurements. To investigate
the stability of amic acids under acidic conditions, dilute solutions of the model amic acid
salts K>5a, K9a and K12a in DMF were acidified with HCI. In line with the reported
behavior of naphthyl-1,8-dicarboxylic amic acids, perylene amic acids were highly
unstable.® Protonation was visible by a distinct 9 nm blue shift in the absorption spectrum
and formation of Sa was immediately followed by the appearance of an absorption around
505 nm, see Fig. 8. After 30 minutes the spectrum of PDA 1, the end product of the acid
decomposition process, became visible and the reaction was finished within 5 hours.
From this experiment, the spectrum of the so far undetected monoamic acid
monoanhydride 8a was obtained, by subtracting the spectra of compounds Sa and 1 from
those of the reaction mixture, in a procedure similar to the one used to analyze the
imidization of compound Sc, see Fig. S11. It appears that compound 8a is molecularly
dissolved, as its absorption spectrum exhibits weak vibrational structure and is neither
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broadened nor rted shifted.”” Similar experiments, monitoring the acid catalyzed
anhydride formation from amid acids 9a and 12a are depicted in Fig. S12 and S13. For
these reactions clear and unambiguous isosbestic points were observed, due to the absence
of reaction intermediates. PDA, PMAMI and PMADE, formed by amic acid hydrolysis,
were molecularly dissolved in DMF and formed highly fluorescent oversaturated
solutions. Rate constants for these reactions were not determined, because pH values, on
which these reaction rates depend, have not been determined.

Finally it should be noted that fast anhydride formation from amic acids, implies that
workup of reaction products in the PDI synthesis must be performed under basic
conditions, until all amic acids are removed. Otherwise anhydrides are formed that cannot
be removed.

2.2.5. Room temperature imidization

The dilution experiments depicted in Fig. 4—7 have demonstrated that imidizations of
PDA proceed at room temperature and have low activation barriers for imide formation.
The overall reaction rate under standard conditions is limited by the solubility of the
intermediate amic acid salts of 5 and 9. At high dilution’! the imide formation for the
DBU reaction in DMF is strongly accelerated, with a rate constants k» around 5 x 107
sl. This allows the reaction to proceed to a >97% conversion in 24 hours at room
temperature. It appears, from visual inspection of the reaction mixtures, that the DBU
salts of the amic acids 5 and 9 have better solubility, as compared to the potassium salts,
and this increased solubility may be the cause of the apparent DBU catalysis of the
imidization reaction.

Our findings, that the rate of imidization is limited by the solubility of the amic acid salts
5 and 9, and that dilution has a highly beneficial effect on the overall reaction rate, can be
readily exploited for improving the synthesis of PDIs. Taking into account that amic acids
5 and 9 have higher solubility in water (as compared to DMF and DMSO) and that for
imidization of NMA and NDA water is an excellent solvent, dilution with water appears
to be a viable option to increase the imidization rate even further.

When the synthesis of PDI 7¢ was started employing the normal reaction protocol (DBU
in DMSO) quantitative formation of PDAA 5S¢ was achieved within an hour at room
temperature. Subsequently, one equivalent of water (4 ml) was added, resulting in
instantaneous dissolution of the DBU salt of S¢ to form a deep red solution.” After 24
hours of reaction at room temperature, PDI 7¢ was obtained in quantitative yield, entry
10 Table 1. It should be noted that this reaction has a 50% yield without water addition.
Water is the ideal solvent to add, because in our synthetic protocol water should be added
anyway for separating the solid product from the reaction mixture. For amines 4b, 4d and
4f, the same procedure, adding water after amic acid formation was examined. For the
formation of 7d, imide formation was quantitative as well, while for the formation of 7f,
the yield was high, 90%, but not quantitative. For the formation of 7b, we only added 2
mL of water because the long hydrophobic 2-ethyl-hexyl tails limit water solubility. The
yield for this reaction was quantitative.”

These results imply that aliphatic PDIs can be synthesized in quantitative yields at room

temperature, without (7e) or with the addition of water (7b—7d). When stable aliphatic
amines, such as 4b—4f are used, synthesis at 60—100°C is a reliable and practical option.
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As it has been reported that PDI synthesis with amino acids under Langhals conditions
does not affect the stereochemistry of the appended amino acid,’*” the 60—100°C “high
temperature” synthesis is appropriate for these compounds as well. However, when
temperature sensitive amines are used, imidization at room temperature will be the
preferred route.

2.3 Discussion

In this work, we have demonstrated that imidization of PDA, contrary to previous
experience, is a process that is conveniently and efficiently performed at moderate
temperatures, if need be at room temperature. The first step of the process, formation of
diamic acid, is facile and fast in DMF or DMSO with all bases that we have explored.
Conditions for PDAA synthesis found in the literature are generally harsh,’® but
structurally similar amic acids, such as 1,8-naphthyl-dicarboxylic amic acids and 1,3,4,8-
naphthyl-tetracarboxylic diamic acids, have been synthesized under much milder
conditions.** Also the formation of compound 2, the ester analogue of perylene diamic
acid 5, is a process that runs at extremely mild conditions. Therefore the observation that
amic acid formation is the easy step in the imide synthesis is not very surprising and in
line with our expectations.

Imide formation from amic acids, on the other hand, is anticipated to be much more
difficult to achieve. It is reasonable to assume that limited solubility of PTCA derivatives
is a major factor necessitating the high temperatures in the conventional PDI syntheses,
since imidization from more soluble analogous (di)anhydride substrates is reported at
lower temperatures.?>?® The activation barrier for the imidization step has been largely
unexplored, since all PDI forming reactions have been performed far above room
temperature. In contrast to the data obtained from synthetic sources, mechanistic research
on the reactivity of 1,8-naphthyl-dicarboxylic amic acids in water indicates that the
activation barriers for analogous imidization reactions are low. The conversion from
napththyl amic acids to naphthyl imides is a process that takes place reversibly at
temperatures as low as 30°C. These data suggest that in water, a solvent in which PTCA
derivatives tend to be poorly soluble, imidization is a process with a low activation
barrier. So if polar solvents in which perylene amic acids are soluble can be found,
imidization reactions of PDA may proceed at low temperatures.

Our experiments, in which diamic acid salts of § were fully dissolved in DMF at high
dilution, gave full conversion to PDI 7 at room temperature. This proofs that amic acid
salt solubility is the major rate limiting factor for the imidization of PDA. Absorption
spectra taken at high dilution have clearly demonstrated that all reaction products and
intermediates are visible. The diamic acid salts of 5 and even PDI 7 are molecularly
dissolved, but monoimide amic acid salts of 9 still forms aggregates at these high
dilutions. This finding suggests that the solubility of compound 9 is the major factor
limiting the imidization rate. Since we have observed that the solubility of compound 5
is also limited under the standard reaction conditions, the solubility of this compound may
be rate limiting as well. For amic acid salts of 5 and 9 it has been observed that potassium
salts are less soluble than DBU salts and this solubility difference correlates with a lower
reactivity of the reactions when K>COj is used. Another case where high solubility and
high reactivity are correlated is the unusual fast reaction of ethanolamine 4e with PDA
under standard conditions. The more intense red color of the reaction mixture observed
in this synthesis obviously reflects a higher solubility of the intermediate amic acid salts.
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Once more, the rate for this reaction is higher when DBU is used as the base. Based on
these observations, we conclude that the rate enhancing effect of DBU primarily
originates from the higher solubility of the DBU amic acid salts in the reaction medium.

For optimal results, in terms of materials used and rate of the reaction, the bimolecular
amic acid formation from PDA is best performed at high concentrations, using only a
small excess of amine in as little solvent as possible. For this reaction DMF and DMSO
are the only useful solvents identified so far. The second step, the unimolecular imide
formation, is limited by the solubility of the amic acid salts and therefore dilution with an
appropriate polar solvent is required to speed up this part of the reaction. Enhancing the
yield has been proven by strongly diluting the reaction mixture with DMSO or DMF. By
adding just one equivalent amount of water the same result, i.e. quantitative PDI
formation at room temperature, was obtained as well. The use of water in this respect is
extremely beneficial, as water is green, cheap and is already used for precipitating the
reaction product PDI 7 out of the solution. Further reaction optimization along these lines
will be the subject of coming research in our group.

Looking ahead further, attractive opportunities emerge in broadening the scope of the
mild imidization reactions. For example in terms of the amines and anhydrides used as
starting compounds. It is known from literature that aromatic amines are less nucleophilic
and generally have lower yields in imidization reactions.?***2728 Preliminary results of
reactions on PMADE 11 have shown that at elevated temperatures aromatic imides can
be formed.”” Reactions of NDI with butyl amine demonstrated the formation of dibutyl
NDI at room temperature already. In the literature this reaction is reported in DMF or
acetic acid at temperatures above 100°C.”%7 Attaching delicate and sensitive
(bio)molecules, such as amino terminated nucleic acids and proteins, to strongly
fluorescent perylene anhydride moieties like compound 11 is another attractive prospect
of our novel synthetic procedure. Very mild reaction conditions can be employed, which
is advantageous in view of the high value and limited stability of NH»-terminated
biomolecules. An additional advantage of the mild imidization protocol is that every step
of the process can be monitored and examined in great detail using absorption
spectroscopy. This facilitates optimization of the reaction by tuning the individual
reaction steps.

2.4 Conclusions

The imidization of PDA 1 has been converted from a harsh “molten imidazole” process,
performed at 140—180°C, into a highly practical, efficient process that runs at strongly
decreased temperatures. When using primary aliphatic amines, DBU and either DMF or
DMSO as the solvent, full conversion within 24 hours is achieved in the temperature
range between 20—60°C. By using K»CO; in DMSO, a truly green and user-friendly
synthesis has been developed at reaction temperatures between 80—100°C.

The reaction sequence for the imidization process via various amic acid intermediates, as
displayed in Scheme 2, has been confirmed experimentally, aided by the synthesis and
full characterization of stable model amic acid salts and amic esters. The formation of
diamic acid salts is a fast process that is completed within 30 minutes. Conversion from
amic acids to imides is rate determining, due to the low solubility of the intermediate amic
acid salts. Diluting the reaction mixture after amic acid formation, strongly increases the
reaction rates. The reaction rate constant for the imidization process in DMF was
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determined to be 5 x 107 s7! at 20°C. An improved synthesis, that yields quantitative
conversion at room temperature, was developed by adding water after amic acid is
formed. An equivalent amount of water is enough to solubilize these amic acids and run
the reaction to completion.

Finally, the convenience of the novel synthetic protocol needs to be emphasized. A
protective atmosphere, special equipment and advanced synthetic skills are no longer
required. When run at the proper temperature, full conversion is obtained and work-up
comes down to product precipitation in water followed by a simple filtration. Current
research efforts are focused on broadening the scope of our synthetic protocol by
exploring the synthesis of aromatic PDIs and the use of delicate, temperature sensitive
amines.

2.5 Experimental

2.5.1 Materials

The compound perylene-3,4-dicarboxylic monoanhydride-9,10-dicarboxylic dibutyl
ester (11) was synthesized according to literature procedures.’! All other reagents utilized
in the syntheses were used as received from the manufacturers, unless otherwise stated.
The solvents used were of reagent grade. PDA, 97% purity, was obtained from Sigma
Aldrich.

2.5.2. Instrumentation and characterization

The NMR spectra were recorded with 400 MHz pulsed Fourier transform NMR
spectrometer in CDCl3, DMSO-d6 or MeOH-d4 at room temperature. The chemical shift
values are given in ppm and J values in Hz. High-resolution mass spectra were collected
on an AccuTOF GCv 4G, JMS-T100GCV, Mass spectro- meter (JEOL, Japan). The
FD/FI probe (FD/FI) was equipped with an FD Emitter, Carbotec (Germany), FD 10 pm.
Typical measurement conditions were as follow: Current rate 51.2 mA min! over 1.2
min; Counter electrode —10 kV; Ion source 37 V. The samples were prepared in
dichloromethane. Absorption measurements were performed using a PerkinElmer
Lambda 365 UV—Vis spectrophotometer. Photoluminescence studies were done in Jobin
Horiba SPEX Fluorolog 111 Spectrofluorometer. For quantum yield measurements, the
formula for optically dilute solutions was used.®® Fluorescence quantum yields were
determined by the comparative method using perylene-3,4,9,10-tetracarboxylic
tetrabutylester (®F = 0.95 in CH»Cly) and N,N’-di(1-hexylheptyl)perylene-3,4,9,10-
tetracarboxy bisimide (®F = 0.99 in CHCls) and perylene-3,4,9,10-tetracarboxylic
tetrapotassium salt (®F = 1.0 in water) as reference compounds.’® Melting points
(uncorrected) were recorded on a Gallenkamp melting point apparatus.

Kinetic measurements were performed on the formation of imides from amic acids at low
concentrations in 3 mL quartz cuvettes with a 10 mm pathway. Reactions from the
anhydrides 1, 11 or 15 to the amic acid salts of 5¢, 12¢ and 9¢ were performed at room
temperature at the smaller scale (200 or 100 mg starting compound) in DMF using DBU
as the base at the conditions specified in the synthetic section. For the synthesis of 9,
100 mg of 15, 2.0 equivalents of DBU and amine in 2 mL DMF were used.

After 1 hour of reaction a droplet of the reaction mixture was diluted with DMF and a
few droplets of this solution were added to a cuvette placed in a dual beam
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spectrophotometer. Absorption spectra were taken at room temperature every 5 minutes
over a period of 24 hours.

2.5.3. Synthesis

Perylene-3,4,9,10-tetracarboxylic acid 3,9-dimethylamide dipotassium salt (and its 3,10
isomer) K25a

In a 50 mL round bottom flask equipped with a magnetic stirring bar, PBA 1 (200 mg,
0.51 mmol), K»COs (564 mg, 4.08 mmol) and dimethylamine hydrochloride (4a, 166 mg,
2.09 mmol) were suspended in 4 mL DMSO. The suspension was stirred for 2 hours at
60°C. The reaction mixture was cooled to room temperature. Methanol (10 mL) was
added under vigorous stirring and subsequently, acetone (200 mL) was added. The
precipitate was filtered off and washed with acetone. The yellow solid was dissolved in
methanol (20 mL) and filtered to remove the remaining K>COs. The organic solvent was
removed from the filtrate by rotary evaporation. This yielded a yellow solid that was dried
in a vacuum oven.

Yield: 188 mg, 0.34 mmol, 66 %. 'H-NMR (8H [ppm], MeOD, 400 MHz): 8.40 (2H, J=8
Hz, d), 8.38 (2H, J=8 Hz, d), 7.79 (2H, J=8 Hz, d), 7.51 (2H, J=8 Hz, d), 3.10 (6H, s),
3.05 (6H, s). MS (ESI): [M]*>" Calculated for C,sH20N>Qs, 240.0666; found: 240.0668
[KM]™ Calculated for C2sH20KN2Os: 519.0964; found: 519.0965.]. MP > 350°C.

Perylene-3,4,9,10-tetracarboxylic acid 3,9-dimethylamide 4,10-dibutyl ester and
pervlene-3,4,9, 10-tetracarboxylic acid 3,10-dimethylamide 4,9 dibutyl ester 6a

In a 50 mL round bottom flask equipped with a magnetic stirring bar, PBA 1 (200 mg,
0.51 mmol), DBU (621 mg, 4.08 mmol) and dimethylamine hydrochloride (4a, 166 mg,
2.04 mmol) were suspended in 4 mL DMF. The suspension was stirred for 1 hours at
60°C. 1-Bromobutane (699 mg, 5.10 mmol) was added and the reaction mixture was left
to stir for 18 hours at 60°C. The mixture was cooled to room temperature. Water (40 mL)
was added under strong stirring, which caused a precipitation of the crude product. The
reaction product was filtered and the obtained solid was washed extensively with water,
until almost no colour was observed in the filtrate, yielding an orange solid that was dried
in a vacuum oven.

Yield: 230 mg, 0.39 mmol, 76%. 'H-NMR (8H[ppm], CDCl;, 400 MHz): 8.24 (4H, m),
7.86 (4H, J=8 Hz, d), 7.52 (2H, J=8 Hz, d), 4.33 (4H, J=8 Hz, t), 4.15 (6H, s), 3.12 (6H,
s), 1.82 (4H, J=8 Hz, quin), 1.52 (4H, m), 1.01 (6H, J=8 Hz, t). *C-NMR (3C[ppm],
CDCls, 101 MHz): 172.13, 172.09, 169.04, 169.02, 133.60, 133.29, 132.73, 131.12,
130.43, 129.44, 129.28, 128.82, 128.32, 127.81, 127.66, 120.97, 120.80, 120.75, 77.04,
76.72,65.37,39.80, 35.06, 30.68, 19.30, 13.83. LC-MS: t = 6.44, m/z calc: 594.27; found:
594.84 [M]. MS (FD): [M]* Calculated for C3sH3sN2Os, 594.2730; found: 594.2764,
[M2]" Calculated for C72H77N4O12 1188.5460; found: 1188.5600. MP = 190-198°C

Synthesis of perylene-3,4,9,10-tetracarboxylic acid diimides 7

Standard reactions were performed using 200 mg of PDA. Under optimal conditions
larger scale reactions for synthetic purposed were performed, using up to 5 grams of PDA.
Reaction yields were independent of the scale.

In a 50 mL round bottom flask equipped with a magnetic stirring bar, PDA 1 (200 mg,
0.51 mmol), base (DBU or K,CO3, 2.04 mmol) and amine 4 (2.04 mmol) were suspended

34



in 4 mL solvent. Reactions with methylamine 4d used a 40% solution in MeOH and were
stirred for one hour at RT prior to heating. The suspension was stirred for 24 hours at the
desired temperature. The reaction mixture was cooled to room temperature. Water (40
mL) was added under strong stirring, which caused a precipitation of the crude product.
The precipitate was left to settle for a maximum of 24 hours. The reaction product was
filtered and the obtained solid was washed extensively with 0.01 M K,COs until almost
no color was observed in the filtrate and subsequently with water. When the reaction
involved the more hydrophobic amine 4b, the filtrate was washed two more times with
dilute HC1 (1 M, 10 mL) and two more times with demineralized water (25 mL). The
solid was dried in a vacuum oven.

DBU/DMSO water addition:

After addition of the reagents, the suspension was stirred for 1 hour at room temperature.
Subsequently 4 mL of water was added (2mL for the synthesis of 7b) and the reaction
mixture was stirred for another 23 hours at room temperature. Workup as described
above.

N,N'-Di(2-ethylhexyl) perylene-3,4,9,10-tetracarboxylic acid diimide 7b

DBU/DMF method, RT, from 200 mg PDA: Purple solid, yield 79 mg, 0.13 mmol, 25%.
DBU/DMF method, 60 °C, from 1.00 g (2.55 mmol) PDA: Purple solid, yield 1.534 g,
2.50 mmol, 98%. K,CO3/DMSO method, 100 °C, from 1.00 g (2.55 mmol) PDA: Purple
solid, yield 1.548 g, 2.52 mmol, 99%. DBU/DMSO water addition, from 200 mg PDA:
Purple solid, yield 307 mg, 0.50 mmol, 98%.

'H-NMR (8H[ppm], CDCls, 400 MHz): 8.61 (4H, J=8 Hz, d), 8.52 (4H, J=8 Hz, d), 4.14
(4H, m), 1.97 (2H, m), 1.42-1.32 (18H, m), 0.96 (6H, J=8 Hz, t), 0.90 (6H, J=8 Hz, 1).
13C-NMR (8C[ppm], CDCls, 101 MHz): 163.70, 134.44, 131.35, 126.30, 123.25, 122.98,
44.34,37.96,30.77,28.71, 24.08, 23.08, 14.10, 10.64.

N,N’-dibutyl perylene-3,4,9, 10-tetracarboxylic acid diimide 7c

DBU/DMF method, RT, from 200 mg PDA: Purple solid, yield 123 mg, 0.24 mmol, 48%.
DBU/DMF method, 60 °C, from 1.00 g (2.55 mmol) PDA: Purple solid, yield 1.249 g,
2.49 mmol, 98%. K,CO3/DMSO method, 100 °C, from 1.00 g (2.55 mmol) PDA: Purple
solid, yield 1.239 g, 2.47 mmol, 97%. DBU/DMSO water addition, from 200 mg PDA:
Purple solid, yield 249 mg, 0.50 mmol, 98%.

'H NMR (8H[ppm], CDCls, 400 MHz): & 8.74 (4H, J=8 Hz, d), 8.67 (4H, J=8 Hz, d),
423 (4H, J=8Hz, t), 1.74 (4H, J=8 Hz, quin), 1.47 (4H, J=8 Hz, sex), 0.99 (6H, J=8 Hz,
0.

N,N’-dimethyl perylene-3,4,9, 10-tetracarboxylic Diimide 7d

DBU/DMF method, RT, from 200 mg PDA: Red solid, yield 180 mg, 0.43 mmol, 84%.
DBU/DMF method, RT, from 200 mg PDA: Red solid, yield 210 mg, 0.50 mmol, 98%.
K>CO3/DMSO method, 100 °C, from 200 mg PDA: Red solid, yield 207 mg, 0.49 mmol,
92%. DBU/DMSO water addition, from 200 mg PDA: Red solid, yield 214 mg, 0.51
mmol, 100%.
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'"H-NMR (8H[ppm], D2SO4, 400 MHz): 9.15 (4H, J=8 Hz, d), 9.10 (4H, J=8 Hz, d), 3.93
(6H, s). FTIR: 742, 808, 850, 863, 1021, 1053, 1127, 1156, 1184, 1237, 1284, 1326, 1358,
1400, 1446, 1507, 1578, 1594, 1659, 1698.

N,N’-di-(2-hydroxyethyl) perylene-3,4,9,10-tetracarboxylic acid diimide 7e

DBU/DMF method, RT, 1.00 g (2.55 mmol) PDA: Dark purple solid, yield 1.196 g, 2.40
mmol, 98%. K,CO3/DMSO method, 80 °C, 1.00 g (2.55 mmol) PDA: Dark purple solid,
yield 1.177 g, 2.36 mmol, 97%.

'H-NMR (§H[ppm], D,SOs, 400 MHz): 9.21-9.07 (8H, m), 5.64 (4H, J=8 Hz, t), 4.85
(4H, J=8 Hz, 1).

N,N’-di-(6-hydroxyhexyl) perylene-3,4,9, 10-tetracarboxylic acid diimide 7f

DBU/DMF method, RT, 200 mg PDA: Purple solid, yield 199 mg, 0.34 mmol, 66%.
DMEF/DBU method, 60°C, 200 mg PDA: Purple solid, yield 297 mg, 0.50 mmol, 97%.
K,CO3/DMSO method, 100°C, 200 mg PDA: Purple solid, yield 296 mg, 0.50 mmol,
97%. DBU/DMSO water addition, 200 mg PDA: Purple solid, yield 270 mg, 0.46 mmol,
90%.

'H-NMR (5H[ppm], CDCls, 400 MHz): 8.77 (4H, J=8 Hz, d), 8.72 (4H, J=8 Hz, d), 4.37
(4H, J=8 Hz, 1), 4.25 (4H, J=8 Hz, 1), 8.69 (8H, m), 1.50 (8H, m).

N-(butyl)perylene-3,4,9,10-tetracarboxylic acid 3,4-imide 9-dimethylamide potassium
salt K9a

In a 25 mL round bottom flask equipped with a magnetic stirring bar, PMIMA 15 (50 mg,
0.11 mmol), K»CO3 (650 mg, 0.47 mmol) and dimethylamine hydrochloride (4a, 20 mg,
0.25 mmol) were suspended in 1 mL DMSO. The suspension was stirred for 2 hours at
60°C. The mixture was cooled to room temperature. Methanol (1 mL) was added under
vigorous stirring and subsequently 20 mL of a 1:1 acetone/petroleum ether mixture was
added. The precipitate is filtered off and washed with acetone/petroleum ether. The purple
solid was dissolved in ethanol (5 mL) and filtered to remove the remaining K>COs. The
organic solvent was removed from the filtrate by rotary evaporation. This yielded a
yellow solid that was dried in a vacuum oven.

Yield: 64 mg, 0.12 mmol, 107.2%. '"H-NMR (8H[ppm], MeOD, 400 MHz): 8.59-8.45
(6H, m), 7.88 (1H, J=8 Hz, d), 7.59 (1H, J=4 Hz, d), 4.16 (2H, J=8 Hz, t), 3.13 (3H, s).
3.10 (3H, s), 1.73 (2H, J=8 Hz, quin), 1.47 (2H, J=8 Hz, sex), 1.02 (3H, J=8 Hz, t). MS
(ESI): [M]™ Calculated for C23H20N20¢, 240.0666; found: 240.0668 [KM]~ Calculated for
C30H23N»20s5, 491.1612; found: 491.1598. MP > 350°C.

N-(butyl)perylene-3,4,9,10-tetracarboxylic acid 3,4-imide 9-dimethylamide 10-butylester
10a

In a 25 mL round bottom flask equipped with a magnetic stirring bar, PMIMA 15 (50 mg,
0.11 mmol), DBU (680 mg, 0.45 mmol), 0.47 mmol) and dimethylamine hydrochloride
(4a, 20 mg, 0.25 mmol) were suspended in 1 mL DMF. The suspension was stirred for 1
hours at 60°C. 1-Bromobutane (153 mg, 1.12 mmol) was added and the reaction mixture
was left to stir for 3 hours at 60°C. The mixture was cooled to room temperature. Water
(10 mL) was added under strong stirring, which caused a precipitation of the crude
product. The suspension was transferred to a separation funnel and chloroform (10 mL)
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was added. The organic layer was collected, and washed two times with salt solution (10
mL, 2 M NaCl). The organic layer was collected and dried on Na,SO4. After filtration,
the organic solvent was removed by rotary evaporation, yielding a red solid.

Yield: 53 mg, 0.097 mmol, 77%. 'H-NMR (8H[ppm], CDCl;, 400 MHz): 8.63 (2H, J=8
Hz, d), 8.46 (4H, m), 7.95 (1H, J=8 Hz, d), 7.63 (1H, J=8 Hz, d), 4.35 (2H, J=8 Hz, t),
4.22 (2H,J=8 Hz, 1), 3.18 (3H, s), 3.13 (3H, s), 1.84 (2H, m), 1.75 (2H, m), 1.47 (2H, m),
1.01 (6H, m). *C-NMR (8C[ppm], CDCl;, 101 MHz): 168.56, 163.38, 163.34, 135.33,
135.14,132.43, 131.51, 131.01, 130.90, 129.92, 129.22, 127.84, 125.48, 122.68, 122.44,
121.55, 121.31, 121.22, 120.94, 65.74, 40.24, 39.84, 35.12, 30.67, 30.20, 20.44, 19.31,
13.87, 13.85. LC-MS: t = 6.92, m/z calc: 548.23; found: 548.75 [M]. MS (FD): [M]*
Calculated for Cs4H3N,Os, 548.2311; found: 548.2326, [M,]" Calculated for
CesHe2N4O10, 1096.4622; found: 1096.4767. MP = 153-154°C.

Perylene-3,4,9,10-tetracarboxylic acid 3-dimethylamide 9,10- dibutylester potassium
salt K12a

In a 25 mL round bottom flask equipped with a magnetic stirring bar, PMADE 11 (50
mg, 0.096 mmol), K,COs (56 mg, 0.4019 mmol) and dimethylamine hydrochloride (4a,
17 mg, 0.21 mmol) were suspended in 1 mL DMSO. The suspension was stirred for 2
hours at 60°C. The mixture was cooled to room temperature. While vigorously stirring,
methanol (1 mL) was added. Subsequently, 20 mL of a 1:1 acetone/petroleum ether
mixture was added. The resulting yellow precipitate was left to settle and filtered off. The
yellow solid was dissolved in ethanol (5 mL) and filtered to remove the remaining K>CO3.
The organic solvent was removed from the filtrate by rotary evaporation. This yielded a
yellow solid that was dried in a vacuum oven.

Yield: 35 mg, 0.063 mmol, 61%. 'H-NMR (§H[ppm], MeOD, 400 MHz): 8.40 (2H, J=8
Hz, d), 8.36 2H, J=4 Hz, d), 7.76 (2H, J=8 Hz, d), 7.81 (1H, J=8 Hz, d), 7.51 (1H, J=8
Hz,d),4.30 (4H, J=8 Hz,1),3.12 (3H, s), 3.08 (3H, s), 1.78 (4H, J=8 Hz, quin), 1.52 (4H,
J=8 Hz, sex), 1.01 (6H, J=8 Hz, t). MS: (ESI): [M]™ Calculated for C34H3:NO7, 566.2148;
found: 566.2165, [KM;]™ Calculated for CegHs2KN2014, 1171.4000; found: 1171.3961.
MP > 350°C.

Synthesis of perylene-3,4,9,10-tetracarboxylic acid-3,4-monoimide-9, 10-dibutylesters 13
In a 25 mL round bottom flask equipped with a magnetic stirring bar, PMADE 11, (100
mg, 0.19 mmol), DBU (58 mg, 0.38 mmol) ) and amine (4, 0.38 mmol) are suspended in
2 mL DMF. The reaction mixture was stirred at room temperature for 24 hours.
Afterwards the clear solution was poured in a sodium bicarbonate solution (20 mL, 1 M)
and left for at least 30 minutes. The resulting suspension was filtered on a paper filter and
the solid was washed with water until the filtrate was colorless. The solid was dried in a
vacuum oven and the product was dissolved in DCM and subsequently purified using
normal phase column chromatography (SiO»/ DCM/MeOH).

N-(2-ethylhexyl)perylene-3,4,9, 10-tetracarboxylic acid 3,4-imide 9, 10-dibutylester 13b
Column chromatography on silica/ 0.5% MeOH in DCM. red waxy solid.

Yield: 66 mg, 0.10 mmol 55%. 'H-NMR (8H[ppm], CDCl;, 400 MHz): 8.41 (2H, d, 8
Hz), 8.20 (2H, d, 4 Hz), 8.17 (2H, d, 4 Hz), 7.97 (2H, J=8 Hz, d), 4.36 (4H, J=8 Hz, t),
4.11 (2H, m), 1.96 (1H, J=8 Hz, sep), 1.82 (4H, J=8 Hz, quin), 1.53 (4H, J=8 Hz, sex),
1.42-1.32 (8H, m), 1.02 (6H, J=8 Hz, t), 0.96 (3H, J=8 Hz, t), 0.90 (3H, J=8 Hz, t). 13C-
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NMR (6C[ppm], CDCl;, 101 MHz): 168.20, 163.78, 135.06, 131.86, 131.78, 131.18,
130.15, 129.04, 128.93, 128.83, 125.67, 122.37, 121.95, 121.60, 77.31, 76.99, 76.67,
65.54, 44.18, 37.97, 30.78, 30.62, 28.71, 24.09, 23.08, 19.25, 14.09, 13.79, 10.64. MS
(FD): [M]" Calculated for C40H43NOg, 633.3090; found: 633.3073. MP = 178°C.

N-(butyl)perylene-3,4,9,10-tetracarboxylic acid 3,4-imide 9,10-dibutylester 13c

Column chromatography on silica/ 0.5% MeOH in DCM. red waxy solid.

Yield: 71 mg, 0.12 mmol, 65%. 'H-NMR (3H[ppm], CDCls, 400 MHz): 8.17 (2H, J=8
Hz, d), 7.91 (2H, J=8 Hz, d), 7.84 (4H, m), 4.36 (4H, J=8 Hz, t), 4.12 (2H, J=8 Hz, t),
1.82 (4H, J=8 Hz, quin), 1.74 (2H, J=8 Hz, quin), 1.52 (6H, m), 1.03 (9H, m). 3C-NMR
(6C[ppm], CDCl3, 101 MHz): 168.12, 163.15, 134.61, 131.67, 131.47, 130.73, 129.97,
128.81, 128.47, 128.44, 125.21, 122.14, 121.67, 121.27, 77.33, 77.01, 76.70, 65.56,
40.26, 30.64, 30.17, 20.43, 19.28, 13.86, 13.82. MS (FD): [M]" Calculated for
C3sH39NO7, 577.2464; found: 577.2443. MP = 265°C.

N-(methyl)perylene-3,4,9, 10-tetracarboxylic acid 3,4-imide 9,10-dibutylester 13d
Column chromatography on silica/ 1.0% MeOH in DCM. red waxy solid.

Yield: 77 mg, 0.14 mmol, 75%. 'H-NMR (3H[ppm], CDCls, 400 MHz): 8.32 (2H, J=8
Hz, d), 8.11 2H, J=8 Hz, d), 8.07 (2H, J=8 Hz, d), 7.93 (2H, J=8 Hz, d), 4.35 (4H, J=8
Hz, t), 3.50 (3H, s), 1.81 (4H, J=8 Hz, quin), 1.51 (4H, J=8 Hz, sex), 1.01 (6H, J=8 Hz,
t). 3C-NMR (3C[ppm], CDCl;, 101 MHz): 168.15, 163.53, 135.09, 131.83, 131.69,
131.02, 130.13, 128.96, 128.66, 128.63, 125.52, 122.37, 121.63, 121.48, 77.30, 76.99,
76.67, 65.57, 30.61, 26.98, 19.25, 13.79. MS (FD): [M]" Calculated for C33H29NOs,
535.1995; found: 535.1983. MP =263°C.

N-(2-hydroxyethyl)perylene-3,4,9, 10-tetracarboxylic acid 3,4-imide 9,10-dibutylester
13e

Column chromatography on silica/ 0.5 to 2.5% MeOH in DCM. red waxy solid.

Yield: 82 mg, 0.14 mmol, 80%. 'H-NMR (3H[ppm], CDCls, 400 MHz): 7.92 (2H, J=8
Hz, d),7.69 2H, J=8 Hz, d), 7.59 (2H, J=8 Hz, d), 4.36-4.31 (6H, m), 4.03 (2H, J=4 Hz,
t), 2.89 (br, 1H), 1.84 (4H, J=8 Hz, quin), 1.54 (4H, J=8 Hz, sex), 1.04 (6H, J=8 Hz, t).
BC-NMR (5C[ppm], CDCl;, 101 MHz): 168.00, 163.73, 134.40, 131.68, 130.84, 130.63,
129.84, 128.46, 127.95, 127.95, 124.61, 122.12, 120.99, 120.98, 77.33, 77.01, 76.69,
65.62, 61.27, 42.72, 30.63, 19.28, 13.84. MS (FD): [M]" Calculated for C3sH3NO,
565.2101; found: 565.2100. MP = 305°C.

N-(6-hydroxhexyl)perylene-3,4,9, 10-tetracarboxylic acid 3,4-imide 9, 10-dibutylester 13f
Column chromatography on silica/ 0.5 to 2% MeOH in DCM. red waxy solid.

Yield: 88 mg, 0.14 mmol, 75%. 'H-NMR (3H[ppm], CDCls, 400 MHz): 8.09 (2H, J=8
Hz, d), 7.84 (2H, J=8 Hz, d), 7.80 (2H, J=8 Hz, d), 7.75 (2H, J=8 Hz, d), 4.36 (4H, J=8
Hz, t), 4.08 (2H, J=8 Hz, t), 3.86 (2H, J=8 Hz, t), 1.83 (6H, m), 1.76 (2H, m), 1.64 (2H,
m), 1.52 (6H, m), 1.03 (6H, J=8 Hz, t). C-NMR (8C[ppm], CDCl;, 101 MHz): 168.11,
163.11, 134.57, 103.66, 129.96, 128.74, 128.37, 128.30, 125.06, 122.17, 121.47, 121.19,
65.58, 62.70, 40.22, 32.56, 30.64, 27.88, 26.64, 25.22, 19.28, 13.83. MS (FD): [M]*
Calculated for C3sH39NO7, 621.2727; found: 621.2703. MP = 195°C.

Perylene-3,4,9,10-tetracarboxylic acid 3-dimethylamide 4,9,10- tributylester 14a
In a 25 mL round bottom flask equipped with a magnetic stirring bar, PMADE 11 (100
mg, 0.19 mmol), DBU (117 mg, 0.77 mmol) and dimethylamine hydrochloride (4a, 31
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mg, 0.38 mmol) were suspended in 2 mL DMF. The suspension was stirred for 1 hours
at 60°C. 1-Bromobutane (131 mg, 0.96 mmol) was added and the reaction mixture was
left to stir for 18 hours at 60°C. The mixture was cooled to room temperature. Water (40
mL) was added under strong stirring, which caused a precipitation of the crude product.
The reaction product was filtered and the obtained solid was washed extensively with
water, until almost no colour was observed in the filtrate, yielding a yellow solid that was
dried in a vacuum oven.

Yield: 103 mg, 0.17 mmol, 86%. 'H-NMR (3H[ppm], CDCl;, 400 MHz): 8.06 (4H, m),
7.92 (2H, m), 7.90 (1H, J=8 Hz, d), 7.75 (1H, J=8 Hz, d), 7.42 (1H, d), 4.34 (6H, J=8
Hz, t), 3.15 (3H, s), 3.13 (3H, s), 1.87-1.76 (6H, m), 1.57-1.48 (6H, m), 1.05-0.99 (9H,
m). BC-NMR (5C[ppm], CDCls, 101 MHz): 171.92, 168.90, 168.65, 134.11, 133.22,
133.07, 132.63, 130.92, 130.41, 130.31, 130.00, 129.68, 129.31, 128.89, 128.83, 128.69,
128.43,127.75, 121.42,121.33, 120.95, 120.68, 65.49, 65.23, 39.80, 35.08, 30.66, 19.29,
13.80. LC-MS: t=7.07, m/z calc: 623.29; found: 623.82 [M]. MS (FD): [M]" Calculated
for C3sH41NO7, 623.2883; found: 623.2886. MP = 124-127°C.

N-(2-butyl)perylene-3,4,9, 10-tetracarboxylic acid 3,4-imide 9, 10-anhydride 15
Concentrated sulfuric acid (7 mL) was added to a 50 mL round bottom flask, closed off
with a drying tube charged with calcium chloride. 13¢ (298 mg, 0.517 mmol) was then
dissolved by stirring at room temperature for a few minutes. The mixture was left to stir
at room temperature overnight. The strongly acidic mixture was slowly poured on ice.
After the ice melted, the obtained suspension was filtered and dried by air and further
dried in a vacuum oven. This yielded a red solid.

Yield: 215 mg, 93%. 'H-NMR (3H[ppm], CDCls, 400 MHz): 8.81 (8H, m), 4.26 (2H,
J=8 Hz, 1), 1.76 (2H, J=8 Hz, quin), 1.49 (2H, J=8 Hz, sex), 1.00 (3H, J=8 Hz, 1).

2.6 Supporting information

2.6.1. Kinetic Measurements

Analysis of the absorption spectra was performed using MS Excel. For the simple
reactions (from 12¢ to 13c or 9e¢ to 7¢), the first spectrum (obtained at t=0) was assumed
to be from the starting compound (amic acid) and the last spectrum (obtained at t= 24h)
was from the product (imide). Cleanup of the spectrum of the starting compound may
be required, because the startingcompound already contains small amounts of the
reaction product. This cleanup generallycomes down to subtracting a fraction of the
product spectrum from the starting compound spectrum. The spectra of the reaction
mixtures were simulated by a linear combination of the spectra from the starting
compound and the reaction product:

Spectrum reaction mixture= x*Spectrum starting compound+(1-x)* Spectrum product
0<x<l1

The best fit was obtained when the simulated spectra, calculated according to the formula
above, were identical to the experimental spectra. This was visualized by subtracting the
simulated spectrum from that of the reaction mixture. A flat base line should result and if

need be this process is automated by requiring the choice of x such that the sum of all
absorption data points is minimized.
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For the more complex reaction from diamic acid Sc¢ to diimide 7c¢ via the intermediate 9c,
finding the composition of the reaction mixture was less accurate. Here we assume that
the first spectrum (obtained at t=0) was from the starting compound (diamic acid 5¢) and
the last spectrum (obtained at t= 24h) was from the product (diimide 7¢). The spectrum
from the reaction intermediate 9¢ was unknown, but is expected to resemble that of
compound 9a. Cleanup of the spectrum of the starting compound may be required,
because the starting compound already contains a little of the intermediate product 9c.
This cleanup generally comes down to flattening the spectrum of compound Se¢ above 520
nm.

Simulated reaction mixture= x*Spectrum 5¢+ y*Spectrum 9¢ +(1-(x+y))* 7¢
0<(xt+y)<l

Since the spectrum of 9c¢ is unknown, various values of x and 1-(xty) are tested. By
subtracting

x*5c+ (1-(x+y))*7¢ from the spectrum of the reaction mixture, the spectrum of y*9c is
obtained. Doing this in such a manner that the spectrum of 9c¢ is consistent in shape and
resembling that of 9a, resulted in values of x and y for the different reaction times and
thereby the molecular composition. This process is more complex, less accurate (in
independently finding x and y) and cannot be automated easily.

2.6.2. Kinetic modelling
In the first part of the reaction from PDA 1 to the diamic acid 5, all steps are second
order reactions, as described by Equations S1-3.

d[l] =2k [1][4]~ —k[4]; k<<k[1] eq S1
d[s] = k[4]-k,[8][4] eq S2
d[S]

- =k [8][4] eq S3

Because PDA 1 is insoluble (in DMF or DMSO), the conversion to compound 8 is not a
second order reaction but a heterogeneous reaction. This reaction is best described as a
pseudo-first order reaction, whose rate scales with the concentration of amine 4. The
apparent rate constant for this reaction k is much smaller than k;[1]. Equations S1 and S3
describe the consumption of PDA 1 and the formation of diamic acid 5. For setting up
Eqgs S4-S8, we have made the assumption that compound 8, to some extent, is soluble in
the reaction mixture and will be consumed by a fast second-order reaction. This reaction
consumes a second molecule of amine 4 , which results in the relation between [1] and
[4] formulated in Equation S4.
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[4]=2[1], +2(1]) eq S4
[]

——==—k(2[1],+2[1]) eq S5
[1] =2[1], exp '~ 1], eq S6
A a-rpsiiar=o eq 7
[5]=2[1], —2[1], exp ** eq S8

The rates of consumption of compound 1 and the rate of formation of compound 5
according to Equations S6 and S8, are depicted in Figure S11. Experimental data
concerning the formation of 5c and 5e are obtained from UV experiments are depicted in
Figures S4b and S8Db, respectively. These experimental data, which demonstrate that
formation of amic acid 5 is completed in 15-20 minutes, are crude due to non-reproducible
sampling from a heterogeneous reaction mixture and do not correlate well with the
prediction from our model.

The imide forming reactions from 9 to 7 and 12 to 13 are first-order reactions. The
reaction rate constants for these reactions should be very similar and equal k, and k’, from
the reactions that forms PDI 7 from amic acid 5. The formation of compounds 7 and 13
and the consumption of compounds 9 and 12 are described by simple exponential
functions, as illustrated for the latter reaction in Eqs. S9-S12.

d[9]

=—k,[9 S9

7 ,[9] eq
d[7]
% = k[7] eqS10
[9]=[9], exp ™ eqS11
[71=[9],(1—exp ™) eq S12
d[12
% =—k,[12] eq S9
d[13]
[d—t= k,[13] eq S13
[12]=[12], exp ™ eqSl4
[13]1=[12],(1—exp ™) eq S15
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Figure S2. °C Spectrum of compound 6a.
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Figure S3. Normalized absorption spectra of compounds 3, 13¢ and 7c in Chloroform.
All compounds are molecularly dissolved and these spectra are representative for PTEs

PMIDEs (and corresponding amic esters and amic acids) and PDIs.
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Figure S4.a: Absorption spectra taken by adding a fixed volume of the reaction of PDA
with amine 4c (Solvent DMF, base DBU, room temperature) in water at regular
intervals. The compound that is visible is compound 5c. The baseline is shifted, in
particular at short reaction times, due to the presence of insoluble PDA. b: Absorption
at 464 nm, corrected for the shifted baseline, as a function of time.
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Figure S5. Absorption spectra taken by adding a fixed volume of the reaction of PDA
with amine 4c¢ (solvent DMF, base DBU, temperature 60°C) in chloroform at regular
intervals. The compounds that are visible are the DBU salt of 5¢, (HDBU):5¢ (446 and
475 nm) and 7c¢ (489 and 526 nm).
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Scheme S1. Imidization of compound 15 using butylamine 4¢ via amic acid 9c. The last
step of this reaction has been monitored using absorption spectroscopy.
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Figure S6. a: Absorption spectra taken by adding a fixed volume of the reaction of PDA
with amine 4e (Solvent DMSO, base K2CO3, room temperature) in water at regular
intervals. The compound that is visible is compound 5Se. The baseline is shifted due to

the presence of insoluble PDA. b: Absorption at 464 nm, corrected for the shifted
baseline, as a function of time.
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Figure S7. Spectra taken from the imidization of the DBU salt of 5¢ in DMF taken 2, 4
and 6 hours, after diluting the reaction mixture (in green). The spectra of starting
compound, the DBU salt of 5c (black) and final product 7c (red) are depicted as well.
After subtracting the contributions of starting compound, the DBU salt of 5¢c, and
product 7c from that of the reaction mixture, the broad, the contributions of the
intermediate, the DBU salt of 9c, are revealed (blue). In this manner the composition of
the reaction mixture is determined.
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Figure S9. Solid lines represent the theoretical fitting curves obtained using a first-
order decay obtained using equations S14 and S15.
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Figure S10. Spectrum taken from the acid hydrolysis of compound 5a in DMF after 15,
30 and 60 minutes of reaction (blue). The spectra of starting compound 5a (black) and
final product 1 (red) are depicted as well. are after subtracting the contributions of
starting compound 5a and product 1 from the absorption spectra of the reaction mixture
(green), the contributions of the intermediate 8a are revealed (blue).
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Figure S11. Absorption spectra of compound K9a (black) in DMF and 9a (red), formed
after acidification with 1 drop IN HCI. In the time-dependent absorption spectra the
reaction from 9a (I yax= 506 nm) to compound 15 (U 1,0x= 521 and 486 nm) is visible.

Please note that the first spectrum after acidification already contains (traces of)
compound 15. Isosbestic points are observed at 479, 493 and 510 nm.
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Figure S12. Absorption spectra of compound K12a (black) in DMF and 12a (red),
Jformed after acidification with I drop IN HCI. In the time-dependent absorption
spectra the reaction from 12a (Amax= 468 and 441 nm) to compound 11 (Amax= 472
and 501 nm) is visible. Please note that the first spectrum after acidification already
contains (traces of) compound 11. An isosbestic points is observed at 475 nm.
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2.6.4. Synthesis

Table S1
Entry | Perylene Amine Base Solvent | Reaction Yield, in %
anhydride conditions | (conversion)
S1 PDA (1) 4b DBU DMF 168h 7b
0.5 mmol 2 mmol 2 mmol 4 ml RT 87%
S2 PDA (1) 4b Zn(Ac),, 0.6 mmol | DMF 24h 7b
0.5 mmol 2 mmol DBU, 2 mmol 4 ml RT 52%
S3 PDA (1) 4b Zn(Ac),, 0.6 mmol | DMF 24h 7b
0.5 mmol 2 mmol DBU, 2 mmol 4 ml 60°C 78%
S4 PDA (1) 4b TEA DMSO | 24h 7b
0.5 mmol 2 mmol 2 mmol 4 ml 60°C 20%
S5 PDA (1) 4b K,CO; DMSO | 24h 7b
0.5 mmol 2 mmol 2 mmol 4 ml 60°C 32%
S6 PDA (1) 4c DBU DMSO 24h Te
0.5 mmol 2 mmol 2 mmol 4 ml RT 52%
S7 PDA (1) 4d DBU DMF 24h 7d
0.5 mmol 2 mmol 4 mmol 4 ml 60°C 89%
S8 PDA (1) 4f DBU DMF 24h 7f
0.5 mmol 2 mmol 2 mmol 4 ml RT 66%
S9 PDA (1) 4f DBU DMF 24h 7f
0.5 mmol 2 mmol 2 mmol 4 ml 60°C >97%
S10 PDA (1) 4f K,CO; DMSO 24h 7f
0.5 mmol 2 mmol 2 mmol 4 ml 100°C >97%
S11 PDA (1) 4c DBU DMSO | 24h 7c
0.5 mmol 2 mmol 2 mmol 4 ml 60°C 75%
water
4 ml

2.6.5. UV-VIS absorption and fluorescence spectra
Table S2. Spectral data of amic acids, amic acid salts and amic esters

Compound Solvent Aabs Aem OF

3 EtOH 468, 440 485, 515 0.86
K>5a DMF 475, 443 487 0.16
K>5a EtOH 466, 438 4717.5, 509 0.93
K>5a Water® 463, 435 475, 505 1.0
6a CHL 466, 438 482,511.5 0.88
6a EtOH 463, 435 479, 507 0.85
K9a DMF 521 581 0.14
K9a EtOH 513 584 0.65
K9a Water® 505 591 0.19
10a CHL 507,477,5 | 530, 566 0.73
10a EtOH 501, 472 542 0.66
K12a DMF 481 522 0.19
K12a EtOH 472, 447 522 0.96
K12a Water® 468, 444 524 ~0.6°
14a CHL 470,441.5 | 487,517 0.92
14a EtOH 466, 438 484,512 0.87

a: 0.1 M K,COs3 b: 0.01 M K»>COs c: inaccurate due to low solubility

51



——K,5a

1,0 4 ——K9a
——K12a
0,8
S 06
=
o]
w0
L
< 04
0,2 -
0,0 : T |
400 500 600
Wavelength (nm)
e
‘@
i =
2
£
c
Re]
w
8]
£
i

0,0 T T T T T 1
450 500 550 600 650 700 750

Wavelength (nm)

Figure S13. a) Normalized UV-Vis absorption and b) normalized fluorescence emission
spectra of the amic acid salts K25a, K9a and K12a in DMF.
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Figure S14. a) Normalized UV-Vis absorption and b) normalized fluorescence emission
spectra of amic esters 6a, 10a and 14a along with PTE 3 in chloroform.
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Figure S15. a) Normalized UV-Vis absorption and b) normalized fluorescence emission
spectra of the amic acid salts K25a, K9a and K12a in water.
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2.6.6. NMR
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Perylene dianhydride hydrogels obtained from highly
accessible perylene-3,4,9,10-tetracarboxylic diamic acids
precursors.

Abstract

A novel class of perylene-based hydrogelators, perylene amic acid salts, which form
hydrogels upon protonation by a unique mechanism, is reported. A detailed study of this
gelation process was conducted on a series of perylene diamic acid potassium salts
derived from cyclic secondary amines, whose structure was systematically varied. Upon
slow protonation all compounds formed deeply coloured hydrogels with respectable
mechanical properties, which showed profound syneresis over time. The gelation process
was investigated using time-dependant UV-VIS and H-NMR, cryo-TEM and rheology
measurements, and based on the obtained data a unique gelation mechanism is proposed.
Very weak gels are formed almost instantaneously by n-n stacking of hydrophobic amid
acids that are formed by protonation. Subsequently, a slower amine elimination process
forms anhydrides that, due to their planarity and lack of steric hindrance, form much
stronger hydrogels. It was found that the rate of anhydride formation primarily determines
the hydrogel properties and that hydrogels from amic acids that decompose slower have
superior mechanical properties. We also conclude that the formation of hydrogels from
perylene amic acid salts and their ester analogues has been observed for different classes
of compounds and is quite universal.

Partially published as: Kwakernaak, M.C.; Koel, M.; van den Berg, P.J.L.; Strik, N.;
Jager, W.F. Perylene dianhydride hydrogels obtained from accessible perylene diamic
acid salts by a versatile protonation-hydrolysis mechanism. RSC Adv. 2025, 15 (10183).
https://doi.org/10.1039/DSRA00372E
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3.1 Introduction

Perylene-3,4,9,10- teracarboxylic acid derivatives (PTCAs) are a class of aromatic dyes
and pigments from which perylene-3,4,9,10-tetracarboxylic diimides PDIs are the most
abundantly exploited representatives.! These compounds are produced on an industrial
scale and applied as dyes and pigments,’ for instance for colouring plastics and for
automotive applications in paints. Due to their benign optoelectronic properties, potential
applications in PV,*>” photocatalysis®'¢ and organic batteries!*>!”!8 have been identified
and this forms a major motivation for the current research efforts. For example, the
current boom in non-fullerene acceptors for bulk heterojunction solar cells is largely
driven by the development of novel PDIs and PDI-based polymers.'®

Due to their hydrophobic nature and tendency to self-assemble by n-n stacking?’?* non-
bay substituted PDIs, have been employed as hydrogelators. The self-assembly process
that forms hydrogels is induced by converting charged and water-soluble PDIs into non-
charged insoluble PDIs, which is most conveniently achieved by altering the pH. Well-
known are amino acid appended PDIs,??° that have a free carboxylate at the amino acid
residues and therefore, these compounds are negatively charged and water soluble at high
pH values. Hydrogels are formed upon step-wise protonation of gelator salts in solution
upon lowering the pH. In some cases the chirality of the appended amino acids is
expressed in the ordering of the PDI molecules in the gel fibres.3%3!

The mechanism of gel formation for PDI based hydrogels is similar in all reported cases;
neutralisation of the carboxylic moieties of the hydrogelator ions, which induces self-
assembly of the PDI moieties by hydrophobic interactions. The rate of forming insoluble
molecules, can be controlled by the manner at which the pH is modulated. For example,
by using buffers of a predefined pH value, or by using a lactone hydrolysis reaction that
decreases the pH by a slow release of a carboxylic acid.’>* The rate of aggregate
formation and the ordering of the PDI molecules in n-n-stacks is also influenced by the
nature of the pending group at the imide position of the PDI gelator molecules.?* Both
factors will influence the final structure and physical properties of the resulting hydrogel.

In this work, perylene-3,4,9,10-diamic acid salts will be introduced as a novel type of
perylene tetracarboxylic based hydrogelator. Amic acids are composed of an amide and
an acid group in close proximity and these compounds are formed by the reaction of
amines with anhydrides. Amic acids obtained from primary amines are the intermediates
in the synthesis of imides.*>° In the well-known synthesis of polyimides, using aromatic
diamines and pyromilitic anhydride, first amic acids are formed at modest temperatures
and subsequently solutions of these soluble polymers are cast in films.*’ Lastly, the
imidization reaction is performed at high temperatures.
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Recently we have reported a very mild synthesis of aliphatic PDIs 6, in which the amic
acid salt intermediates 4% already react at room temperature to form the corresponding
imides (Scheme 1).3° When secondary amines are employed, however, the resulting amic
acid salts are stable against further imidization, and conveniently isolated. Under acidic
conditions, however, these aliphatic perylene amic acids quickly hydrolyse to form PDA
1. For aliphatic naphthalene amic acids, acid-induced hydrolysis reactions have been
reported.*'*> Nome and Menger et al. examined this reaction in greater detail and
concluded that the rate of hydrolysis is dependent on the pH and intramolecular catalysis
by an adjacent carboxylic acid group.*?

When aqueous solutions of perylene-3,4,9,10-diamic acid salts 4% are acidified the
formation of highly coloured hydrogels are observed. Upon lowering the pH, uncharged
and insoluble amic acids will be formed that undergo self-assembly. Subsequently, the
amic acids in these self-assembled structures react to form perylene-3,4,9,10-
tetracarboxylic acid dianhydride (PDA). According to this scenario the molecular
structure of the amic acid controls the initial self-assembly process as well as the rate of
decomposition of the amic acid. However, the final hydrogels are composed of PDA and
thus identical in chemical composition, regardless of the molecular structure of the amic
acid precursor. Compared to the conventional PDI gel formation the formation of
hydrogels from perylene diamic acids proceeds by a unique two-steps gelation
mechanism.
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In this manuscript we will investigate this exceptional gelation mechanism in detail, by
employing a series of PDAAs in which the structure of the appended amine is
systematically varied. We will investigate the scope of the gel formation, characterize the
formed hydrogels, critically evaluate the proposed mechanism of gel formation and
establish gelator structure versus gel property relationships. For the latter we will
determine amic acid decomposition rates for the gelator molecules. In addition to perylene
diamic acids, we also report on perylene monoimide monoamic acids (PMIMAAs) as
gelator molecules. For hydrogel formation from these molecules, the gelation mechanism
consists of the same steps, neutralization of the amic acid followed by self-assembly and
anhydride formation.

3.2 Results and discussion

3.2.1. Synthesis and Characterization of perylene amic acids

The syntheses of perylene-3,4,9,10-diamic acids salts K>4a-K»4f, perylene-3,4-imide-
9,10-amic acids salts K5a-K5f and perylene-3,4-amic acid-9,10-diesters acid salt K9a
are depicted in Scheme 1 and described in the SI. In these syntheses KoCO;3 was used as
a base, instead of DBU, because the potassium salts of the amic acids, i.e. K24 K5 and
K9 were easier to isolate than the corresponding non-crystalline DBU salts. Elevated
temperatures of 60°C were used because secondary amines react slower than primary
amines, presumably due to steric reasons. We used a series of cyclic piperazine,
piperidine, morpholine and pyrrolidine bases 2a-2e, along with 2f as an acyclic reference,
in order to identify correlations between the molecular structure of the gel precursor and
the hydrogel that is formed. Cyclic amines have been selected because amic acids derived
from these amines exhibit slower decomposition reactions, which appears to be beneficial
for the formation of strong hydrogels.

R Risy-Re Risy-R2
O 00 Hr(1 o N
Rz
G OO
‘ K2CO4 ‘ KZCO3
—
OO DMSO, 2h Oe DMSO, 2h K0
60°C 60°C
DMSO, 2h
oo o 60°C
C4H904H9 cl,H9<:4H9
PDA (1) PMIMA (7)
(cis and trans) PMADE (8) 9
HN N HN  NH HN. O HN ) HN(]
) oy v/
2a 2b 2c 2d 2e 2f

Scheme 2. Synthesis of amic acids salts Kz24a-f, K5a-f and K9a.

The potassium salts K24a-K:4f have been characterised by NMR, absorption and
emission spectroscopy. The 'H and '*C NMR spectra of compound Kz4a in CD;0D are
shown in Figures 1 and S22-25. In the proton NMR the presence of two isomers is not
clearly visible in the aromatic part of the spectrum, most likely due to strong overlap of
the spectra of both isomers. In the aliphatic region the methylene units of the hydroxyethyl
groups attached to the piperazine ring are visible as two sharp triplets at 2.59 and 3.67
ppm. The 6 protons on the piperazine rings exhibit a complex coupling pattern.
Integration of the multiplet resonances demonstrates that all protons attached to the
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piperazine ring have different chemical shifts and are individually visible. This
observation indicates that both the inversion of the six-membered piperazine ring and the
rotation over the perylene amide bond at the peri-position are slow on the NMR timescale.
A slow rotation over the amide bond is already apparent in the '"H NMR spectrum of
K>4f, were the two methyl peaks are split between two singlets at 3.05 en 3.10 ppm (figure
S40). The carbon NMR spectrum reveals that K24a indeed is a mixture of cis and trans
isomers in a 1:1 ratio. For the carboxylate and amide carbonyl carbons, at 175.7 and 171.3
ppm, respectively, double resonances are observed and the total number of resonances in
the aromatic region is 20, as expected for a mixture of cis and trans isomers. UV-Vis
spectra are in accordance to those previously reported for the dimethylamine derived amic
acids. Ka4f, K5f and K9f (Fig S1)¥*. All compounds are soluble in water, ethanol,
chloroform and DMF. However, K24 has the highest solubility in water and the lowest in
chloroform, while K5 shows the reversed trend. It should be noted that diamic acid salts
K>4 are highly soluble in water; for compound Kz4a the solubility exceeds 5 g/l, which
is remarkable in view of the low solubility of non-bay substituted perylene diimides,
which is remarkable for the highly hydrophobic perylene scafold.**

3.2.2. Gel formation experiments

In our attempts to isolate PMDAAs by acidification of amic acid salts in aqueous media
we serendipitously discovered that this procedure leads to the formation of highly
coloured, pudding-like hydrogels. Amic acid salt containing solutions were obtained by
reacting an amine with PDA for one hour at 60°C with DMF as the solvent and DBU as
the base® (Scheme 1). The obtained highly fluorescent solutions were poured in a tenfold
excess of water. Subsequently, 1 M HCI was added dropwise until the intense green
fluorescence of the amic acid salt disappeared and the solutions turned dark red. This
procedure resulted in gel formation, not only for amic acids but also for their ester
analogues. All reaction mixtures contained 0.05 M gelator (0.5-1% w/w) and gelation
times between 0.5 en 24 hours have been observed, depending on the chemical structure
of the hydrogelator, see Table S1. Gels from different precursors were transparent and
had colours ranging from deep burgundy red in most cases to orange-red. Reaction
mixtures obtained in DMSO, using K,COs as the base, also yielded gels using the same
procedure, but these gels generally were not as intensely coloured and less transparent. In
time, the gels started to sweat and contract but this was a slow process. Most of the gels
were stable enough to remove them from the mould and make pudding-sized objects, see
Figure S18.

We noticed that for some compounds adding acid resulted in formation of gel particles or
even crystalline material and homogeneous gels could not be made in this manner. To
prevent premature gel formation due to a fast pH decrease, we also made hydrogels from
reaction mixtures by adding freshly prepared glucono-d-lactone (GdL) solution. GdL
hydrolyses in water forming D-gluconic acid and the decrease of pH in time is depicted
in Figure S17. In this manner the pH slowly deceases and for all compounds the gelation
process occurs by neutralisation of the amic acid salt followed by PDA formation at a rate
that is in part regulated by the GdL decomposition. It should also be mentioned that due
to the excess amine and DBU the crude reaction mixture is strongly buffered. Using GdL,
good hydrogels were obtained from virtually all precursors that were attempted, Table
S2. It was also noted that the shrinkage or syneresis that is usually observed when acid is
used in excess can be strongly reduced, when only a small excess of acid is used. By
adding GdL we noted that all precursors yield deeply coloured homogeneous gels.
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Following these crude gelation experiments, in which cosolvents and additional reagents
were present along with the hydrogelator, we decided to use pure amic acids salts derived
from a series of cyclic secondary amines, depicted in Scheme 2. In this series of gelator
molecules, the size and the polarity of the amines are systematically tuned. Cyclic amines
have been employed because the rate of hydrolysis of the derived amic acids are lower
than those for amic acids derived from corresponding linear non-cyclic amines, possibly
for steric reasons. It was observed, in the crude experiments using crude reaction
mixtures, that a lower hydrolysis rate has a positive effect on the gelation process.
Gelation of K:4f was investigated as a control experiment.

Gel formation was investigated by lowering the pH of a solution of Kz4a- Kz4e in a 0.05
M GdL solution. The critical gel concentrations (CGCs) were determined and depicted in
Table 1. In contrast to the gels formed from crude reaction mixtures, that contain 10% of
a polar cosolvent and buffering amines, the gels formed in pure water exhibit substantial
syneresis, i.e. the gel starts shrinking isotropically after formation. As syneresis of K24a-
K>4e started soon after the gel was set, performing classical inversion experiments is not
feasible in all cases. Instead it was determined if gels made from Kz4a- Kz4e were capable
of holding their original shape after being aged for 24 hours, which can be considered a
pseudo inversion experiment. From Table 1 it is clear that gelators K24a and K24b stand
out with very low CGCs around 1*10-° M. These values in the same order of magnitude
as those observed for amino acid derived PDI hydrogels that were prepared under similar
conditions.?>2729-30:32 For hydrogels prepared from compounds Ka4e- Kade the observed
CGCs are at least one order of magnitude higher, and these gels tend to crumble in time,
rather than shrink. Comparing this to the kinetic experiments in the previous section, a
trend can be observed: hydrogels made with hydrophilic amines (K24a and K24b) have a
slower hydrolysis, a lower CGC and show no crumbling. The opposite can be seen for
hydrogels made from hydrophobic amines (K24¢-Kz4e). In Figure 2, the gels formed from
compound Kz4c¢, 24 hours after formation, are depicted. The higher shrinkage of the more
concentrated gels and the formation of transparent gels with a modest optical density at
lower gel loading are clearly visible. The same experiments were performed for K5a, but
the PMIMAA formed only very weak and crumbling hydrogels. K24f was unable to form
a hydrogel under these circumstances. An alternative method of hydrogel formation that
we investigated was by pouring the amic acid salts in a buffer solutions. Compounds
K24a-Kz4c¢ (0.5-0.05 M) form stable hydrogels in an ascorbic acid buffer (0.5-0.25 M,
pH 4), compounds K:4d and K4e precipitate under the same conditions. Syneresis of
these gels is slower compared to the gels formed using GdL. A similar trend is observed
when using an acetic acid buffer (<0.3 M, pH 4).

Table 1. Summary of the critical gel concentrations in mg/ml and mmol/L of K:4a-Kz>4e

CGC (mg/ml) CGC (M) Gelation
time@conditions
Ky4a 0.008 1.2 *10° 5h50
Ky4b 0.007 1.0 * 10° >7h, <16h
Kydce 0.06 1.9 * 10* 1h50
Ky4d 0.26 4.1*10* 50min
Kyde 0.25 4.0 *10* 40min
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Figure 2. dilutions of K24a up to 40 hours after addition of 0.05 M GdL. The strong
syneresis at high gelator concentrations is clearly visible. Concentrations are from left
to right 2.50 * 107 —2.50 * 107 M.

3.2.3. Rheology

The mechanical properties of 1 mM hydrogels of K»4a-K:4e were examined by
oscillatory rheology at 20 °C. In time-sweep experiments the elasticity (G”) and loss (G”*)
moduli were measured over time. The highest observed G’ and G’’ values are
summarized in table 2. For all compounds 4a-e G’ was larger than G’’, indicating
viscoelastic behavior. The time at which the value of G” and G’’ reaches the highest point
corresponds well with the time it takes to perform a successful gel inversion experiment
for all gels. In the first few minutes of the experiments, all gels gain a G* higher than G*’,
indicating the formation of a gel. The mechanical properties of the early gels that consist
of amic acids are very weak with loss moduli G’ of a few pascals. This is followed by a
slow and steady increase in the mechanical properties, presumably as a consequence of
amic acid decomposition. Compound 4a exhibits the highest values for G’, approximately
480 Pa (Figure 3). This value is in the same order of magnitude as PDI hydrogels reported
in literature, although PDI hydrogels generally are made at higher
concentrations.?>272%3032 At the end of the time sweep experiment, the mechanical
properties start to decline. An exception to this behavior is observed for 4b, where the
decline is not detected in the time scope of the experiment. For gels 4a and 4c-e, G’
remains larger than G”’ during the decline. The drop in mechanical properties is most
likely caused by the gel syneresis that has also been observed in the gel forming
experiments. This causes the gel to detach from the plate and results in poorly
reproducible experiments and less reliable data. Although all gels are composed of PDA
1 after hydrolysis, the rheology for all hydrogels shows different mechanical properties.
More hydrophilic amines (Kz24a and K24b) show higher maximum strengths and a longer
time to go through hydrolysis and syneresis, compared to amic acids with more
hydrophobic amines (K24c-K:4e). Again, this shows that amic acids with faster
hydrolysis, amic acids with hydrophobic amines, have a lower mechanical strength.
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Rheology of K5a showed that very weak hydrogels are formed with 25 Pa as the
maximum loss modulus. It showed a similar syneresis as the diamic acids Kx4a-K»4e.

Table 2. summary of G’ and G values, the maximum G’/G” ratio and the time at
which the maximum of G/G” was reached (gelation time) for 1 mM gels of K24a-e in

0.05 mM GdL.
Gelator (at1 | G’ (Pa)max G” (Pa)max G’/G”max Gelation Time
mM) )
K>4a 477 7.5 64 32.300
K>4b 670 6.5 103 16610
Kadc* 3.3 0.2 17 10593
K>4d 274 11 25 995
Kxde 35 1.4 27 980
* Large quantities of a well specified K,CO3 contamination were present in the sample
which are known to affect gelation. The observed values for G’/G” may not be
representative as a result.
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Figure 3. Rheological time-sweeps of G” and G of 1 mM aqueous gels of Kida
prepared with 0.05 M GdL.

3.2.4. Kinetics of amic acid to anhydride decomposition

The rate of the amic acid decomposition was measured in a series of UV experiments,
because it was observed the kinetics of this process has a profound effect on the gel
formation. The kinetics of naphthalene amic acid hydrolysis in aqueous solutions has
been reported in the literature. For these naphthalene compounds, the starting material,
intermediates and product are soluble in water at 10~ M concentrations.***> However,
this is not applicable for perylene diamic acids, because PDA will aggregate and gelate
in water, even at low concentrations. Therefore, amic acid decomposition was monitored
at room temperature in DMF, a solvent in which all compounds are soluble and
aggregation of amic acids and the formed PDA does not occur.*®*” The hydrolysis is
depicted in Scheme 1 and the absorption spectra taken after addition of HCI to a solution
of Kz4a (as a function of time) are depicted in Figure 4. Upon the addition of acid the
amic acid Hz4a is formed instantaneously, which is clearly visible by a 10 nm blue shift
in absorption and the disappearance of fluorescence. Subsequently decomposition of both
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amic acid units takes place and via the monoanhydride monoamic acid H3a, PDA 1 is
formed. Because the hydrolysis of PDAA Haz4a takes place in two steps and because the
absorption spectra of the compounds involved (H24, H3 and 1) strongly overlap, accurate
rate constants cannot be determined from these experiments. However, the relative rates
have been determined and for this process and the order of the decomposition rates is:
Hz4c > H24e/H24d > H24a H24b. As mentioned before, hydrolysis rates for these cyclic
amic acids are markedly lower than those for acyclic dimethylamine-derived amic acid

H4f.

0.25 4 5 | 5min

Abhsorption

T T T T 1
350 400 450 500 550 600
Wavelength (nm)

Figure 4. Absorption spectra of the acidification and hydrolysis of amic acid 4a with 50
ul 3M HCl in DMF at room temperature. The black line represents Kz4a before
acidification. The final spectrum at 12 hours represents PDA 1.
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Figure 5. Absorption spectra of compound K5a (black, dmax= 522 nm) in DMF and 5a
(red, Amax= 506 nm), formed after acidification with 50 ul 3M HCI. In the time-
dependent absorption spectra the reaction from 5a to compound 7 (Amax= 521 and 486

nm) is visible. Isosbestic points are observed at 479, 492 and 510 nm.

In order to determine accurate rate constants for the amic acid hydrolysis, as a function
of the molecular structure of the attached secondary amine, the hydrolysis of PMIMAA

H5a was investigated, as depicted in Scheme 3. This hydrolysis is a clean process and
the spectra in Figure 5 exhibit clear isosbestic points at 479, 493 and 510 nm. Rate
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constants for the PMIMAAs HS5a-HSe, depicted in Table 3, are in line with the results
obtained from the decomposition of the PDAAs H:4a-Hx4e. To substantiate the claim
that cyclic amines the lower hydrolysis rate for cyclic amines, H5f was also hydrolysed
under the same conditions (Fig S10). The rate of hydrolysis was determined at 3.0%¥10-3
s'l. This result implies that, with the notable exception of K5¢, we can confirm that the
hydrolysis of amic acids derived from cyclic amines is a slower process.

Table 3.
Compound 5a 5b 5¢ 5d 5e 5f
Reaction 2.4*%10* | 1.5*10* | 3.7*103 | 4.5*%10* | 9.4*10* | 3.0*107
rate?

a: reaction rates k’ in s’!

© ° © (0] o™ ™0
O_ _N.
R»]/ R2 H’OR‘]’N\Rz
5 H5 7
Scheme 3. Hydrolysis of PMIMAA K5

3.2.5. Gelation observed with NMR and UV-VIS

In order to investigate hydrogel formation at the molecular level , 'H NMR spectra were
taken as a function of time during the gelation of Kz4a in a pH 4 CD3;COOD/NaOD
buffer. This system was chosen because we did not have fully deuterated GdL, and
because we have previously demonstrated that proper hydrogel formation takes place in
pH 4 buffers.

NMR spectra taken before and after acidification (at 1 minute intervals) are depicted in
Figure 6. From these NMR spectra it is clearly visible that acidification induces
aggregation of the amic acids, as the aromatic protons shift, broaden and finally disappear
in 10 minutes. Proton shifts and broadening is also observed for the aliphatic protons, but
in contrast to their aromatic counterparts, the aliphatic resonances do not disappear. This
observation indicates that primarily the aromatic part of hydrogelator H:4a is
immobilised and the aromatic proton resonances are broadened to a large extent.
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Figure 6. NMR measurement of K>4a in deuterated acetic acid buffer at pH 4.

This is a clear indication of n-n stacking of the aromatic perylene moieties. After 30
minutes the aggregation process of the neutral protonated species Hz4a is followed by
hydrolysis, that eventually forms PDA 1 and piperazine 2a, see Scheme 1. The protons
of aggregated PDA are not visible in the proton NMR, which makes perfect sense, since
PDA will form more rigid and better ordered stacks than either H24a or H5a. The
presence of piperazine 2a, however, is clearly visible in the NMR by the emergence of
sharp and intense resonances in the aliphatic region of the spectrum. The resonances
below 2.7 ppm, present in the spectrum of Kz4a, are absent in the spectrum, which is
consistent with the spectra of compound 2a that was recorded independently (fig S42).
Obviously the high field resonances observed in the spectrum of H:4a are caused by
strong shielding induced by the perylene skeleton. In the equivalent non-deuterated
system gel formation took place in about 1 hour and 45 minutes.

3.2.6. UV-VIS

The gelation process of compound Kz24a was monitored by UV-Vis spectroscopy as well.
Because the gelation already takes place at very low concentrations ~104-10° M,
absorption spectra can be recorded at convenient optical densities using a 1 mm pathway
cuvette. For this experiment GdL was used to lower the pH and this experiment was
performed under the same conditions as for the standard gel preparation, see gel formation
experiments. The absorption spectra taken at different time intervals are depicted in
Figure 7. In the first hour, the absorption maxima at 465 and 439 nm of the molecularly
dissolved amic acid salt gradually decreases. In contrast to the kinetic experiments that
were performed in DMF, the blue-shifted absorption of H24a has not been observed,
which implies that this compound is not molecularly dissolved in water. Instead, a broad,
red-shifted and profoundly less intense absorption emerges around 482 nm, which most
likely originates from aggregated Hz24a. The absorption remains fairly stable for the
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Figure 7: absorptions of an aqueous gel of K24a with 0.05 M GdL monitored over 24
hours. One spectrum was taken every 10 minutes for the first two hours, then one
spectrum every 40 minutes for the remaining 22 hours.

following 5 hours. Subsequently the absorption grows in intensity and gradually shift to
the blue to 462 nm. The final spectra obtained after 20-24 hours remain stationary, apart
from increases in intensity induced by syneresis, and therefore is expected to be the
spectra of fully aggregated PDA.

During the first hour the decrease of the structured absorption spectrum of Kz4a is
indicative of protonation of this compound and the aggregation of the compounds H4a"
and Hz4a that have been formed upon protonation. Formation of these aggregated species
takes place in one hour and this is consistent with rheology experiments that demonstrate
the formation of a very soft ~1 Pa gel in this timeframe. The aggregation process is
accompanied by a ~60% loss of absorption intensity and this phenomenon may be
indicative of the formation of unordered and rather lose aggregated structures. After 5
hours the absorption spectra increase in intensity and this may indicate that hydrolysis
takes place. It is known for molecularly dissolved perylenes that the extinction
coefficients increases twofold, going from a tetraester to a diimide via the monoimide
diester, while the absorption wavelength is red-shifted.?%*® This behaviour has also been
demonstrated for the acid induced decomposition of Hz24 to 1 in DMF, as illustrated in
Figure 4. In our case we are looking at aggregated structures and the exact ordering of the
perylene molecules in the aggregates will either induce red shifts (J-aggregates) or blue
shifts (H-aggregates) and may also influence the absorption intensities. The red-shifts,
anticipated on the formation of PDA 1 have not been observed, which may be the case
because the type of aggregation may have changed as a consequence of the chemical
transformation that took place. The anticipated increase in intensity has been observed
and it is likely that this increase has been enhanced by changing the aggregation; we
anticipate that PDA forms tighter aggregates than PDAAs (larger m-system intensity
increase). Finally it should be noted that a small part of the intensity increase is due to the
shrinking of the gel.
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3.2.7. Visualization by Cryo-TEM measurements

Gelation from small molecules is usually induced by aggregation to form bundles with
large aspect ratios that are cross-linked. In Figure 8a a cryo TEM image of the gel formed
with compound K24a (c= 0.5 mM) and GdL (c= 0.025 M) is depicted. In Figure 8a it is
visible that the gel is homogeneous and consists of long cross-linked fibres. Upon analysis
of the fibres, it was shown that "single-stranded" fibres range in thickness from 3.5 nm to
6.5 nm, while the dimensions of a single molecule of perylene are 0.5 by 1.25 nm. This
means that the smallest fibres already contain multiple stacks of perylene, and providing
that the fibres consist of PDA molecules only, the number of single PDA strands in a fibre
would be in the order of 10-30. In Figure 8b a gel is depicted that was formed by
neutralizing a K24a solution with a few drops of 1.0 M HCI. The gels structure is similar,
consisting of cross-linked fibres, but the fibrilous network in this sample clearly is less
homogeneous. The fibres appear to be thicker with smaller mesh sizes and some areas are
almost devoid of fibres. Also the presence of larger spherical chunks of material are
visible in Figure 8b. It appears that the slower gel formation, that is achieved by a slower
and more homogeneous lowering of the pH by using GdL, has resulted in more
homogeneous gels. When comparing amic acids K»4a-Kz4e, where a slower hydrolysis
results in a mechanically stronger and more stable hydrogel, this is an additional effect
on the gel formation that should not be underestimated.
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Figure 8. Left Figure 8a. Cryo-TEM image of the hydrogel formed with Kz4a (c= 0.5
mM) and GdL (0.025 M), right Figure 8b. Hydrogel from the same compound prepared
by adding a few drops of a 1.0 M HCI solution, right.

3.2.8. Proposed gelation mechanism.

In this section we will propose a detailed mechanism for the gelation of amic acid salts
4%, Along with this mechanism we will discuss the experimental data that (dis)favour this
gelation mechanism. Upon slow acidification of a solution of 4%, which is typically the
case when GdL is used, 4% gets protonated and H4" will be formed. This compound will
have a decreased solubility in aqueous media and formd non-fluorescent aggregates,
probably dimers or micelles.*>** This is expected because the formation of larger rigid
aggregates is energetically unfavourable due to a high charge density on the stacks. Upon
further protonation H24 will be formed and this neutral species will be entirely insoluble
in water and is expected to form long fibrous aggregates. In order to accommodate this
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stacking the piperazine amide units should be placed at the axial position with respect to
the perylene plane. Also due to steric hindrance the perylene units should be rotated with
respect to each other along the stack axis, at an extent depending on the bulk of the amic
acid substituents. Bundling of multiple stacks or the formation of cross-links of the fibres
seems unlikely at this stage, because the amic acid functionalities are fairly compatible
with the water phase. In the cases of piperazine-functionalized amic acids, protonation of
the piperazine amine may be another argument that opposes bundling and cross-linking
of the fibres at this stage. Rheology experiments indicate that the initially formed
aggregated structures, presumable those build up from He4, are very weak gels with
moduli in the 1 Pa range. It remains unknown what effect the presence of both cis and
trans amic acids have on the aggregation process. It is conceivable that the gelator self-
sorts in different stacks, in a process that removes some of the steric hindrance of the
piperazine amide group, see Scheme S2. but it is also possible they co-assemble in the
same stack. Rate and reversibility of aggregation determines the extend of self-sorting
and the eventual quality of the gels. In the final highly symmetric PDA-gel, the effect of
self-sorting will have disappeared

In time, either during further acidification by GdL or at a stable pH in buffered solutions,
hydrolysis of the amic acid takes place, forming H3 initially and finally PDA 1. The rates
of this process in aggregates formed of H24 and H3 is has not been determined
experimentally, but most likely these rates are proportional to the rates measured for
K:4a-K:4e in DMF, unless steric factors in these stacks play a decisive role. The
transformation from an amic acid to an anhydride will promote the aggregation process,
because the anhydride functionality is planar and much smaller than the amic acid,
thereby decreasing steric hindrance of the aggregation process. Due to this the fibres will
become more rigid. Due to the disappearance of the large and deplanarizing carboxylic
acid and piperazine amide groups, the less hydrophilic nature of the anhydride group and
the formation of more ordered rigid n-n stacks, bundling and further cross-linking of the
fibres will mostly take place at this stage.

Experimental evidence favouring this mechanism can be found in various experiments.
The dimerization or micellization of H4" will remain hypothetical, as we have not
attempted to make this species specifically. Aggregation upon acidification, either of H4"
or H24 is evident from the disappearance of fluorescence upon acidification. Also, the 10
nm blue shift that is observed upon formation of H24 from 4% is not observed in water,
which indicates that 4% is not molecularly dissolved in water and thus has aggregated
instantaneously. The aggregation of H24 is a more certain bet and supported by various
experiments. To start with, it is known that all neutral PTCA derivatives are hydrophobic
and not soluble in polar solvents like water. The structurally related perylene diamic esters
are the relevant examples. It is also known that non-bay substituted uncharged PTCAs
will form aggregates by n-n stacking?.

Experimental evidence for the aggregation of H24 is found in the NMR experiments in
acetate buffer, where acidification leads to an immediate strong broadening of specifically
the resonances in the aromatic part of the amic acid spectrum. UV broadening upon
acidification and the immediate disappearance of fluorescence upon acidification provide
further support for the occurrence of an aggregation process. The slow gel formation,
evidenced from macroscopic experiments and the slow development of mechanical
strength observed in the rheology experiments are indications that aggregated amic acid
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are not the constituents of the final gel. The self-assembled structures formed from H24
are too weak to form the strong gels that are finally obtained.

Experimental evidence for the decomposition comes from different sources. First of all
hydrolysis of the structurally similar naphthyl amic acids in water have been reported and
the kinetics of this process was determined by UV-Vis experiments. The decomposition
of the perylene amic acids H24a-Hz24e was demonstrated in DMF and here too the kinetics
of this process has been determined using absorption spectroscopy. Direct evidence for
decomposition during gel formation in water comes from the NMR experiments with
Hz4a in a pH 4 acetate buffer. The release of ethanolpiperazine 2a at the later stages of
the gelation process is clearly visible in this experiment. UV-Vis absorption experiments
using H24a and GdL in water reveal the formation of PDA 1 at the later stages of the
process. Although H>4a, H3a and 1 are all aggregated and their absorption spectra depend
on the exact type of aggregation, the formation of 1 from Hz4a is evident from the large
increase of the absorption intensity. Finally the rheology experiments exhibit strong
increases in mechanical strength of the gels on time frames for the different gelators that
coincide with the hydrolysis rates of these respective gelator molecules.

We have demonstrated the hydrogels were also formed from PMIMAA salts like KSa
and K9, by following a similar two-step mechanism of aggregation upon amic acid
neutralisation, followed by hydrolysis to form anhydride. However, the gels formed from
these gelators have inferior mechanical properties. Several factors may be identified to
explain this phenomenon. To start with, due to the amphiphilic nature of these molecules,
the gelation process does not start from a molecularly dissolved solution, as is the case
for K4, but from aggregates in aqueous solution, for example micelles. Upon
protonation, the morphology changes to fibrous stacks, which can trigger precipitation,
since the protonated PMIMAA will have a low solubility. If protonation could be done
even slower and more controlled, this hurdle may be overcome. The final structure is
different and the butyl imide and dibutyl ester functionality may hamper the stacking and
cross-linking process.

3.3 Conclusions

A novel class of perylene-based hydrogelators has been discovered; perylene diamic acid
salts, perylene monoamic acid salts with either an imide or a diester functionality at the
opposite peri position. In addition the ester analogues of perylene diamic acid salts form
hydrogels as well. In all cases hydrogels are formed straight from crude reaction mixtures
by protonation of the amic acid and subsequent decomposition to form anhydrides.

For a more detailed study a series of perylene diamic acid potassium salts were
synthesised and their gelation behaviour was investigated in water. The investigated
compounds had amic acid functionalities derived from cyclic secondary amines, whose
structure was systematically varied. All compounds successfully gelated into hydrogels
upon slow protonation. The obtained hydrogels show respectable mechanical properties
and profound syneresis over time. The gelation process was investigated using time-
dependant UV-VIS and '"H-NMR, cryo-TEM and rheology. It was found that hydrogels
from amic acids with more hydrophilic amides hydrolyse slower and have superior
mechanical properties compared to more hydrophobic amides. We propose that the
perylene amic acid already aggregates to some extend in water. When the acidity of the
solution increases, the amic acids are protonated, lowering the charge of the aggregate,
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promoting further aggregation. This is followed by hydrolysis of the amide which will
eliminate steric hindrance between monomers, increasing the supramolecular interactions
between the monomers, and again promoting aggregation. Slower protonation and
hydrolysis will result in longer aggregates that have a more homogenous distribution,
which enhances the mechanical properties. Thus, forming hydrogels that have the same
molecular composition, but with greatly different properties. We also conclude that the
formation of hydrogels from perylene amic acid salts and their ester analogues is quit
universal and has been observed for different classes of compounds.

3.4 Experimental

3.4.1. Synthesis of Kx4a-kr4e

To a 500 mL round bottom flask, DMSO (20 mL), PDA (1.00 g, 2.55 mmol), K,CO;
(2.80 g, 20.39 mmol) and the appropriate amine (10.20 mmol) were added. The resulting
slurry is stirred for 2 hours at 60 °C. After reaction completion, the mixture is left to cool
to room temperature. This is followed by the addition of methanol (10 mL) under strong
stirring. The mixture is then poured into acetone (200 mL) to precipitate the product. The
solids are filtered off and dissolved in methanol (10 mL) again. The precipitation in
acetone (200 mL) is repeated. This yields potassium amic acid salts K,4a-K»4e as
yellow/orange solids.

Ka4a: Yield: 1.208 g, 65%

K24b: Yield: 0.784 g, 48%

Ka4c: Yield: 0.688 g, 42%

K»4d: Yield: 0.977 g, 60%

Kode: Yield: 1.121 g, 72%

3.4.2. Gelation of K>4a-K>4e

A solution of K»4 with double the desired hydrogel concentration is prepared in distilled
water. Also a solution of 0.1 mM GdL is freshly prepared, or an acidic buffer is prepared.
The two solutions are mixture in equal amounts. When using GdL, this yields a
fluorescent solution that will turn into a non-fluorescent red solution within an hour. GdL
needs to be prepared immediately before addition to K»4, since its hydrolysis will start
when in contact with water, lowering the pH. When an acidic buffer is used instead of
GdL, a non-fluorescent red solution is formed almost immediately. The solution is left to
stand and will form a hydrogel, after which it will undergo syneresis, according to the
times noted in table 1.

3.4.3. Synthesis of the gelator solutions for crude gelation experiments.

For the amic acid preparation a stock solution consisting of 10 mL of DMF and 760 mg,
Smmol DBU was prepared. PDA 100 mg (0.25 mmol) was suspended in 2.1 mL stock
solution (containing 1.0 mmol, 4 eq) DBU. To this solution 1.0 mmol, 4 eq of amine 2
was added. The reaction mixture was stirred overnight at room temperature.

For the ester preparation a stock solution consisting of 10 mL of DMF and 10 mmol, 1.52
g DBU was prepared. PDA 100 mg (0.25 mmol) was suspended in 2.2 mL stock solution
(containing 2.0 mmol, 8 eq) DMF. To this solution 2.0 mmol, 8 eq alcohol 101 was added.
The reaction mixture was stirred overnight at room temperature.

For the gelation experiments 18 mL of demi water was added to the reaction mixture
containing the hydrogelator 4 or 100. 3.0 mL of this solution was added to a 5 mL asperine
tube. Depending on the amine (diamine or monoamine) used for preparing 4, 0.5 M
freshly prepared Gdl solution was added (1.05 or 0.7 mL). To the solution containing the
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ester gelator 100, 0.8 mL 0.5M Gdl solution was added. The hydrogelator concentration
in the final mixture ~1*10 M.

3.5 Supporting information
3.5.1. Synthesis and gelation of amic acids from crude reaction mixtures
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Scheme S1. Synthesized amic acids from crude reaction mixtures.

Compounds 100a-g and 4a-f have been prepared in DMF with DBU as the base under
the usual synthetic conditions, see experimental section (crude gelation experiments). The
reaction mixtures were diluted with 9 volumes of water and from these 12.5 mM solutions
hydrogels were prepared by addition of 1.2 to 1.5 equivalents of a freshly prepared 0.5
M Gdl solution. Stable gels (inverted test tube) form within 2 hours and most of them
shrink within 24 hours. However, in some cases, syneresis is not observed and gels
remain unchanged for days/weeks. This phenomenon is not understood by us yet, but it
appears that apart from the chemical structure of the hydrogelator, the amount of added
GdL seems to play a role. This is so because for the same hydrogelator syneresis and
stable gels are formed under very similar, near identical conditions. A dilution series
conducted with gelator 4b revealed that the critical gel concentration (CGC) of crude gels
from reaction mixtures are similar to those of the pure gels made from the respective
potassium salts K24 in water.

By mixing gelator molecules 4 and 100 in various combinations in a 1:1 ratio (12.5 mM
total) good hydrogels were obtained. Some shrank, some did not shrink. Preparing a
hydrogel with K4X the perylene tetracarboxylic acid salt of perylene tetracarboxylic acid
was not successful; upon acidification a precipitate was formed. It also did not work in
mixtures.

Addition of 1 M HCl to a solution of gelator did not always yield stable gels. For example

compound 101a and 101b yielded gels, whereas 101¢ and 101d yielded inhomogeneous
gel-like materials and a precipitate respectively. It is anticipated that a large pH gradient
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leads may lead to premature amic acid decomposition and uncontrolled precipitation of
PDA from the solution.

Self Cis-A
sorting Cis-B
_— Cis-A
stacking Cis-B
stack

Trans-A Trans-B Cis-A Cis-B

Scheme S2. Self-sorting of cis and trans diamic acids.

3.5.2. UV-VIS spectra
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Figure S1. a) Normalized UV-Vis absorption and b) Normalized fluorescence emission

spectra of Compounds Kz4f, K5f and K9f in Ethanol.
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Figure S2. Absorption spectra of the acidification and hydrolysis of amic acid 4b with
50 ul 3M HCI in DMF at room temperature. The black line represents K24b before
acidification. The final spectrum at 12 hours represents PDA 1.
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Figure S3. Absorption spectra of the acidification and hydrolysis of amic acid 4c with

50 ul 3M HCl in DMF at room temperature. The black line represents K24c before
acidification. The final spectrum at 12 hours represents PDA 1.
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Figure S4. Absorption spectra of the acidification and hydrolysis of amic acid 4d with
50 ul 3M HCI in DMF at room temperature. The black line represents Kz4d before
acidification. The final spectrum at 12 hours represents PDA 1.
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Figure S5. Absorption spectra of the acidification and hydrolysis of amic acid 4e with

50 ul 3M HCl in DMF at room temperature. The black line represents Kx4e before
acidification. The final spectrum at 12 hours represents PDA 1.
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Figure S6. (A) Absorption spectra of the acidification and hydrolysis of amic acid 5b
with 50 ul 3M HCl in DMF at room temperature. The black line represents K5b before
acidification, Ama: = 521 nm. The final spectrum at 12 hours represents PMIMA 7.
Isobestic points are at 477 nm. (B) Composition of the reaction mixtures obtained from
UV-VIS spectra. Solid lines represent the theoretical fitting cuves obtained using a fist-
order decay. From this the rate constant is calculated at 1.5%10* s°!.
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Figure S7. (A) Absorption spectra of the acidification and hydrolysis of amic acid 5c¢
with 50 ul 3M HCI in DMF at room temperature. The black line represents K5c before
acidification, Amax = 525 nm. The final spectrum at 12 hours represents PMIMA 7.
Isobestic points are at 479, 492 and 510 nm. (B) Composition of the reaction mixtures
obtained from UV-VIS spectra. Solid lines represent the theoretical fitting cuves

obtained using a fist-order decay. From this the rate constant is calculated at 3.7*1073 s
1
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Figure S8. (A) Absorption spectra of the acidification and hydrolysis of amic acid 5d
with 50 ul 3M HCl in DMF at room temperature. The black line represents K5d before
acidification, Amax = 524 nm. The final spectrum at 12 hours represents PMIMA 7.
Isobestic points are at 479, 492 and 510 nm. (B) Composition of the reaction mixtures
obtained from UV-VIS spectra. Solid lines represent the theoretical fitting cuves
obtained using a fist-order decay. From this the rate constant is calculated: 4.5%107s.
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Figure 9. (A) Absorption spectra of the acidification and hydrolysis of amic acid 5e
with 50 ul 3M HCl in DMF at room temperature. The black line represents K5e before
acidification, Amax = 486 and 520 nm. The final spectrum at 12 hours represents PMIMA
7. Isobestic points are at 478, 492 and 510 nm. (B) Composition of the reaction
mixtures obtained from UV-VIS spectra. Solid lines represent the theoretical fitting
cuves obtained using a fist-order decay. From this the rate constant is calculated at

9.4%10* 57!,
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Figure S10. (A) Absorption spectra of the acidification and hydrolysis of amic acid 5f
with 50 ul 3M HCl in DMF at room temperature. The black line represents K5f before
acidification, Amax = 487 and 520 nm. The final spectrum at 12 hours represents PMIMA
7. Isobestic points are at 479, 492 and 510 nm. (B) Composition of the reaction
mixtures obtained from UV-VIS spectra. Solid lines represent the theoretical fitting
cuves obtained using a fist-order decay. From this the rate constant is calculated at
3.0%107% 57,
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Figure S11. (A) Absorption spectra of the acidification and hydrolysis of amic acid 9a
with 50 ul 3M HCIl in DMF at room temperature. The black line represents K9a before

acidification, Amax = 479 nm. The final spectrum at 12 hours represents PMADE 8.

Isobestic points is at 475 nm. (B) Composition of the reaction mixtures obtained from
UV-VIS spectra. Solid lines represent the theoretical fitting cuves obtained using a fist-

order decay. From this the rate constant is calculated at 8.4*10* s

99



3.5.3. Rheology
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Figure S12. Rheological time-sweeps of G" and G” of 1 mM aqueous gels of K44b with
0.05 M glucono-oé-lactone
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Figure S13. Rheological time-sweeps of G’ and G of 1 mM aqueous gels of Kidc with
0.05 M glucono-o-lactone
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Figure S14. Rheological time-sweeps of G" and G” of 1 mM aqueous gels of K«4d with

0.05 M glucono-o-lactone
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Figure S15. Rheological time-sweeps of G’ and G of 1 mM aqueous gels of Kide with

0.05 M glucono-o-lactone
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Figure S16. Rheological time-sweeps of G’ and G of I mM aqueous gels of K5a with
0.05 M glucono-oé-lactone
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Figure S17. pH of a 0.05 M GdL solution over time.
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Figure S18. Gelation of crude amic acid reaction mixtures. The hydrogels contain (0.5-
1% w/w amic acid, DBU-CI salts, excess amine and ~10% DMF.
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Figure S19. Gelation of crude amic acid reaction mixtures. The hydrogels contain 0.5-
1% w/w amic acid, DBU-CI salts, excess amine and ~10% DMF. A) Solutions directly
after adding HCI; B) Solutions after careful mixing, C) Solution have gelated, 25
minutes after acidification, D) Shrunken gels, 19h and 30min after acidification.
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Figure S20. Gelation of crude amic acid reaction mixtures. The hydrogels contain 0.5-
1% w/w amic acid, DBU-Cl salts, excess amine/alcohol and ~10% DMF.

M

Figure S21. Gel inversion experiment of 2. * 107 M K24a in 0.25 M AcOH buffer of
pH 4, 1 hour and 45 minutes after acidification.
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Controlled halogenation and imidization of perylene
dianhydride

Abstract

Complete control over substitution behavior of perylene diimides (PDIs) is needed to
achieve its full potential in photovoltaics, photocatalysis and battery electrode chemistry.
To achieve this, new methods of halogenation are required, that deliver high yield
products with greater control. Here, we describe a study on the boundary conditions at
which controlled halogenation takes place. This then gives a route towards dichlorinated
perylenes at moderate yields, while also giving a new route towards tetrabrominated
perylenes. We also report on mix halogenated perylenes, a perylene monoimide diester
(PMIDE) with two bromides (1 and 7) and two chlorides (6 and 12). We explore the
difference in reactivity between chloride and bromide substituents, were we find that
bromide is more reactive towards pyrrolidine.

Special thanks to the contributions of B.J. Knol, S.P.M. de Lange, M.C. Spreeuw, L.M.
van der Poll and A.M. Philip.
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4.1 Introduction

Although perylene diimides (PDIs) are known in chemistry for more than 100 years,'
their synthesis remains largely archaic. High temperatures and corrosive reagents are used
to fabricate PDIs. This is detrimental to selectivity and yield, also for their environmental
and economic costs. Which is unfortunate, since PDIs are a class of valuable organic dyes
that have a diverse amount of industrial and academic applications.? They are also used
in photovoltaics,>” photocatalysis,®'® electrode materials in batteries'>'”-!® and
fluorescence probes!®2!,

PDI synthesis typically starts with perylene dianhydride (PDA), which undergoes an
imidization and a halogenation,?>? followed by substitution of the halogens with groups
that are desired.'"'2242¢ The interplay of all 12 positions on the perylene core (Scheme
1) determines the photo- and electrochemical properties of the end product. The
substitution is mainly done through nucleophilic aromatic substitution, while metal-
catalyzed cross coupling reactions are also possible. Total control of all 12 positions is
required to get full access to all the properties PDIs have to offer. In the last decade,
efforts have successfully been made in elucidating the exact reaction conditions needed
to get selective and high yielding transformations of PDIs.

Bu\O O,Bu l‘? I‘?
Os_N._O 0. _0._0
0s_0._0 o o Os_N_O
i g Oj EO ig Oj EO Oj EO
om0 o .0 O< © N °© .0 O. .0 O.
Bu Bu R Bu Bu Bu Bu
PDA PTE PDI PMADE PMIDE

3 4

2 5

1 6 bay: 1,6,7,12
ortho: 2,5,8,11

12 7 peri: 3,4,9,10

1 OO 8

10 9
Scheme 1. Perylene and its nomenclature.

Two main approaches are taken in literature for selective and high yielding halogenation,
chlorination of the 1,6,7 and 12 positions'® and bromination of the 1 and 7 positions.?’
Both pathways use ester groups as temporal solubilizing and protecting groups, perylene
tetraester (PTE). Especially the solubilizing effect of ester groups is needed, since PDAs
and PDIs are known for their low solubility. In the chlorination, PDA is dissolved in
chlorosulfonic acid together with iodide and heated to 66°C for 16 hours (Scheme 2B).
After reaction completion, the resulting PDA undergoes an esterification and repeated
crystallization. This yields pure 1,6,7,12-tetrachloro-PTE in 60% from PDA. Bromination
starts with the esterification of PDA, which goes quantitatively. This PTE is than
dissolved in dichloromethane, together with bromine and potassium carbonate for 24
hours at room temperature (Scheme 2A). After reaction completion, the mixture is
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Scheme 2. High yielding halogenation of PDA.'*%’

crystalized repeatedly, which yields pure 1,7-dibromo-PTE in 62% from PDA. Both PTE-
Cly and PTE-Br; can then be further transformed towards the desired end products. These
methods allow for selective halogenation in good yields and can be easily scaled up due
to the purification by crystallization.

Selective imidization of one anhydride can be directly achieved by hydrolyzing both
anhydrides in a basic aqueous solution, followed by careful acidification to condense one
anhydride, yielding a perylene monoanhydride-diacid.?® The crude is then treated with an
amine and potassium carbonate, yielding a perylene monoimide-monoanhydride in a
>95% yield from PDA. Although this seems very promising, the product cannot be
examined for its purity, since the solubility is so low. Also, this approach can only be
used for unsubstituted PDA, because halogens are sensitive towards hydrolysis in the
basic conditions used here. In a different approach, PTE and p-TsOH are dissolved in a
toluene:heptane mixture, and stirred for 5 hours at 90°C, yielding 75% perylene
monoanhydride diester (PMADE).?’ Heptane is used as a ‘bad’ solvent for PMADE,
inhibiting its further hydrolysis towards PDA. This approach has been successfully
modified for the synthesis of PMADE-Cls and PMADE-Br;, confirming the compatibility
of the halogens with the used conditions.

Halogenated PMADEs are the true starting compounds for synthetic strategies that
modify as many perylene positions as possible. Dubey et al. showed an imide and ester
functionality on the peri position can be used to differentiate between chlorides in the bay
area.?! Through this effect, they are able to synthesize a perylene with 5 different
substituents. The same strategy can be used for brominated perylenes.’® With the
currently described PMADE:s in literature, five is the limit for now. To expand further to
six or more substituents, new PMADEs, with new halogenation patterns are needed. It
also requires the use of different halogens and discrimination between them. In this work
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we will introduce these new PMADEs and explore the difference in reactivity between
chloro- and bromo PTEs.

4.2 Results and discussions

Halogenation of PDA occurs through electrophilic aromatic substitution. When
halogenating PDA, the energy barrier increases with each successive halogen, but not in
equal amounts. The bay area is the most reactive and therefore the first halogen will be
positioned there. This will make the perylene core more electron poor, lowering its
reactivity. The second halogen will also be positioned in the bay area, due to steric
hindrance, the 6 or 7 positions are therefore most preferred. The third halogen will also
be positioned in the bay area, but the steric hindrance from the halogens already there will
create an energy barrier that needs to be overcome, while the fourth halogen has to
overcome a similar barrier. Halogenation of the 1 and 12 position will have a reversed
trend, where the introduction of a third halogen on the 6 or 7 position is supposed to be
easy. The ortho positions are less reactive, but do not have steric hindrance. Therefore,
when the bay area is fully occupied, the ortho positions will be filled, and they will
experience slightly different energy barriers. Based on this, one can see that only certain
halogenated PDAs can be the main components of a mixture when controlling the reaction
conditions. Mono-, di-, tetra- and octa substituted PDAs can be reliably synthesized. This
can be seen in the established conditions for the tetrachlorination of PDA.!° It has to be
performed at 66°C for 18 hours in chlorosulfonic acid in the presence of iodide. This
temperature and time are required, since a lower temperature will result in more
trichlorinated PDA, while a higher temperature will yield higher chlorinated PDA. The
same holds true for dibromination of PTE, where both the temperature and bromine
concentration have to be controlled to obtain pure PTE-Br,. See Scheme 3 for an overview
of all reaction paths.

This understanding is the entire reasoning behind all the following discussed halogenation
reactions. By controlling the temperature, reaction time and reactant concentrations, some
energy barriers can be overcome, while others cannot.
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Scheme 3. Different reaction pathways for halogenation of PDA.

4.2.1. 1,7-dichloro-PTE

In order to synthesis 1,7-PTE-Cl,, we used the tetrachlorination of PDA as a starting
point, which, as discussed before, occurs at 66°C. Since that is a rather low temperature,
lowing of reactant concentrations was applied here first. Chlorosulfonic acid was diluted
with sulfuric acid (1:1), while the iodide catalyst remained at the same amount. The
reaction was performed at temperatures between 30 and 70°C for 18 hours. After reaction
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Figure 1. "H NMR of different chlorinated PTEs.

completion, the resulting chlorinated PDAs underwent an esterification. The mixtures
were than analyzed by TLC and '"H HNMR.

At 30-45°C, mainly PTE-Cl, was present in the mixture, with a small amount of PTE-Cl,,
but no PTE-Cls. At 50°C, mainly PTE-Cl; and PTE-Cl, were found in the same order of
magnitude. However, at 60 and 70°C, still PTE-Cl; and PTE-CI, were present, but also
some PTE-Cls. Starting material was detected in all reaction mixtures. It is interesting to
see that all mixtures contained a large fraction of starting material. Important to note is
that no PTE-Cl4 was found, due to this dilution. Next, the available chlorosulfonic acid in
the mixture was halved and the reaction was performed at 40, 50 and 60°C for 18 hours.
This made the chlorination less potent. Here, PTE-Cl; was not found anymore, while for
50 and 60°C, only small amounts of PTE-Cl, were formed. At 40°C, the main compound
in the mixture was starting material, with only a minor fraction of PTE-CI,. Lastly, doing
the reaction at the original dilution at 50°C for 72 hours, yielded PTE-CI; as the major

Tabel 1. Reaction compositions in chlorination of PDA under different conditions. For
clarity, reactions done at 50°C are highlighted in grey.

TCC) | Time EQ PTE | PTE- | PTE-CL. | PTE-CL. | PTE-
(h) CIHSO; Cl (1,12) (1,6/1,7) Cl:
70°C 18 35.4 0% | 16% 2% 51% 31%
60 °C 18 35.4 17% | 44% 1% 33% 4%
50°C 18 35.4 29% | 47% 6% 18% 0%
45°C 18 35.4 47% | 41% 3% 8% 0%
40°C 18 35.4 54% | 37% 3% 6% 0%
30°C 18 35.4 75% | 20% 3% 2% 0%
60°C 18 17.7 58% | 25% 6% 10% 0%
50°C 18 17.7 83% | 17% 0% 0% 0%
40°C 18 17.7 97% | 3% 0% 0% 0%
50°C | 24 35.4 27% | 40% 3% 28% 2%
50°C | 72 35.4 0% 7% 0% 61% 32%
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fraction, without any starting material in the mixture (7% PTE-Cl;, 61% PTE-Cl,, 32%
PTE-Cl;). All the reaction composition estimates from 'H-NMR (Fig. 1) can be seen in
Table 1. Then, crystallization was done, in the same way literature reports it for PTE-
Br2.27 This gave a mostly pure 1,7-PTE-Cl in a 50% total yield.

4.2.2. 1,6,7, 12-tetrabromo-PMIDE

Tetrabromination of PDA is a known reaction that requires harsh conditions, in sulfuric
acid with bromine and iodide around 100°C for 12 to 24 hours.?!33 Although this yields
pure PDA-Bry4 excellently, it is still in our interest to explore alternative reaction pathways
to gain this interesting analogue of PDA-Cls. PTE-Br; is made in dichloromethane with
bromine and potassium carbonate at room temperature in 24 hours.?’” Using a similar
approach as for PTE-Cl,, the reaction temperature and reactant concentrations were
increased in order to obtain PTE-Brs. By refluxing PTE in bromine and using potassium
bicarbonate as a base, PTE-Brs4 can be synthesized, although at a low yield of 26% after
purification with column chromatography. This is lower than the known tetrabromination
of PDA from literature. The instability of the ester groups seem to be the main reason for
this. When potassium carbonate is used as a base, the yield is even lower, again hinting
at the stability of the esters. Also the ester groups seem to be unstable against the silica
used in the column chromatography.

Asymmetrization of the peri positions was done with pTsOH in refluxing n-heptane for
48 hours. The resulting mixture underwent several washing steps and a crystallization.
This yielded the desired PMADE-Brs with a purity of 90%, the major contamination
being PDA-Brs. Subsequently, PMADE-Br4 underwent an imidization with methylamine,
according to standard procedures from literature, and characterization by 'H NMR, see
Figure 2.
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4.2.3. 1,7-dibromo-6,12-dichloro-PMADE

In order to gain more control over the substitution pattern of the perylene scaffold, we
sought to introduce different halogens in the bay area. This has to be done in a thoughtful
way, otherwise complex mixtures can be formed. To date two different approaches have
been tried, the bromination of PTE-Cl, and the chlorination of PDA-Br,. Only the latter
proved feasible so far. It is important to note that PDA-Br» is produced by hydrolysis of
PTE-Br, with pTsOH in toluene for 48 hours, hydrolysis with sulfuric acid yielded
product that failed to proceed to the desired PTE-Br,-Cl,. The reason for that remains
unknown, but it is feasible it is due to side products that are left in the mixture after work

up.

In the chlorination of PDA-Br,, the reaction conditions for the preparation of PDA-Cl4
were used as a starting point. The reactivity of the perylene core in an electrophilic
aromatic substitution is similar, but the steric hindrance is larger, due to two bromides
already present in the bay area. Dissolving PDA-Br; in chlorosulfonic acid with a
catalytic amount of iodine and stirring it for 16 hours at 70°C, yielded a majority of PDA-
Br,-Cl,. The crude than underwent an esterification, which yielded 91% PTE-Br,-Cl,.
Analysis was done by '"H NMR, see Figure 3.
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Figure 3. '"H NMR of PTE-Br,-Cl>

Next, PTE-Br;-Cl, underwent a partial hydrolysis with the same conditions described
before with PTE-Br, yielding PMADE-Br,-Cl, in 48% after column chromatography.
This was followed by an imidization with n-butylamine under standard conditions from
literature.?!

PMADE-Br,-Cl; is a very desirable starting material for the synthesis of complex PDIs.
Like PMADE-Cl4, the ester and anhydride/imide positions will influence halogen
reactivity, but this can be exacerbated with the difference in reactivity between bromide
and chloride. This is especially important for the 1 and 6 positions, since these two
positions could not be regioselectively substituted by Dubey et al. A proposed
substitution pathway can be seen in Scheme 4.
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4.2.4. Reaction kinetics

For this proposed reaction pathway to work, bromide and chloride need to have a rather
grand difference in reactivity towards nucleophiles. Different nucleophiles can also have
different reactivity’s towards the halogens according to the ‘hard and soft, Lewis acids
and bases’ concept. We chose three categories of nucleophiles to investigate, phenols,
thiophenols and cyclic amines. PTE-Br, and PTE-Cl, were chosen as model reagents
here. When subjected towards standard NAS conditions from literature, no substantial
difference in reactivity’s can be found for phenol and thiophenols towards chloride or
bromide. However, deactivating cyclic amines do show a different reactivity towards the
halogens. Here, a monosubstitution with pyrrolidine can be performed at room
temperature with PTE-Br, and PTE-Cl,. PTE-Br-Pyr is formed almost quantitatively,
while PTE-CI-Pyr still contains a lot of starting material and needs extensive purification.
A second pyrrolidine can react with the other halogen at elevated temperatures. The same
trend is observed here, PTE-Br-Pyr reacts quantitatively, while PTE-CI-Pyr does not.
Since the first substitution already occurs are room temperature, and PTEs are very UV -
VIS active, this reaction can be followed real-time. PTE-Br; and PTE-Cl, were diluted to
1.4 * 10”3 M concentrations, pyrrolidine was added in a 10° times excess. PTE-Br; reacted
approximately twice as fast with pyrrolidine compared to PTE-Cl,. Figure 4 shows the
absorptions and conversation over time. Clear isosbestic point can be seen, indicating that
the reaction proceeds from one product to another selectively. PTE-X; and PTE-X3; were
also tested and the bromide is subsequently faster reacting, see the SI. Since one of the
reactants is in extreme excess, we can assume that the reaction follows first order kinetics.
Table 2 shows the calculated rate constants for the measured reactions.

Although we see a difference in reactivity between chloride and bromide, the difference

is not very large. If this were to be exploited in a lab scale reaction, the reaction conditions
need to be very well chosen and one can expect to find many side products in the mixture.
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Figure 4. A) UV-VIS spectra of PTE-Br; in the presence of pyrrolidine over time.
Isosbestic point at 495 nm. B) UV-VIS spectra of PTE-Cl; in the presence of pyrrolidine
over time. Isosbestic point at 489 nm, C) Normalized absorption of (4) and (B) at 645
nm and 640 nm respectively over time.

Other nucleophiles will have other reactivity’s towards the halogens, but this remains
unknown at the moment of writing, but as written above, the lab scale reactions did not
show a big difference.

To see whether this difference in reactivity still holds in a lab scale reaction we tried two
different reactions with PTE-Br,-Cl,, a metal catalyzed cross coupling and a NAS with
pyrrolidine. Metal catalyzed cross coupling reactions are known to react more readily
with bromides. Literature reports show Suzuki reactions done with PDI-Br,.3* In our lab,
Suzuki was also successfully done with PTE-Br,. However, we were unable to perform a

Table 2. Rate constants of reaction between pyrrolidine and PTE-X,, calculated from
UV-VIS experiments.

Amount of halogens Br Cl
1 k=0.48 h'! k=0.39 h'!
2 k=0.80 h! k=0.42 h!
3 k=1.85h"! k=0.59 h'!
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Suzuki with PTE-Br,-Cl,. That might be, due to steric hindrance or ester instability. The
attempts always ended with a mixture of unidentifiable compounds. To date we have not
yet done a Suzuki with PDI-Br,-Cl,. NAS with pyrrolidine was only partially successful.
The reaction was performed in pure pyrrolidine at room temperature, the same conditions
used for PTE-X,. The reaction time was extended from 24 hours to 75 hours to
compensate for the slower reaction kinetics caused by the steric hindrance of 4 halogens
in the bay area. The reaction was monitored with TLC, which showed the formation of
many different products. After 75 hours, a work up and purification by column
chromatography was done, yielding only ~1 mg of reasonable pure compound. Other
fractions from the column chromatography were unidentifiable. After 'H NMR analysis,
it was concluded that this was PTE-X,-Pyr,, see Figure 5. The spectrum shows two
distinct singlets, which indicates that the molecule is symmetric in 1 plane. Since we have
seen that bromide reacts faster than chloride and in the absence of a mass spectrum of this
sample, we could carefully conclude that this is PTE-Cl-Pyr.

Poor ester stability might be to blame for this low reaction yield, just like we have seen
with PTE-Br4. Although it was not done in our lab yet, performing these same reactions
with the diimide or monoimide might circumvent this problem. This would certainly be
the next step in this project.

4.3 Conclusions

New halogenated perylene derivatives were successfully synthesized and characterized.
PTE-Br4 was synthesized with a novel method, while PTE-Cl, and PMIDE-Br,-Cl, were
never reported in the literature before. Reaction temperature, concentration and time have
a direct effect on the extent of halogenation. Milder conditions will result in a lower
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Figure 5. 'H NMR spectrum of PTE-Cl>-Pyr,, with impurities.

124



degree of halogenation, while harsher conditions will result in a higher degree of
halogenation. Mono-, di-, tetra- and octa- halogenation products are kinetically and
energetically favored. Here, only a relevant different in halogen reactivity was seen
towards pyrrolidine. PTE-Cl, shows a lower reactivity towards the cyclic amine, compare
to PTE-Br;. This was observed in lab scale reactions and in UV-VIS experiments.
Bromide was more reactive, compared to chloride. We have tried to exploit this different
with the substitution of PTE-Br,-Cl, with pyrrolidine, but this was only partially
successful and yielded PTE-Cl,-Pyr,. However, we did see again a different reactivity in
the halogens. In the future, this can be used in PMIDE-Br»-Cl, and PDI-Br;-Cl,, thereby
obtaining more complex PDIs, where total control of all perylene positions is necessary.

4.4 Experimental

Synthesis of 1,7-dichloro-PTE

PDA (2.00 g, 5.098 mmol), I, (0.332 g, 1.310 mmol) were added to a round bottom flask
together with a stirring bar. A mixture of chlorosulfonic acid and sulfuric acid was
prepared in a 1:1 ratio. This mixture (6 mL) was added to the solids in the flask, which
was transferred to a reflux condenser with a CaCl, tube on top. The mixture was heated
at 40°C for 120 hours. After which, the mixture was left to cool to room temperature. The
contents were poured over ice and left to stand until the ice was completely melted. The
solids were filtered off and washed with copious amounts of water. The crude was left to
dry under air and later transferred to a vacuum oven to further dry, yielding a dry red
powder. The dry powder was put in a round bottom flask again and DMF (50 mL), DBU
(2.802 g, 18.407 mmol), BuOH (2.713 g, 36.600 mmol) and BuBr (5.070 g, 37.005 mmol)
were added. The resulting suspension was left to stir over night at 40°C. After reaction
completion, the crude was precipitated out in water (500 mL) and filtered off. This was
again followed by drying under air and vacuum oven. The dry crude was dissolved in
DCM (20 mL), to which ACN (140 mL) was added. After 4 days, crystals were visible
and the suspension was filtered again. This yielded the pure orange product.

Yield: 1.486 g, 41%. 'H NMR(400 MHz, CDCls): § = 8.94 (d, 2H), 8.08 (m, 4H), 4.32
(m, 8H), 1.77 (m, 8H), 148 (m, 8H), 0.98 (t, 12H).

Synthesis of 1,6,7,12-tetrabromo-PTE

To a stirring suspension of Br, (6 mL), I» (97.2 mg, 0.383 mmol) and KHCO3 (1.059 g,
7.660 mmol), PTE (1.00 g, 1.532 mmol) was added. The mixture was stirred at 55°C for
48 hours. After reaction completion, the mixture was cooled to room temperature and the
remaining bromine was quenched with NaS,0Os in water. The contents of the round
bottom flask were transferred to a separatory funnel, to which DCM was added. The
organic phase was collected and dried on magnesium sulfate. After filtration, the solvent
was removed, which yielded the crude product. Following this, the product was purified
by column chromatography (1:1 DCM:hexane = 100% DCM). This yielded the pure
orange product.

Yield: 394.1 mg, 25.7%. 'H NMR(400 MHz, CDCls): § = 8.23 (s, 4H), 4.36 (m, 8H),
1.80 (quin, 8H), 1.50 (sex, 8H), 1.01 (t, 12H).

Synthesis of 1,6,7,12-tetrabromo-PMADE
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PTE-Brs (1.50 g, 1.55 mmol) and p-toluenesulfonic acid monohydrate (0.30 g, 1.58
mmol) were dissolved in n-heptane (7 mL) and stirred for 48 hours at reflux temperature.
After that the mixture was cooled to 70°C and hexane (15 mL) was added to the mixture,
which was left to stir for 1 hour. The resulting suspension was filtered and the solids were
washed with a few portions of a water:ACN (1:1) mixture. This was then followed by
drying of the solids in a vacuum oven. The crude was then added to ACN (35 mL) and
sonicated for 5 minutes. The solids were filtered off and dried again. This yielded the
product with 90% purity. Silica column chromatography was avoided for larger scale
synthesis, since the product tend to degrade on the silica.

Yield: 0.95 g, 65%. 'H NMR (400 MHz, CDCl): & = 8.80 (s, 2H), 8.28 (s, 2H), 4.38 (m,
4H), 1.82 (m, 4H), 1.49 (m, 4H), 1.01 (t, J = 8.0 Hz, 6H). 3C NMR (100 MHz, CDCls):
8 = 166.53, 158.57, 137.77, 135.19, 134.04, 131.59, 129.10, 125.76, 124.03, 123.28,
118.04, 66.32, 30.52, 19.19, 13.75.

Synthesis of 1,6,7,12-tetrabromo-PMIDE

A mixture of toluene (4 mL) and acetic acid (0.2 mL) were prepared in a round bottom
flask. To the stirring solution, PMADE-Brs (0.231 g, 0.276 mmol) and methylamine
(0.034 g, 1.104 mmol, 9.8 M in methanol) is added. The resulting solution is left to stir at
100°C overnight. After reaction completion was confirmed by TLC, the reaction mixture
was cooled to room temperature and the solvent was removed by rotary evaporation. The
crude was than purified by column chromatography (DCM:PETE 1:1), which yielded an
orange-red product.

Yield: 95.1 mg, 40%. 'H NMR (400 MHz, CDCLy): 5 = 8.75 (s, 2H), 8.25 (s, 2H), 4.40-
4.30 (m, 4H), 3.57 (s, 3H), 1.80 (quin, 4H), 1.50 (quin, 4H), 0.99 (t, 6H).

Synthesis of 1,7-dibromo-6, 12-dichloro-PTE

In a 25 mL round bottom flask equipped with a stirring bar, PDA-Br, (0.550 g, 1.000
mmol), I (55 mg, 0.217 mmol) and chlorosulfonic acid (8 mL) were added. The flask
was placed on a reflux condenser equipped with a CaCl, tube and heated to 90°C while
stirring for 48 hours. After cooling to room temperature the reaction mixture was poured
on ice, filtered and washed with plenty of water. This yielded crude PDA-Br,-Cl; as a red
solid. In a 10 mL round bottom flask equipped with a stirring bar the crude was suspended
in DMF (3.2 mL) and subsequently BuOH (0.380 g, 5.127 mmol), BuBr (0.710 g, 5.182
mmol) and DBU (0.380 g, 2.496 mmol) were added. The reaction was stirred for 24 hours
at room temperature. The solidified reaction mixture was poured into water (40 mL),
filtered and washed with water. This yielded a brown-green solid.

Yield: 520 mg, 91%. "H NMR(400 MHz, CDCl3): § = 8.22 (s, 2H), 8.05 (s, 2H), 4.40-
4.31 (m, 8H), 1.82-1.75 (m, 8H), 1.51-1.46 (m, 8H), 1.01-0.97 (m, 12H). *C NMR (100
MHz, CDCly): § = 166.96, 166.86, 134.92, 133.88, 132.84, 132.04, 130.72, 130.21,
129.38, 128.25, 123.35, 123.15, 77.30, 76.99, 76.67, 66.02, 30.53, 19.19, 13.75.

Synthesis of 1,7-dibromo-6, 12-dichloro-PMADE

In a 25 mL pear shaped flask, PTE-Br,-Cl, (100 mg, 0.11 mmol) and p-toluenesulfonic
acid monohydrate (26 mg, 0.14 mmol) were mixed with n-heptane (1 mL), resulting in a
inhomogeneous reaction mixture. The reaction was kept at reflux (90°C) for 26 hours
without stirring. Instead, the mixture was manually homogenized on a regular basis. The
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reaction progress was monitored by TLC. The crude reaction mixture was purified with
column chromatography (1:5 DCM:PETE -100% DCM). The product was isolated as a
red solid.

Yield: 48 mg, 48%. 'H NMR(400 MHz, CDCLs): § =8.79 (s, 1H), 8.63 (s, 1H), 8.28 (s,
1H), 8.11 (s, 1H), 4.41-4.31 (m, 4H), 1.84-1.77 (m, 4H), 1.52-1.47 (m, 4H), 1.02-0.98
(m, 6H). °C NMR (100 MHz, CDCl;): § = 166.61, 166.51, 158.64, 158.55, 137.67,
135.11, 134.69, 134.28, 133.97, 133.04, 132.17, 131.84, 131.57, 131.50, 128.05, 126.96,
125.43, 124.73, 123.87, 123.66, 118.47, 118.03, 77.30, 76.99, 76.67, 66.29, 30.51, 19.18,
13.74.

Synthesis of 1,7-dibromo-6, 12-dichloro-PMIDE

PMADE-Br»-Cl; (48 mg, 0.064 mmol), n-butylamine (7 mg, 0.096 mmol) and propionic
acid (2 mL) were loaded into a 25 mL pear shaped flask equipped with a magnetic stirrer.
The flask was attached to the reflux column and heated to 100°C. The reaction progress
was monitored with TLC. After 7-8 hours, the heating was switched off and the reaction
mixture was allowed to cool down to room temperature. The mixture was poured into
water, filtered with a Buchner filter and extensively washed with water. Afterwards, the
product was isolated as an orange solid.

Yield: 17 mg, 33%. "H NMR (400 MHz, CDCls): § =8.77 (s, 1H), 8.60 (s, 1H), 8.27 (s,
1H), 8.09 (s, 1H), 4.41-4.31 (m, 4H), 4.22-4.18 (m, 2H), 1.83-1.76 (m, 4H), 1.73-1.76
(m, 2H), 1.52-1.42 (m, 4H), 1.31-1.24 (m, 2H), 1.01-0.96 (m, 9H). '*C NMR (100 MHz,
CDCL): § = 166.79, 166.69, 162.42, 162.36, 135.80, 135.04, 133.88, 133.71, 133.53,
132.83, 132.12, 131.52, 131.42, 130.97, 130.27, 128.64, 127.52, 123.92, 123.91, 123.66,
123.32, 122.58, 122.10, 77.31, 77.00, 76.68, 66.16, 40.60, 31.90, 30.53, 30.17, 29.67,
29.33, 22.66, 20.30, 19.19, 14.09, 13.79, 13.74.

4.5 Supporting information
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Magnesium alginate as an electrolyte for magnesium
batteries

Abstract

We present magnesium alginate as an aqueous polymer electrolyte for use in magnesium
batteries. Alginates are polysaccharides extracted from algae, that form hydrogel
materials when subjected to divalent and trivalent cations. They are renewable, non-toxic,
biocompatible materials that are widely used in the food- and pharma industries. Mg?" is
weakly bound to the alginate polymer, which results in a hydrogel-like material that
contains mobile magnesium ions. We propose that this is the ideal situation for an
electrolyte that behaves in a similar way as a ‘water-in-salt’ system. Our models confirm
that Mg?" is only weakly bound to alginate in the presence of water. Magnesium alginate
was successfully synthesized and characterized by FTIR, XRD and PDF. Ionic
conductivity was proven with EIS measurements, a 2 wt% magnesium electrolyte shows
a conductivity of 1.8 mS/cm. During conductivity experiments, we noticed the formation
of a black layer on the magnesium electrodes, which can improve the ionic conductivity
of the electrolyte. We carefully characterized this layer with XPS and saw that it mainly
consists of alginate derivatives.

Based on: Kwakernaak, M.C.; Kiriinya, L.K.; Legerstee W.J.; Berghmans W.M.J;

Hofman C.G.T.; Kelder, E.M. Magnesium Alginate as an Electrolyte for Magnesium
Batteries. Batteries 2025, 11 (16). https://doi.org/10.3390/batteries11010016
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5.1 Introduction

In recent decades, extensive research has been done on magnesium and magnesium ion
batteries. To date this has not let to a successful commercialization. This is very
unfortunate, since magnesium chemistry has promising properties that could bring a
magnesium battery in direct competition with present lithium-ion batteries. Magnesium
is the 5" most abundant element on the planet’s crust, and approximately 1000 times more
abundant compared to lithium and it also offers more possible mining locations which
enables supply chain diversification.!? The theoretical energy densities of lithium and
magnesium are comparable. The success of lithium-ion batteries can be explained by a
delicate interplay between the correct cathode, an intercalating graphite anode and an
electrolyte that is tolerant towards both. This is due to the solid electrolyte interface
(SEI).? The development of an electrolyte stable against magnesium is the main obstacle
in the development of magnesium batteries. Most organic solvents and simple magnesium
salts (Mg(SO;CF3); and Mg(ClO4); e.g.) will form a surface film on the electrodes, which
shows no conductivity for magnesium ions.* Ethereal electrolytes with Grignard reagents
do not form surface films, but are strongly reducing and therefore have a low anodic
stability.’

Salts play an integral role in electrolytes. They allow for ionic conductivity and therefore
the proper operation of a battery. A higher concentration of salts is generally considered
good for both oxidative and reductive stabilities of electrodes. This has been shown in
conventional lithium-ion batteries.® The general principle behind this, is that solvent
molecules are coordinated to ions and thereby stabilizing them when in close proximity
of the electrodes. In aqueous electrolytes, this gets an extra dimension, since water needs
to be stabilized enough to widen beyond the traditional electrochemical stability window
of water at 1.23 V. When the concentration of salts gets high enough, the water content
gets lower than the salt content, creating a ‘water in salt’ electrolyte. Suo ef al. have
demonstrated a successful application of the water-in-salt concept in a lithium-ion
battery.” They dissolved LiTFSI to such an extent that for every Li* there were only 2.6
water molecules on average. This widened the electrochemical stability window of water
to ~3.0 V. The low water mobility diminished the degradation of water, and a formed SEI
further decreased degradation. Leong et al. have shown a similar approach in an aqueous
water-in-salt magnesium battery.® They have shown that magnesium chloride can be used
to stabilize the magnesium anode against water degradation. They are able to cycle their
battery over 700 cycles with a discharge plateau at 2.4-2.0 V.

There is no clear concentration definition of what constitutes a water-in-salt electrolyte.
However, it is understood that water is bound and organized around ions in the solution
to such an extent that little to no free water is present. A similar situation can occur in
hydrogels, where water molecules are organized around hydrophilic polymer chains.*!!
The water dynamics in hydrogels are very complex and change for different hydrogels,
but water molecules are either tightly bound, loosely bound or free.

Alginates are polysaccharides that can be harvested from algae. They are extensively used
in the food- and pharma industries, since they exhibit biocompatibility and excellent
mechanical properties.'? Alginates are composed of two different monomers that differ
in whether the carboxylate is situated in the axial or equatorial positions (G- and M
monomers respectively). When these carboxylates are exposed to divalent or trivalent
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Figure 1. Schematic overview over Mg®* ‘hopping’ between carboxylates.
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Because this convergence of properties, we investigate the use of magnesium alginate as
an electrolyte in magnesium batteries. This work will explain the synthesis of magnesium
alginate, explore its use as an electrolyte and give a computational understanding of its
inner workings.

cations, they can form a crosslink.'* Through this, the alginate can form a hydrogel. The
best known example is with calcium, which forms a strong and robust hydrogel, where
calcium ions are in a dissolved-like state.'* Magnesium ions cannot induce such strong
gelation of alginate, the bonds between the ions and carboxylate is weaker and the
magnesium is therefore more mobile in the solution, see Figure 1.'° For an electrolyte,
the ionic mobility must be maintained for its proper function.

5.2 Results and Discussion

5.2.1. X-ray Diffraction (XRD) Analysis

To check whether the synthesis of magnesium alginate was successful, XRD was used to
determine whether Mg(OH), was still present in the synthesized Mg-alginate samples.
This was done by analysing both the synthesized products and the initial reagents. The
results are presented in Figure 2.

20000

— Mg(OH),

—— AlgAcid

15000 - —— MgAlg (standard)
— MgAlg (Extra)

10000 4

Counts (a.u.)

5000 -

26 (Degree)

Figure 2. XRD analysis results of Mg-Alg and the initial reagents.
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Mg(OH); is crystalline and is characterised by peaks at 18.4°, 33.3°, 38.0°, 50.7°, 58.8°,
68.2°, and 72.0° corresponding to the Mg(OH), brucite structure.'® The spectra for
Mg(OH); in Figure 2 has distinct peaks that correspond to Mg(OH); structure. The Alg-
acid is mostly amorphous and so produces smaller peaks. Since none of the synthesized
Mg-Alg samples have the distinctive peaks that can be attributed to Mg(OH)s, it can be
concluded that Mg(OH); is not present in the samples. The Mg-Alg samples produce a
similar curve to that of the alginic acid, suggesting that the alginic acid did retain its
structure. The Mg-Alg, standard ratio (all G-monomer carboxylates are bound by
magnesium) sample shows a good correlation with the Alg-acid compared to the Mg-Alg,
extra Mg ratio (all G and M-monomer carboxylates are bound by magnesium) sample
implying the amount of Mg influences the alginate structure.

5.2.2. Pair Distribution Function (PDF)

Pair Distribution Function results are shown in Figures 3a and 3b, where the X-ray
diffraction data from Mg-Alg in 26-space are shown (Fig. 3a), and used for the
calculations of the pair distribution function (Fig. 3b). The X-ray diffraction data from
Mg-Alg in Q-space, with the background subtracted, and the reduced structure factor
F(Q) of Mg-Alg, can be found in the supporting information.

(A)

(B)

GIA)

ri&)

Figure 3. (a) X-ray diffraction data from Mg-Alg in 20-space. (b) The pair distribution

function G(r) of Mg-Alg. The X-ray diffraction data from Mg-Alg in Q-space, with the

background subtracted, and the reduced structure factor F(Q) of Mg-Alg, can be found
in the supporting information.
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The results show two main peaks at 1.44 A and 2.42 A. The first peak can be attributed
to the C-C, C-O distances which are typically in this order. The peak at 2.42 A is thus
assigned by the distance between a Mg?" ion and the carboxyl group. This number is
longer than often seen for Mg?*-ligand bond lengths, which are typically in the order of
2.15 A to 2.25A.'7 However the elongation can be understood by the binding energy as
discussed by Rutkowska-Zbik et al. They found that Mg?*-H,O bonds are longer and
weaker in chelates than in the complexes with water, which was explained by the binding
energy being proportional to the electron density of the chelating ligand. The negative
charge at the carboxylate group in the alginate is delocalized over two oxygen’s reducing
the electron density and thus giving an even longer bond length, as found here for the
alginate ligand. The other peaks are then related to Mg?'-C and other Mg?*-O distances.
This elongated bond length, and thus a reduced binding energy toward the alginate ligand,
gives rise to the solubility behavior of the magnesium alginate, hence, allowing
magnesium ions to be dissociated from the alginate ligand once it is brought in contact
with water.

Modelling with GROMOS'® showed that in all cases studied, the Mg?* ion is surrounded
by six oxygen atoms, but the origin of the oxygen is strongly dependent on the water

content.

Table 1: Distribution of the ligand oxygen atoms arising from water and alginate, see

. Figure 4.
Hz?;tli\:)[g ) (Cag:(;xyl) (Cag)ﬁc:xyl) Os (Hydroxyl) (Hy(g'i)xyl) (Etohser) (Etohler) (H(z)O)
0 207£005 209005 0.5+0.03 095+004 0122002  0.05%001 -
6 0.8640.04 1004003  0.034+0007  0.103+0.014  0.007+0.003 ; 4.01+0.01
12 0274002  042+003  0.041£0009  0.146%0.016 ; ; 5.1£0.08
2% 0.062+0.008  0.062+0.008  0.027+0.011  0.0940.013 ; ; 5.74+0.07
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Figure 4. Chemical structure of an alginate residue with numbering of atoms.

In a dry system, the carboxyl group (O51 and 052, see Table 1 and Figure 4) provides
the most ligand atoms (43%) followed by the hydroxyl group (15%). A small percentage
has been found for the O5 and O1 oxygen atoms. Once, water is introduced, the oxygen
ligand will come mainly from the water molecules, with a strong decrease of the carboxyl
and hydroxyl groups as ligand. The oxygen ligands O4 and O1 do not participate as
ligands anymore. The obtained results agreed quite well with earlier observed results
where an alginate system containing Mg?" does not show any gelation effects, which can
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be attributed to the cation’s high affinity for water (solvation free energy). The interaction
with water is so strong that most cations will be entirely surrounded by water molecules,
or will only bind to a carboxylate anion in a mono-dentate configuration (mono complex).
If the cation is bound in a mono-dentate configuration, crosslinks cannot be formed
between alginate polymers.!! Another study by Peri¢-Hassler and Hiinenberger showed
that Mg?" might bind loosely to the carboxylate group.!® The carboxylate oxygens are
positioned in the second hydration shell around the cation in a loose binding
configuration. The carboxylate group and the cation share the same water molecule
(which is positioned in between them) as a solvation molecule. This means the cation is
surrounded by water while maintaining a connection to the carboxylate group. The
influence of loose binding on gelling properties is unclear.

5.2.3. Characterization using Fourier Transform InfraRed Spectroscopy (FTIR)

To further understand the structure of Mg-Alg, FTIR was used to investigate the chemical
bonds that were present in the samples. Spectra were taken for Mg-Alg and Alg-acid and
these are shown in Figure 5. Several peaks were shifted or changed in intensity compared
to Alg-acid, in particular the -C—O (~1000 cm™) and ~COO(~1400 —1600 cm™') bands.
The Mg-Alg samples exhibit a peak at 1419 cm™! that is absent in the Alg-acid, likely
represents -COO- stretching due to the presence of Mg?*. Alg—acid and Mg-Alg (standard
ratio) sample shows a peak that corresponds to the free acid ~C=0 stretch (~1700 cm ™)
which is absent in the Mg-Alg (extra Mg ratio) sample spectra. The “standard” Mg-Alg
sample was prepared such that the amount of Mg was just enough to bind to the
carboxylate group of the G-residue. The “extra’” Mg-Alg sample had additional Mg to
bind to the carboxylate group of both the G and M- residues which would explain why
the sample does have the free acid —C=0 peak. All these stretch vibrations correspond to
bonds that are involved in the binding of the metal to alginate polysaccharide.

5.2.4. Electrolyte Preparation and Cell Assembly

To investigate the electrochemical performance of the Mg-Alg electrolyte different
concentrations of the electrolyte were prepared. The Mg-Alg powder that was obtained
from the drying process was used to prepare the electrolyte. The concentrations of the

100 —— Alginic acid

———— MgAlg (extra dry)
—— MgAlg (standard)

Transmittance (%)

. T T T T .
500 750 1000 1250 1500 1750
Wavenumber (cm™)

Figure 5. FTIR Spectra of the Mg-Alg samples against the Alg-Acid
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electrolyte prepared were 2 wt%, 25 wt%, 50 wt%, 75 wt% and 100 wt%. To prepare the
2 wt% and 5 wt%, Mg-Alg was weighed and a proportionate amount of water was added
using a pipet to achieve the required concentration. This solution was then placed in a vial
and allowed to mix overnight. For the 50 wt% and 75 wt%, the proportionate amounts of
powder and water were mixed in a mortar and pestle. The mixture were than pressed at 8
tons for 3 minutes, resulting in pellets of ~0.9 mm thickness and a diameter of 13 mm.

To assemble the test cells, magnesium plates were used as electrodes. The electrolyte
solution was first placed onto one electrode (magnesium plate), the separator was then
added (fibre glass separators), followed by some more electrolyte. This was then topped
off by the second electrode (magnesium plate), after which the assembly was placed
within the external housing. The rubber seal was then added so that the housing could be
closed hermetically. This would then be connected to a galvanostat/ potentiostat equipped
with an impedance meter for testing. The electrodes were sanded before the experiment.
The different components can be seen in Figure 6.

t

Figure 6. Cell Assembly: (1) External housing; (2) Rubber seal; (3) Clamp; (4) Two
electrodes (magnesium plates) and, (5) Electrolyte and separator

5.2.5. Electrolyte Conductivity

The cell assembly in Figure 6 was connected to the potentiostat (Metrohm Autolab
PGSTATI12) so as to measure the resistance of the electrolyte. The conductivity (o) was
then calculated according to Equation 1; using the electrolyte resistance (R,;), the
thickness of the electrolyte layer (L) and the active area (A). The conductivity was taken
at different temperatures for the different concentrations of electrolyte (Fig. 7). Mg-Alg
concentration influences the electrolyte conductivity to a large extent, with lower
concentrations (2 wt% and 25 wt%) exhibiting higher conductivities compared to the
electrolyte with 50 wt%, 75 wt% and 100 wt%. Conductivity of lower concentration
electrolytes are not significantly influenced by an increase of temperature, while the
higher concentrations electrolytes are. The conductivity of the electrolyte seems to be
influenced largely by the ionic conductivity as opposed to electronic conductivity. This
is evidenced by the fact that addition of more charge carriers (Mg-Alg) does not
significantly improve the conductivity of the electrolyte. In Figure 7b, conductivity is
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converted to activation energy, using Arrhenius plots. A clear trend can be seen, where
the activation energy changes according to the phase of the magnesium alginate.
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Figure 7. (a) Conductivity of electrolytes at different concentrations. (b) Conductivities
from Figure 6a converted to activation energies. Colors scheme shows different phases
of the material, in solution, hydrogel-like, solid.

5.2.6. Electrochemical impedance spectroscopy (ELS) Profiles

EIS was carried out to measure the internal resistance of the electrolyte and the interfacial
resistance between the electrolyte and the magnesium electrodes. While running the EIS
experiment a dark layer was observed on the pristine magnesium electrodes (Figure 8).
This layer became more apparent with each experiment and so, the effect the layer had
on the system was investigated.

Figure 8. Bare magnesium surface compared with surface covered by the black layer
after contact with Alginate solution

There is a significant change in the overall impedance due to the formation of the black
coating in Figure 9a. The charge resistance before the formation of the black layer (~
1200 ) is higher compared to resistance after the formation of the black layer (~ 700
Q). The black layer seems to reduce the charge transfer resistance causing a subsequent
reduction in the impedance but introduces a new process with its own time constant,
which can be seen by the additional semicircle formed in the high frequency range. This
new process could be indicative of the black coating formation. In Figure 9b, the
increased number of charge carriers (25 wt%) results in a general reduction in the
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impedance compared to the Figure 8a. However, there’s an observed increase in the
charge transfer resistance after the formation of the layer. Here also, there’s a noticeable
new process in the higher frequency range. Further increasing the charge carriers (50
wt%; Fig. 9c) causes a significant increase in both the charge transfer and interfacial
resistance, with the new process becoming more prominent. It could be that this layer is
made from the Mg-Alg in the electrolyte which would reduce the amount of charge
carriers hence increasing the resistance. This would also explain why the layer seems to
improve charge kinetics (decreasing interfacial resistance) in lower concentration (2 wt%
and 25 wt%) electrolytes.

The blue EIS curves for 2 wt%, 25 wt% and 50 wt% indicate that an increase in the
amount of charge carriers (from 2 to 25 wt%) in the electrolyte to some extent is beneficial
for reducing interfacial resistances, however, continued increase ( 50 wt%) in the amount
charge carriers causes a substantial increase in the resistance. Implying that ionic
conductivity of the electrolyte plays a major role in improving the interfacial resistances
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Figure 9. EIS Curves: (a) EIS results for the 2 wt% Mg-alginate electrolyte before
(blue) and after (red) forming of the black layer. (b) EIS results for the 25 wt% Mg-
alginate electrolyte before (blue) and after (red) forming of the black layer. (c) EIS
results for the 50 wt% Mg-alginate electrolyte before (blue) and after (red) forming of
the black layer
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5.2.7. Surface Analysis using X-Ray Photoelectron Spectroscopy (XPS)

XPS was used to determine the surface chemistry of the magnesium plate before cycling
in a cell (blue) and then also after cycling in a cell (red). A basic elemental analysis was
performed as well as a more detailed analysis of the oxygen, magnesium and carbon
bonds on the layer.

The relative ratios of C 1s : O 1s : Mg 2s change drastically during cycling (before:
62:21:17 vs after: 21:52:27)(Fig. 10). The magnesium at the surface before cycling
consists of mainly magnesium hydroxide bonds with a small amount of metallic
magnesium, compared to, after cycling that consists of mainly metallic magnesium with
a small amount of magnesium bound to oxygen (more magnesium oxide than magnesium
hydroxide). The carbon (bonded mainly in the ‘C-C’ configuration) present on the
electrode before cycling is unexpected and maybe due to some contamination during
testing. Conversely, the carbon present on the electrode after cycling contains ‘C-C’, ‘O-
C=0’, ‘C-OH’ which are bonds indicative of an alginic structure. This suggests that the
black layer formed on the electrodes after cycling has an alginate structure and would
explain the improved charge kinetics observed by the EIS experiments after the formation

of the black layer.

After After
Before I Before
mLattice oxygen, Ots
=Mg 2p

= Hydroxde, Ofs
Mg2+ 2p
Water, organic oxygen, O1s

Figure 10. Relative ratios of C Is: O 1s: Mg 2s found during the different scans with
the XPS. In the top centre is the survey analysis. The bottom from left to right: Mg2s
Scan, Ols Scan, Cls Scan
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Figure 11. (a) Survey analysis of the electrodes before (blue) and after (red) cycling;
(b) Magnesium 2s scan results; (c) Oxygen Is scan results and; (d) Carbon s scan
results

5.2.8. Modelling

Upon the introduction of water molecules, oxygen atoms (from water, carboxylate- and
hydroxyl groups) are competing to form a bond with the cation. In simulations with a
water content of 21.1 and 34.8 wt%, all cations could still form crosslinks between
polymers. However, at 51.6 wt%, all divalent cations were almost entirely surrounded by
water molecules in their first hydration shell. As a result, oxygen atoms from alginate are
pushed away toward the second shell and form a solvent-bridged ion pairing with the
cation. This increases the diffusivity of the cation. However, the structure could still be a
hydrogel.

5.3 Experimental

5.3.1. Materials and methods

Magnesium alginate was synthesised using alginic acid (Alg-acid; Sigma Aldrich) and
magnesium hydroxide (Mg(OH); ; Sigma Aldrich). The Alg-acid used had a composition
of 61% M-block residues and 39% G-block residues.

XRD was performed with an X’Pert Pro PANalytical, PDF analysis was done with PDF-
getX and Highscore, FTIR was performed with a Thermo Scientific Nicolet iS50 FTIR,
EIS was performed with a Metrohm Autolab PGSTAT12 and XPS was performed with a
Thermo scientific K-Alpha
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5.3.2. Synthesis of Magnesium Alginate

G-monomers have the higher affinity for binding cations. This was used to synthesize two
different magnesium alginates. One where only the G-monomers is bound to magnesium
(standard ratio) and one were all monomers are bound to magnesium (extra Mg ratio).

Alginic acid (1g) was added to a round bottom flask together with water. The solution
was left to stir overnight. Following this, magnesium hydroxide (0.049 g for the ‘standard
ratio’, 0.165 g for the ‘Extra Mg ratio”) was added to the solution. The solution was left
to stir overnight again. After reaction completion, the solution was transferred to a beaker
and left in an oven at 110 °C until all water had evaporated. The remaining solid were
crushed with mortar and pestle to yield a fine powder.

5.3.3. Pair Distribution Function (PDF)

The X-ray diffraction measurements were carried out with a PANalytical Empyrean
Alpha 1 diffractometer, with a silver X-Ray tube as source having a wavelength A 0f 0.559
A, as this provides a large Q-window, compared to for instance a copper source. This is
necessary to achieve a high resolution pair distribution function, as the Fourier transform
integral is thus done over a larger interval - a maximum 260 of 140° and a A of 0.559 A,
results in Qmax =21.1 A

Measurements were performed on Mg-Alg powder in a glass capillary, and an empty
capillary for subtracting the contribution of the glass. The measurements were done in a
time span of 20 hours. In order to obtain a pair distribution function (PDF), the X-ray
Diffraction measurement data are collected and then processed in the program
”PDFgetX3”. This program has a build-in option to subtract the background diffraction
pattern, which in our case is the glass capillary.

When configuring the program ”"PDFgetX3” the following parameters were chosen: a
minimum Q-value of 0.8 A™', as Q-values smaller than 0.8 showed too much noise. The
maximum Q-value is determined by the wavelength of the X-rays and the maximum angle
that is measured, which gave Qmax = 21.1 A"'. The maximum frequency in the so-called
F(Q) correction polynomial was set to 1.7.

5.3.4. Modelling

Modelling was then done using the GROMOS software, where Lennard-Jones-
parameters (LJ-parameters) must be chosen such that the ion reproduces several structural
and thermodynamic data like the ion-to-oxygen distance in water, the first shell
coordination number (CN), and the hydration free energy.?’ The LJ-parameter of Mg?" is
well defined by the GROMOS force field. A detailed description of the simulations is
further described in the supporting information. The structure of an alginate chain used
in the simulation consists of 12 G-monomers. M-monomers were not considered since
they are not involved in the formation of the egg box structured cavities where the cation
can reside. To avoid the presence of chain-end effects during the simulation, the chain is
made infinitely long by linking the two terminal monomers, using periodic boundary
conditions. This might eliminate chain-end effects, and may introduce restrictions
regarding the longitudinal and torsional flexibility of the chain, where actually the
longitudinal effects are expected to be limited since the persistence length of the polymer
is about 40 residues.?! Notice that the persistence length is defined as the distance over
which the correlation in the direction of the tangent is lost and is exponentially decaying.
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Because the chain consists of only 12 monomers, which is significantly shorter than the
persistence length, a rigid rod can approximate the chain’s behaviour. Also the effect on
torsional flexibility is expected to be minimal since the 12 monomers are compatible with
two- and three-fold helix structures.!® The polymer structure was created using POLY'S
2.0 software.??

To determine the structural and ionic properties of Mg?" in multiple aqueous
environments, four simulations with different water content were carried out. The H,O :
Mg?" ratios considered were: 0, 6, 12 and 24. As explained in the supporting information,
three simulation boxes are used to cope with the computational time.

5.4 Conclusions

We have investigated the use of magnesium alginate, as an electrolyte for magnesium
batteries. We have successfully synthesized and characterized magnesium alginate by
FTIR and XRD; no residual magnesium hydroxide is in the samples. PDF measurements
show an elongated bond length between Mg?" and alginate, which already indicates a
weaker bond. Calculations with the GROMOS force field confirm this, when water is
introduced in the system, the magnesium almost completely dissociates from the alginate.
Ionic conductivity of magnesium was proven with EIS (1.8 mS/cm for 2 wt% Mg-Alg),
higher concentrations of alginate give lower conductivities. When in a high concentration
regime, the conductivity becomes temperature dependant and increases with higher
temperatures. The black layer that is formed during the conductivity experiments was
analysed by XPS, which indicates that the layer is composed of alginate derivatives.
Overall, we can conclude that magnesium alginate is a promising and interesting
electrolyte for magnesium batteries. It can be used in different concentrations and we see
the development of a passivation layer that can improve the performance of the
electrolyte. The hydrogel-like material can be used as a ‘water-in-salt” system. Although
not discussed in this paper, we are currently already working on finding suitable electrode
materials to produce the first batteries that use magnesium alginate as an electrolyte.
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Iron and Manganese Alginate for Rechargeable Battery
Electrodes

Abstract

We present a sustainable, inherently safe battery chemistry that is based on widely
available and cheap materials, that is, iron and manganese hosted in alginate biomaterial
known from the food and medical industry. The resulting battery can be recycled to allow
circularity. The electrodes were synthesised by the alginate caging the multivalent metals
to form a hydrogel in an aqueous environment. Characterisation includes FTIR, XPS and
Maéssbauer spectroscopy. The electrochemical performance of the electrodes was
investigated by performing cyclic voltammetry (CV) and (dis)charge experiments. Mn
and Fe ions show good co-ordination with the alginic acid with higher oxidation states
demonstrating complex bonding behaviour. The non-optimised iron and manganese
alginate electrodes already exhibit a cycling efficiency of 98% and 69%, respectively.
This work shows that Fe and Mn atomically disperse in a bio-based host material and can
act as electrodes in an aqueous battery chemistry. While demonstrated at cell level, it is
furthermore explained how these materials can form the basis for a (semi-solid) flow cell.

Kiriinya, L.K.; Kwakernaak, M.C.; van den Akker, S.C.D.; Verbist, G.L.M.M.; Picken,

S.J.; Kelder, E.M. Iron and manganese alginate for rechargeable battery electrodes.
Polymers 2023, 15 (639). http://doi.org/10.3390/polym15030639
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6.1 Introduction

The global energy demand is expected to increase by 48% in the next 20 years partly
because of the strong growth in world population.! Fossil fuels still provide the highest
contribution to the world’s energy demand, accounting for 84% of the current energy
consumption.? There has been a global drive to switch to energy sources that have a lower
carbon footprint. Renewable energy presents an opportunity to decarbonise our energy
consumption with benefits ranging from a reduction in greenhouse gas emissions to the
diversification of energy supplies and a reduced dependency on fossil fuels. However, the
fluctuations in electricity demand and supply requires the use of batteries with novel
battery chemistries that can provide safe, sustainable and affordable energy storage to
overcome this intermittency.

To cope with the above requirements, materials for the negative and positive electrodes
need to be low cost, environmental friendly, highly stable and have an acceptable energy
density. Organic and bio-based electrodes have gained popularity because of their green
and sustainable production and use, as well as their potential for application in large-scale
energy storage. This is particularly important once aqueous electrolytes are considered.

More recently, the most studied organic electrode materials have been organic carbonyl
compounds. Examples are quinone, naphthalene dianhydride and perylene dianhydride
derivatives. When polymerised, these compounds show excellent stability in a lithium-
ion battery, providing good capacity.’

Alginic acid is a polysaccharide that is abundantly available, environmentally friendly,
cost effective and nontoxic. It is well-known for its ability to bind multivalent cations,
very efficiently forming alginate hydrogels in aqueous environments.* This gelation
ability has given alginic acid applications in the (bio)medical and food industries.> The
ability to capture/cage cations inside its structure is of particular interest for battery
applications. Iron and manganese ions are attractive candidates for novel electrode
materials because of their abundance, low cost and low toxicity, and are well-known for
their electron storage ability that is due to the possible changes in oxidation state. Hence,
this work investigates the electrochemical properties of iron alginate (Fe-Alg) and
manganese alginate (Mn-Alg) for use in rechargeable batteries.

Alginic acid is found in the cell walls of brown algae and is composed of two anionic
monomers: (1,4) linked a-L guluronic acid (G) and (1,4) linked B-D-mannuronic acid (M)
(Figure 1). The carboxyl group in the G- monomer has the same orientation as the
hydroxyl group, whereas in the M- monomer the carboxyl group is oriented perpendicular
to the hydroxyl group. Upon deprotonation, the negatively charged carboxylate can
chelate with cations. Multivalent cations can crosslink the alginate polymer chains. This
will increase the viscosity of the solution and in most cases results in the formation of a
hydrogel. The cation’s affinity towards the alginate varies depending on its charge,
affinity to water, ionic radius and chemical affinity with the alginate. Bivalent alkaline
earth cations (Mg?', Ca®" and Sr?") form ionic bonds, whereas bivalent transition metal
ions (Mn?*, Co?", Cu?*, Fe?" and Zn*") and trivalent metal cations (Fe3*, Cr**, AI**, Ga’",
Sc3* and La*") form complex uronates via strong coordination—covalent bonds.® Alginates
display a good affinity for transitional metal ions with the affinity being greater for the
trivalent metal cations than for divalent cations.® Divalent cations tend to bind to two
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Figure 1. Structural properties of alginate polymers with monomer units: mannuronic
(M) and guluronic (G) residues and the configuration of M-, G- and GM-blocks.

alginate chains. Trivalent cation bonding appears to be more complex; one might expect
trivalent cations to bind to three alginate chains. However, some studies have shown that
trivalent cations tend to bind to two alginate chains.”® The remaining positive charge is
then compensated for by other groups or ions.

Figure 2. Orientation of a multivalent cation in the egg-box structure; the possible
chelate bonds are the dotted red lines.

Differences in the M/G ratio also affect the chelating capability and gel strength.>!? Gel
formation has been shown to be greatly influenced by the interactions of the G-blocks.
The linkage of two G-monomers creates a cavity, making it an ideal place (cage) for a
multivalent cation to reside. The crosslinking of the G-blocks by multivalent cations
creates a tightly held junction, popularly referred to as ‘egg-box model’ (Figure 2).'' Haug
et al. experimentally showed that precipitated parts of the alginates are richer in guluronic
acid compared to mannuronic acid'!. Polymers with high M- or MG-block content
produce a more elastic and flexible gel while a high G-block content gives stronger and
more brittle gels.!? Cations can also demonstrate preferential bonding to the G and M
diads: Sr?>" ions only bind to G-blocks, whereas Ca®" binds to G- and GM-blocks and Ba**
only to G- and M-blocks'®. Here, we will focus on iron(IIl) alginate (Fe(III)-Alg) and
manganese(1]) alginate (Mn(II)-Alg).
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6.2 Methods and discussion

6.2.1. Synthesis and characterization

The synthesis of powders of Fe(Ill)-Alg and Mn(II)-Alg was successfully performed at
larger scale. To that end, we used the exchange of the loosely bound sodium ions by
multivalent cations. It was noticed that during the synthesis and drying process, it is
important to avoid temperatures above 40 °C to minimise alginate decomposition.

In more detail, a solution of sodium alginate (2% w/w) was added dropwise to a
vigorously stirring solution of iron(Ill)chloride (1 M) or manganese(I)nitrate (1 M). The
solution turned into a suspension of fine gel particles and was left to stir for an hour at
room temperature. After this, vacuum filtration was used to obtain these gel particles.
This was followed by extensive washing of the gel residue with distilled water until the
filtrate was colourless. The gel residue was initially dried by washing with ethanol and
further dried in a vacuum oven at 30 °C. The dried Fe and Mn alginates were crushed into
a powder via ball milling at 240 rotations/min for 5 h (Pulverisette 7, Planetary Micro
Mill, Ede, the Netherlands). This yielded the final alginate powders. Reagents for
synthesis were purchased at Sigma-Aldrich, Schnelldorf, Germany. Only
Manganese(II)nitrate was purchased at Alfa Aesar.

6.2.2. Fourier Transform InfraRed Spectroscopy (FTIR)

Using FTIR (Frontier FT-IR, PerkinElmer) we investigated whether sodium counter-ions
were successfully replaced by iron or manganese ions. Spectra were taken for Fe(IlI)-
Alg, Mn(II)-Alg and Na-alginate and these are presented in Figure 3. Several peaks were
shifted or changed in intensity compared to Na-alginate, in particular the —OH (~3200
cm™!) and -COO"(~1400-1600 cm™) bands. In addition, the Fe(I11)-Alg shows a new peak
that corresponds to the free acid ~C=0 stretch (~1700 cm™). All these stretch vibrations
correspond to bonds that are involved in the binding of the metal to alginate
polysaccharide. Although it is not possible to quantify the amount of sodium replacement,
it can be observed that it has happened to a major extent. It is further interesting to see
that the free —C=O0 stretch observed for Fe(Ill)-Alg might indicate a more loosely bound
Fe*" ion compared to the other measured divalent ions.
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Figure 3. IR spectrum for Fe-Alg-P, Mn-Alg-P and Na-Alg powder. Resolution 2 cm—1,
16 scans averaging.

154



6.2.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectra provides (K-Alpha, ThermoFisher) a detailed insight into the
composition of the Fe(Ill)-Alg and Mn(II)-Alg, as well the oxidation states of the ions.
However, one should keep in mind that XPS is predominantly a surface analysis
technique. The results for Fe can be seen in Figure 4. First of all, the atomic ratio between
Fe and C (C:Fe) is fairly low compared to what we expected. C:Fe was measured at 68:1,
while a pure Fe(IlI)-Alg should give a ratio between 18:1 and 12:1. A similar ratio was
measured for C and Mn (63:1), which is much lower compared to the ratio of a pure
Mn(II)-Alg (C:Mn 12:1). However, this could be due to the fact that XPS scans the
surface of a sample and we expect ions to be wrapped inside the polysaccharide chains,
inside the ‘egg-box structure’. The same explanation might apply to the relatively high
sodium content. The sodium ion is not necessarily bound to an ‘egg-box structure’ and
can therefore exist on the surface. It does show that the synthesis of the Fe(Ill)-Alg
powder is not fully complete, meaning parts at the carboxyl groups are still compensated
for by sodium ions, rather than being exchanged with iron ions. The Fe and Mn content
in the alginates is approximately the same, which could imply a similar crosslinking
efficiency. The chloride content in the Fe(III)-Alg is also surprising and it indicates to
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Figure 4. XPS spectra of Fe(lll)-Alg (A, B) and Mn(Il)-Alg (C, D).
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what extent Fe’* is bound to the alginate chain. It would be sterically challenging for Fe>*
to bind to three carboxylate groups of the alginate. This result could indicate that Fe3*
binds to two carboxylates and one chloride anion. Iron is observed exclusively as Fe3*,
while manganese shows more complex behaviour. Figure 5 shows the results of the Mn2p
and Mn3s peaks before and after the charging of Mn(Il)-Alg. Before charging, the peak
separation AE = 6.14 eV and the satellite feature both confirm that the oxidation state of
manganese is 2+. After charging, the oxidation state was again determined to be 2+. The
difference between the two measurements is the lower amount of counts per second,
which implies that when the oxidation state of the manganese increases, it leaves the
electrode and dissolves most likely in the aqueous electrolyte.

6.2.4. Mossbauer Spectroscopy

Massbauer spectroscopy (Made in house at Delft University of Technology) measures
the recoilless nuclear resonance fluorescence and can probe the chemical environment of
an atom. This is based on the absorption and emission of gamma photons from deep
orbitals that are sensitive to the ionic charge. Not all elements can be measured through
Maéssbauer spectroscopy; Fe can, but Mn cannot. A ‘free” atom will have a lower quantum
yield compared to a tightly packed atom, since some absorption energy of the ‘free’ atom
will be changed to kinetic energy. In this paper, we use Mossbauer spectroscopy to
determine the oxidation state of iron in our alginate samples. For Fe(Ill)-Alg, we could
see 100% Fe** (Figure 5). For comparison, we also prepared a sample of Fe?' ions in
alginate giving Fe(Il)-Alg, using Fe>SO4 aq) as the exchange solvent. It is seen that this
Fe(II)-Alg oxidises partly to Fe(IIl)-Alg during the synthesis.
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Figure 5. Mossbauer spectra for Fe-Alg powder, (A) Fe(ll)-Alg powder; (B) Fe(Ill)-
Alg powder; (C) Fe(Ill)-Alg in an in situ cell.
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6.2.5. Thermogravimetric Analysis (TGA)

A thermogravimetric (TGA4000, PerkinElmer) analysis will give detailed information
about the decomposition of the Fe(Il)-Alg and Mn(II)-Alg at high temperature and
various oxidative conditions. During the measurement, the weight of the compound is
continuously measured (Figure 6). First, from room temperature to 175 °C, we see a
decrease in sample mass of 10 wt% and 11 wt% for Fe(Ill)-Alg and Mn(I)-Alg,
respectively, mainly caused by the release of water vapour, small organic molecules and
other volatiles. Second, from 175 °C to 350 °C, decomposition of the alginate backbone
and hydroxyl groups takes place. This further decreases the samples’ masses by 39 wt%
and 37 wt%, respectively. Third, from 350 °C to 600 °C, decarboxylation takes place,
reducing the sample masses further by 13 wt% and 15 wt%, respectively. Fourth, from
600 °C to 800 °C, some minor decomposition takes place. Finally, the samples are put
under aerobic conditions, while maintaining the temperature at 900 °C where all
remaining organics are combusted, leaving in the end 12 wt% residual mass from Fe(III)-
Alg and 12 wt% of Mn(II)-Alg, reflecting iron oxide and manganese oxide, respectively.
Combining these results with the composition data obtained from XPS, we can
approximate the theoretical capacities that these alginates can provide, i.e., 53 mAh/g for
Fe(IlI)-Alg and 61 mAh/g for Mn(II)-Alg.
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Figure 6. TGA of Fe(Ill)-Alg (A) and Mn(Il)-Alg powder (B).

6.2.6. Electrode Preparation and Battery Assembly

To investigate the electrochemical performance of the transition metal alginates, two
different electrodes were prepared: (i) with an alginate hydrogel and (ii) with the alginate
powders.

The electrodes with the alginate hydrogels were made via dip coating of the hydrogel on
carbon paper (CP), thus giving with an Fe(IlI)-Alg or Mn(I)-Alg hydrogel layer. The CP
was first dipped into a 2% w/w Na-alginate solution and after 15 min of absorption, the
CP with Na-alginate was then then placed in 0.5 M FeCls to form the Fe(II)-Alg hydrogel
layer or in 0.5 M Mn(NO3), to form the Mn(II)-Alg hydrogel layer for another 15 min.
(ii) The electrodes containing the alginate powders were made by casting a thin layer.
This thin layer consisted of active material (synthesised Fe(Ill)-Alg powder or Mn(II)-
Alg powder, 80 wt.%), a binder (PVDF, 10 wt.%) and conductive materials to provide a
network for electrons to move freely (KS4 7 wt.%, carbon black (CB) 3 wt.%). NMP was
used as the solvent. The ratio of the weight of all powders combined vs. the weight of
NMP was approximately 1:1. This formed a thick slurry, which was then spread onto the
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current collector substrates with a doctor blade to achieve a 150 pm thick film.
Aluminium and carbon paper were used as substrates. The substrates with the slurry
coating were then dried in a vacuum oven and cut to the desired shape using a paper punch
(diameter ~1.27 cm).

The two types of electrodes required different battery setups. The reference electrode used
for both setups was Ag/AgCl and the electrolyte was Na-alginate with different
concentrations running from 1-5 w/w Na-alginate, possibly with the co-addition of
sodium chloride (0.25 M). The battery setup for the dip-coated electrodes was as shown
in Figure 7.

The thin-layer-coated electrode experiments were conducted in a test cell as shown in
Figure 8. Here, two inert titanium plates acted as current collectors on which the
electrodes were placed (Figure 8A). To prevent short circuiting between the electrodes,
the electrolyte was placed in a mat between them (Figure 8A). The test cell was then
closed (Figure 8B) and the reference electrode inserted (Figure 8C).

K Top view
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«— Electrolyte

«—Mn2-Alg
Fe3*-Alg

Reference electrode

reference electrolyte +

I3 electrode separator mat
el |

‘ |

]

Mn(11)-Alg Fe(Ill)-Alg

Figure 8. Test cell: (A) open test cell; (B) closed test cell with the electrodes; and (C)
closed test cell with the reference electrode.
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Both battery setups, as shown in Figures 7 and 8, were then connected to a battery cycler
(MACCOR 4000, Tulsa, U.S.A. or Autolab Potentiostat PGSTAT302N device,
Metrohm, Barendrecht, the Netherlands) and measured via the standard software package
to perform the electrochemical experiments.

6.2.7. Cyclic Voltammetry (CV)

CV was used to investigate the reversibility of the hydrogels. The electrochemical cell
with the dip-coated battery electrodes was connected to the Metrohm Autolab Potentiostat
PGSTAT302N cycler (Autolab) for cycling. Both hydrogels, Mn(I)-Alg and Fe(III)-Alg,
show reversibility (see Figure 9), implying that they can accept and donate electrons,
though Fe(Ill)-Alg hydrogel exhibits a higher efficiency compared to Mn(II)-Alg
hydrogel. The lower efficiency for Mn(Il)-Alg hydrogel indicates that some of the
electrons are lost because of unwanted side reactions. This supports the findings of the
XPS that manganese after charging oxidises to higher states, which then leave the
electrode. The Mn(II)-Alg hydrogel voltammogram shows the anodic peak (oxidation) at
1.07 V and the cathodic peak (reduction) at 0.6 V. The Fe(lll)-Alg hydrogel
voltammogram shows the cathodic peak (reduction) at 0.2 V and two anodic peak
(oxidation) at 0.5 V and 1.2 V, respectively. This is indicative of the complex bonding
nature of Fe3*, as was also observed from the XPS spectra.

6.2.8. Charge/Discharge Profiling

The electrochemical cell with the electrodes containing the alginate powders (Figure 8)
was connected to the Maccor cycler to (dis)charge the cell at a constant current. Figure
10B shows that the Mn(II)-Alg powder has an oxidation potential of 0.98 V and reduction
potential of 0.63 V. This is comparable with the potentials exhibited by the Mn(II)-Alg
hydrogel (see Figure 9A); therefore, it is plausible that the same reaction occurs in both
the hydrogel and powder, and an average reduction potential of the Mn?"/Mn** redox
couple is approximately 0.8 V. The reduction potential for Fe(IlI)-Alg powder is seen at
2.0 V (Figure 10A) with two anodic peaks at 0.43 V (averaged from 2.5 h to 3 h) and 0.9
V (averaged from 3 h to 3.5 h). This is also comparable with potentials exhibited by the
Fe(III)-Alg hydrogels (see Figure 9). The differences in the potential between the
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Figure 9. Cyclic voltammogram of (A) Fe(Ill)-Alg hydrogel. Scan rate n = 5 mV/s, 1%
w/w Na-alginate electrolyte and (B) cyclic voltammogram of Mn(Il)-Alg hydrogel. Scan
rate n = 5 mV/s, 1% w/w Na-alginate electrolyte. The arrow shows the direction of the
scan.
hydrogels and the powders can be attributed to differences in the internal resistances
(impedance) of the systems; since the hydrogels are non-conductive, the resistance is
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greater, resulting in higher overpotentials. Hence, the actual redox potential is difficult to
define because of the high and somewhat changing internal resistance of the electrode.

Figure 10 also gives the specific charge of Mn(I)-Alg powder and Fe(III)-Alg powder
electrodes as 80 mAh/g and 16 mAh/g, respectively. For Mn(Il)-Alg powder, this is 1.3
times higher than the TGA-derived capacity (61 mAh/g for one electron transfer),
implying that the redox reaction may involve the transfer of two electrons (122 mAh/g
for two electron transfer). Losses can be attributed to limitations by electrical and ionic
conductivity. Figure 11A does show that the conductivity of Mn(II)-Alg powder is greatly
influenced by ionic conductivity. The addition of more charge carriers (Na-Alg) in the

electrolyte significantly improves the specific charge capacity of the Mn(Il)-Alg
electrode.

The specific capacity of Fe(Ill)-Alg powder (16 mAh/g) is much lower than the TGA
capacity of 53 mAh/g. This suggests that the Fe(Ill)-Alg electrode is considerably
affected by limited conductivity, which could be either ionic or electrical in nature.
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Figure 10. The cycle behaviour of (A) Fe(lll)-Alg electrode from powder for I cycle at
0.1 mA in 1% w/w Na-alginate electrolyte and (B) Mn(1l)-Alg electrode from powder
for I cycle at 0.1 mA in 1% w/w Na-alginate electrolyte.
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Figure 11. Specific capacity of: (A) Mn(Il)—Alg electrodes from powder for different
compositions of the electrolyte and (B) specific capacity Fe(Ill)—Alg electrodes from
powder for different compositions of the electrolyte. I = 0.1 mA.

From the XPS analysis of Fe(IlI)-Alg, the amount of Cl ions is substantial; they are
located closely and partially bound to the Fe3* ion and, hence, form part of the overall
internal resistance of the electrode. This suggests that the conductivity in the Fe(IlI)-Alg
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powder might be considerably affected by the CI" ionic conductivity. The literature
indicates that trivalent cations form complex and irregular structures with alginates [7,8]
as evidenced by the XPS spectra (see Figure 4): electrons “wrapped” up in this structure
are less mobile, affecting the electronic conductivity. Figure 11B additionally illustrates
that the addition of more charge carriers (Na-Alg) in the electrolyte does not significantly
improve the specific charge capacity of Fe(Ill)-Alg powder (contrary to Mn(II)).

To analyse the internal resistance (impedance), relaxation measurements were carried out,
as presented in Figure 12. The Mn(II)-Alg cells were charged for 2 h and then allowed to
rest for 1 h. Obviously, a significant drop in the voltage (about 0.1 V after 0.01 mA
charge) is observed as a result of the charge overpotential, from which the impedance can
be estimated to be 10 kQ). A similar relaxation measurement was recorded for the Fe(III)-
Alg cell, where the voltage drop is about three times higher, giving an impedance of about
30 kQ. This significant difference in voltage drop has a clear impact on the obtained
capacity, and thus it is obvious that the capacity of the Mn(II)-Alg found in our cell is
much higher than the capacity found for the Fe(Ill)-Alg cell. Hence, the utilised capacity
is strongly determined by the impedance of the cell. It is stressed, however, that we did
not optimise these electrodes for the cells, and most likely we have to adjust the carbon-
to-alginate-powder ratio, which will be explored further in the future.

Figure 13 shows the cycling of a Mn(II)-Alg powder electrode vs. an Fe(IlI)-Alg powder
electrode, the arrangement of the intended battery of this research. Since the possible
utilised capacity is much lower for the Fe(IlI)-Alg powder compared to the Mn(II)-Alg
powder, the cut-off potentials are adjusted to the Fe(Il)-Alg powder electrode to prevent
electrolyte degradation. Here too, we can observe the huge influence of the impedance of
the Fe(I11)-Alg electrode. It is stressed that the negative overall potential is thus a result
of the way the electrode potentials have been measured versus the reference electrode.
Nevertheless, we see that the Fe(Ill)-Alg powder electrode is reversible, as the cycle
behaviour stays the same with increasing cycling number. For the Mn(Il)-Alg powder
electrode, very stable behaviour is observed, but the capacity decreases as the cycle
number increases.
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Figure 12. Stability of (A) Mn(1l)—Alg powder for different values for I as indicated in
the figure in 1% w/w Na—alginate electrolyte and (B) Fe(Ill)—Alg powder for different
values for I as indicated in the figure in 1% w/w Na—alginate electrolyte.
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This is in line with the findings from Figures 10—12. The increase in the charging potential
seen in Figure 12A, at 11 h, is most likely a result of the Mn3*/Mn*" redox couple. This
is in contrast to the potential increase in the Fe(III)-Alg electrode in Figure 13 where the
increase was a result of a change in internal resistance caused by Cl™ conductivity.

6.3 Conclusions

Fe(I1I) and Mn(II) alginate have been successfully synthetised and characterised; albeit,
the ion exchange is not yet fully optimised. It appears that Fe(Ill)-Alg is charge
compensated with one chloride ion and two alginate carboxylates, analogous to Ca-Alg
and other divalent alginates. Similarly, Mn?" behaves analogous to Ca?" in alginate.
Despite the room for further improvement, we have shown that both transition metal
alginates can be used as electrode materials in a rechargeable battery with Fe(III)-Alg as
the negative electrode and Mn(II)-Alg as the positive electrode, which is highly
encouraging considering the low cost and low toxicity of this type of system. We have
found a redox potential for Mn?>"/Mn>" in the Mn(I)-Alg electrode of 0.8 V versus
Ag/AgCl. For the Fe(I1I)-Alg electrode, the internal resistances lead to a hard-to-interpret
potential curve, which makes it difficult to define a proper reduction potential for
Fe?*/Fe*" in the Fe(II1)-Alg electrode. In conclusion, although there is plenty of room for
improvement, based on our current results, we find that Fe/Mn-alginate is a highly
interesting platform for nontoxic, biocompatible and cheap electrochemical storage
systems. Although not the topic of the current paper, we could remark that we might be
able to use these two transition metal alginates as positive electrodes in a metal-ion
battery, e.g., based on Mg or Zn.
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As the world decarbonizes the energy systems, energy storage is an important pillar that
cannot be ignored. Renewable energy sources are intermittent and non-flexible.
Therefore, energy needs to be stored for shorter and longer periods. Since most renewable
energy sources provide electricity, chemical battery storage is the most obvious first
choice for storage.

And indeed, for short- and medium-term storage, chemical battery storage is
economically feasible. However, the current reigning technology, the lithium-ion battery,
is far too expensive for world-wide deployment for grid-scale storage. This comes down
to material cost, which is connected to resource abundancy. Lithium, nickel, cobalt and
other metals are too expensive. One should also not forget that their concentration in only
a few places on Earth, makes for a weak supply chain.

New battery chemistries need to be found, that are solely based on abundant and/or
renewable materials. Sodium, magnesium, iron, zinc and aluminum are metals that could
replace lithium in batteries, while expensive transition metal oxides might be replaced by
easily synthesized organic molecules. This thesis explores a few examples of materials
that could be used in magnesium batteries.

In chapter 2 perylene diimides are introduced. These versatile and robust molecules have
shown promise as battery electrode material. This chapter describes a new and mild
synthesis route towards them, the mild imidization. Traditionally perylene diimide
synthesis requires harsh conditions, high temperature and corrosive solvents. In this new
approach, one only needs the biocompatible solvent DMSO and potassium carbonate at
100 °C. Also, a room temperature variant of the procedure has been developed that uses
DBU as a base. The resulting products are also easily obtained through a simple
precipitation in water, without the need for purification. The reaction kinetics and
substrate scope are also investigated.

Perylene diamic acids, a sister compound to perylene diimides, are described in chapter
3. These are the intermediates in the imide synthesis. When the reaction is done with a
secondary amine, the imide cannot be formed, and one is left with a water-soluble salt.
The high solubility in water makes this class of molecules stand out in the perylene
family. When diamic acids are exposed to acid, the reaction is undone and perylene
dianhydride is formed. This compound is very insoluble in water. Chapter 3 shows that
very controlled acidification can yield highly colored hydrogels. The gels are
characterized by different techniques. The hydrogels might be of interest to material
scientists, since they undergo uniform shrinkage over time. In their soluble form, perylene
diamic acids are of interest as water-soluble compound in aqueous batteries.

The perylene family is known to be ‘redox tunable’. By changing the side groups of the
perylene, one can change the redox potential at which it reacts, which determines the
potential at which a battery operates. Chapter 4 looks into a new way to gain more control
over the substitution of perylene tetraesters, by making a dibromo-dichloro perylene
tetraester. In theory, this gives more control over the substitution pattern compared to
tetrachloro and tetrabromo derivatives. This chapter investigates the kinetics of
substitution reactions.
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Chapter 5 presents a new aqueous polymer electrolyte for magnesium batteries,
magnesium alginate. Alginate is a biopolymer that is harvested from algae. It is a
polysaccharide of two monomers that both contain carboxylate groups. The difference
between the monomers is only the spatial orientation of the carboxylate group. When an
alginate solution is mixed with a solution that contains a multivalent cation, it will form
a hydrogel. The carboxylate group from crosslinks with the cations, making a covalent-
link hydrogel. Magnesium ions, two plus charged, are an exception, judged on the
macroscale, they do not form a hydrogel. However, it is known that magnesium makes
microscopic instable hydrogels that constantly form and break apart. From this, we can
say that although magnesium is mobile in the solution, it is still heavily associated with
the alginate backbone, and this is an indication that this electrolyte can act as a ‘water-in-
salt’ electrolyte. Chapter 5 shows that magnesium alginate can have good ionic
conductivity, even at very low water content. After some cycling, a black layer forms on
the magnesium electrodes. This layer enhances the stability of magnesium in water.

Alginate hydrogels can also be used as matrices to encapsulate transition metal cations.
Chapter 6 brings a new approach to make a ‘simple’ manganese-iron battery. By
encapsulating manganese(Il) on one electrode and iron(Ill) in alginate, we were able to
cycle this simple ion pair multiple times. This material might have applications in semi-
solid flow battery.
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Summary in Dutch

Nu de wereld de energiesystemen aan het vergroenen is, zien we dat energieopslag steeds
belangrijker wordt. Duurzame energiebronnen zijn niet constant en niet flexibel. Daarom
is het belangrijk dat energie voor kortere en langere periodes wordt opgeslagen. Doordat
de meeste duurzame energiebronnen elektriciteit leveren, is energieopslag in een
chemische batterij het meest logisch.

Dat zien we ook, voor korte en middellange periodes is opslag in een chemische batterij
economisch haalbaar. De lithium-ion batterij is op dit moment het meest ontwikkelde
batterij systeem. Het zal echter niet mogelijk zijn om deze technologie te gebruiken voor
alle electriciteitsopslag wereldwijd, omdat de prijs van lithium-ion batterijen daar te hoog
voor is. Dit komt voornamelijk door de hoge materiaalkosten van deze batterij, die weer
gekoppeld zijn aan het voorkomen van deze materialen op aarde. Lithium, nikkel en
kobalt zijn te duur. Ook moet niet vergeten worden dat deze materialen slechts op een
aantal plekken voorkomen op aarde. Dat kan resulteren in een zwakke toeleveringsketen.

Nieuwe chemische reactie moeten worden gevonden die we kunnen gebruiken in nicuwe
batterijen. Deze reacties moeten materialen gebruiken die veel voorkomen op aarde of
volledig hernieuwbaar zijn. Natrium, magnesium, ijzer, zink en aluminium zijn metalen
die lithium kunnen vervangen in een batterij. Organische stoffen zouden de dure
transitiemetaaloxides in elektrodes kunnen vervangen. In dit proefschrift worden enkele
materialen beschreven die kunnen worden gebruikt in een magnesium batterij.

In hoofdstuk 2 worden peryleenbisimides geintroduceerd. Deze veelzijdige en robuuste
moleculen zijn goede kandidaten voor batterijmaterialen. Dit hoofdstuk beschrijft een
nieuwe en milde synthesemethode om ze te bereiden, de milde imidizatie. Deze nieuwe
methode gebruikt een biocompatibel oplosmiddel, DMSO, en kaliumcarbonaat op 100
°C. Het hoofdstuk beschrijft ook een procedure waarin de reactiec plaatsvindt op
kamertemperatuur, met DBU als base. Met een simpele neerslag in water kan het
eindproduct worden geisoleerd. Er is geen zuiveringsstap nodig. De reactiekinetiek en
substraatbereik worden ook onderzocht in dit hoofdstuk.

Peryleenbisamidezuren, een zusterverbinding van peryleenbisimides, worden beschreven
in hoofdstuk 3. Deze stoffen zijn de intermediairen van de imide synthese. Wanneer een
imidizatie wordt gedaan met een secundair amine, dan kan een imide niet vervormd
worden. Dit resulteert in een wateroplosbaar zout. Peryleenbisamidezuren zijn bijzonder
door hun hoge oplosbaarheid in water, andere leden van de peryleenfamilie zijn namelijk
zeer slecht oplosbaar in water. Wanneer de bisamidezuren worden blootgesteld aan zuren,
dan wordt de reactie ongedaan gemaakt en vormt =zich het startmateriaal,
peryleenbisanhydride. Hoofdstuk 3 bekijkt het gecontroleerd toevoegen van zuur. Hierbij
kunnen dan kleurrijke hydrogels gevormd worden. De gels worden geanalyseerd met
verschillende technieken. Materiaalwetenschapper kunnen geinteresseerd zijn in deze
hydrogels, omdat zij homogeen krimpen over de tijd. In de opgeloste vorm kunnen
peryleenbisamidezuren interessant zijn als wateroplosbare batterijmaterialen.

De peryleenfamilie staat bekend om haar ‘redoxinstelbaarheid’. Wanneer men zijgroepen
aanpast, dan past men ook de redoxpotentiaal aan waar het molecuul reageert. Dit heeft
uiteindelijk invloed op de voltage waarop een batterij werkt. Hoofdstuk 4 bekijkt een
nieuwe manier om meer controle te krijgen over de substitutiereactie van
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peryleentetraesters. Dit wordt gedaan met dibromo-dichloro-peryleentetraester. In theorie
zou deze stof gecontroleerder een substitutiereactic moeten kunnen doen dan de
tetrachloro en tetrabromo varianten. Dit hoofdstuk kijkt ook naar de kinetiek van deze
reactie.

Hoofdstuk 5 introduceert een nieuw waterig polymeerelektrolyt voor
magnesiumbatterijen, magnesiumalginaat. Alginaat is een biopolymeer dat wordt
gewonnen uit algen. Het is een polysacharide die uit twee monomeren bestaat. De
monomeren bevatten beide een carboxylaatgroep en de monomeren verschillen in de
ruimtelijke oriéntatie van die carboxylaatgroep. Wanneer men een alginaatoplossing
mengt met een oplossing die een meervoudig geladen kation bevat, dan vormt zich een
hydrogel. De carboxylaatgroepen maken koppelingen tussen polymeerketen door te
binden aan de kationen. Hierdoor vormt zich een covalentachtige hydrogel.
Magnesiumionen, twee plus geladen, zijn de uitzondering op deze regel. Op een
macroscopisch niveau maken zij geen hydrogel. Echter is bewezen dat op microscopisch
niveau wel een instabiele hydrogel wordt gevormd. Deze gels worden continue gevormd
en afgebroken. Vanuit dit alles kunnen we zeggen dat magnesium mobiel is in de
oplossing, maar dat het nog steeds een associatie heeft met de alginaatpolymeren. Dit is
een indicatie dat we hier te maken kunnen hebben met een ‘water-in-zout’ elektrolyt.
Hoofdstuk 5 laat zien dat magnesiumalginaat een goede ionische geleiding heeft, zelfs bij
een zeer lage hoeveelheid water. Na een aantal keer de elektrolyt te gebruiken zien we
een zwarte laag die zich vormt op de elektrodes. Deze laag beschermt magnesium tegen
water.

Alginaathydrogels kunnen ook gebruikt worden als matrices om transitiemetaalionen te
encapsuleren. Hoofstuk 6 laat een nieuwe manier zien om een ‘simpele’ mangaan-ijzer
batterij te maken. Het was mogelijk om een batterij een aantal keer te laden en te ontladen
waarin mangaan(Il) en ijzer(IlI) geéncapsuleerd zijn in alginaathydrogels. Deze
materialen zouden toepassingen kunnen hebben in het gebied van semi-vaste redox
flowbatterij.
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