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Propositions

1. Truly self-healing surfaces are a myth.
(this thesis)

2. There are too many benchmark DFT functionals.
(this thesis)

3. The Z/E ratio of the product of a Wittig reaction is caused by the size of the
phosphine group.
(Ge et al., Sci. Adv. 2023, 9, eadf8742.)

4. Although the PhD program leads up to a doctorate in philosophy, there is insufficient
room for ethical and philosophical debate in a technical PhD.

5. It is a university’s duty to stop gender discrimination by fully compensating chair-
groups for any hinder caused by pregnant employees.

6. Having children during the Master study is the best way to start an academic
career.

7. With the introduction of USB-C connections, the USB has lost its fourth dimension.
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Summary

Surface modification is often used to enhance or adapt surface properties. In
printing industries, heavily fluorinated materials are often applied as antifouling
coating to prevent polymeric fouling of printhead nozzles. Such heavily
fluorinated materials are toxic and will soon be prohibited in the European
Union. A less toxic alternative is thus desired. Moreover, the durability of such
a coating could be improved by rendering these coatings self-healing.

In chapter 1 of this thesis, the current status of the field is explored. A general
overview of grafting techniques for coatings is provided, and various
polymerization techniques are discussed with a focus on polymer brushes. More
specifically, antifouling and self-healing coatings are discussed. On the topic of
bulk polymers, we touch upon dynamic covalent chemistry, SuFEx
polymerization, and natural polymers such as lignin. A brief summary of the
history of DFT and its current use, is provided as well.

In chapter 2 of this thesis, the self-healing and antifouling properties of a range
of partially fluorinated polymer brushes are reported. Eleven methacrylates are
selected with linear side chains with varying degree of fluorination. After
synthesis of six of the methacrylates, polymer brushes of all monomers are
made by surface-initiated atom transfer radical polymerization (SI-ATRP).
Characterization of the coatings is done with static contact angle
measurements, ellipsometry, AFM and XPS, and the antifouling property of each
coating is evaluated with confocal fluorescence microscopy. As expected, the
polymer brushes with fully fluorinated side chains, be it short, medium or long,
show excellent antifouling ability. With a decrease in the degree of fluorination,
the antifouling capability decreases as well. Remarkably, the non-fluorinated
side chains perform significantly better than their singly fluorinated
counterparts. A correlation between the antifouling ability and the minimal
surface tension of the polymer brushes is established. Furthermore, the self-
healing ability is determined by repeated exposure to pH 3 solutions and a 120
°C atmosphere. Under these conditions, all coatings are found to be fully self-
healing. Additionally, no damage is observed in the self-healing experiments of
the longest non-fluorinated brushes.



Summary in English and Dutch

To investigate the remarkable performance of the longest non-fluorinated side
chain, we test a range of fluorine-free polymer brushes in the work described in
chapter 3. Synthesis, polymerization, characterization and self-healing
performance testing is similar to the work described in chapter 2. Polymer
brushes with linear side chains of seven or less carbons display reversible
damage, while polymer brushes with linear side chains of nine or more carbons
are unharmed by repeated pH 3 exposure. We propose that longer side chains
can pack tightly, preventing HsO* reaching the ester bonds in the backbone of
the polymer chain. Shorter chains cannot pack tightly enough, therefore acidic
hydrolysis of the backbone will occur. To further support this hypothesis, we
observe that coatings derived from polymers with branched side chains show
reversible damage. Overall, the work in this chapter provides a promising basis
for how fluorine-free coatings could still be made antifouling and/or self-
healing.

In the age of the plastic soup and the energy transition, innovations for
polymeric materials are in high demand. For example, although windmills
contribute to cleaner energy production, the thermosets used in their
construction cannot be recycled and generate enormous amounts of waste. A
recyclable alternative to these thermosets would thus have a huge positive
impact. In chapter 4, an investigation of the reactivity of the imine bond is
described. This bond is a key moiety in covalent adaptable networks, which are
currently seen as potential replacement of thermosets. With DFT calculations,
we investigate the condensation and transimination reaction of an imine pincer
that is coordinated to an iron(ll) center. At first, we find the activation barriers
of both reactions to be unrealistically high. When we adapt the system to allow
two ethylamine molecules to mediate proton transfer, the activation barriers
lowers to values matching experimental results. We thereby show that these
proton shuttles are essential for the condensation and transimination of such
coordinated imines. Furthermore, coordination of the imine to an iron(ll)-center
increases its reactivity.

DFT calculations are also applied in the investigation of chain-growth SuFEx
polymerization, as reported in chapter 5. Recently, a homopolymer was
produced with the SuFEx click reaction, whereas up to then, only ABAB-type
polymers could be made. This new chain-growth SuFEx polymer uses monomers
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with a silane-protected alcohol and a sulfur hub on the same aromatic ring, and
an electron-withdrawing substituent to prevent self-polymerization in absence
of the initiator. Only upon addition of the initiator will the monomers perform
SUFEx reactions, creating well-defined polymers. With DFT calculations, we
confirm the reactivity of the initiation and the propagation step of the chain
growth polymerization. However, in contrast to the experimental report, our
calculations cannot exclude self-polymerization under ambient conditions.
Instead, we consistently find no effect of the electron-withdrawing substituent
on the reactivity of the monomer. We propose that this inconsistency may be
explained by the fact that our calculations did not include solvent interactions.
This will need to be further studied, both computationally and experimentally.

While the aforementioned polymerizations were meant for creating a new
polymer, in chapter 6 an investigation of the degradation of a naturally
produced polymer is described. Lignin is a major component of plant material
and thereby a green source of chemical building blocks. To obtain these, the
lignin must be degraded. However, in the degradation with laccase and a HBT
mediator, oxidation is predominant over cleavage. In the research described in
chapter 6, a range of pH values and buffer strengths is tested to improve the
ratio of cleavage to oxidation. A rationale of the results is provided by DFT
calculations. We propose that cleavage is enhanced by hydrogen bonding of the
lignin and buffer anions, which is more likely to occur in stronger buffers or at
higher pH.

The general discussion in chapter 7 remarks on the industrial applicability of
polymer brushes such as those studied in chapters 2 and 3. Furthermore, the
desired reduction in the use of fluorine-containing compounds and materials is
discussed, as well as the attempts of the chemical academic society to both
comply and stall measures that are being taken towards this goal. Lastly, the
added value of DFT calculations for materials chemistry is considered.

In all, the research reported in the various chapters of this thesis gains insight in
a broad range of polymerization reactions. With this knowledge, the transition
towards non-toxic polymerizations and thereby to a more sustainable society is
one step closer.
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Summary in English and Dutch

Samenvatting

Opperviaktemodificatie wordt gebruikt om oppervlakte-eigenschappen te
versterken of te bewerken. Zo worden in de printindustrie vaak zwaar
gefluorineerde materialen toegepast als vuilafstotende coating om neerslag van
polymeerdeeltjes in printkoppen te voorkomen. Zulke sterk gefluorineerde
materialen zijn giftig en worden binnenkort verboden in de Europese Unie. Een
minder giftig alternatief is dus gewenst. Daarnaast zou de levensduur van zulke
coatings verbeterd kunnen worden door ze zelfhelende eigenschappen te
geven.

Hoofdstuk 1 van dit proefschrift geeft een overzicht van de huidige stand van
zaken van de chemische vakgebieden die in dit proefschrift zijn onderzocht. Er
worden verscheidene hechtingsmethoden en polymerisatie-technieken
besproken, met polymeerborstels als voornaamste  onderwerp.
Polymeerborstels zijn polymeren die aan een zijde verbonden zijn aan een
oppervlak, waardoor zowel de manier waarop ze gemaakt en gekarakteriseerd
kunnen worden, als ook hun eigenschappen, wezenlijk anders zijn dan
bulkpolymeren. In het bijzonder worden vuilafstotende en zelfhelende coatings
besproken. Op het gebied van bulkpolymeren worden dynamisch covalente
chemie, polymeren op basis van SuFEx (een zwavel-fluor uitwisselingsreactie)
en natuurlijke polymeren, zoals lignine, behandeld. Een korte geschiedenis en
enkele huidige toepassingen worden behandeld van de chemische
rekenmethode DFT (dichtheidsfunctionaaltheorie), welke gebruikt kan worden
om chemische reacties te beschrijven.

In hoofdstuk 2 van dit proefschrift worden de zelfhelende en vuilafstotende
eigenschappen van een reeks polymeerborstels beschreven. EIf methacrylaat
monomeren zijn gekozen met lineaire zijketens met verschillende hoeveelheden
fluor. Na synthese van zes van deze monomeren, is SI-ATRP (oppervlakte-
geinitieerde atoomoverdracht radicaalpolymerisatie) gebruikt om elf
polymeerborstels te maken. De coatings zijn geanalyseerd met statische
contacthoekmetingen, ellipsometrie, AFM en XPS. De vuilafstotende
eigenschappen van elke coating zijn bestudeerd met confocale fluorescentie
microscopie. Zoals verwacht zijn de polymeerborstels met volledig
gefluorineerde zijketens uitermate vuilafstotend, of ze nu kort, gemiddeld of
lang zijn. Bij een afname in de fluorinatiegraad, neemt ook de mate van afstoting
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af. Het is opmerkelijk dat de polymeerborstels met ongefluorineerde zijketens
het significant beter doen dan de polymeerborstels met slechts één fluor atoom.
We vinden een correlatie tussen de mate van afstoting en de minimale
oppervlaktespanning van een polymeerborstel. Daarnaast is de zelfhelende
eigenschap van alle polymeerborstels onderzocht door herhaalde blootstelling
aan een pH 3 oplossing en een 120 °C atmosfeer. Alle coatings zijn volledig
zelfhelend, waarbij moet worden opgemerkt dat er geen schade gezien wordt
bij de polymeerborstel met de langste ongefluorineerde zijketen.

Om deze bijzondere eigenschap van de polymeerborstel met de langste
ongefluorineerde zijketen verder te onderzoeken, is in het onderzoek dat is
beschreven in hoofdstuk 3 een reeks ongefluorineerde zijketens bestudeerd.
Synthese, polymerisatie, karakterisering en het testen van de zelfhelende
eigenschap is op dezelfde manier gedaan als uiteengezet in hoofdstuk 2.
Polymeerborstels met lineaire zijketens van zeven of minder koolstoffen laten
herstelbare schade zien, terwijl polymeerborstels met lineaire zijketens van
negen of meer koolstoffen onbeschadigd blijven. We stellen dat langere lineaire
zijketens dicht tegen elkaar aan zitten, waardoor HsO* moleculen er niet
tussendoor kunnen komen om de ruggengraat van het polymeer te verbreken
(door hydrolyse). Kortere ketens kunnen niet strak genoeg tegen elkaar aan
blijven zitten om de toegang te blokkeren, waardoor hydrolyse in die gevallen
wel plaatsvindt. Om deze hypothese te toetsen, bestuderen we
polymeerborstels met vertakte zijketens, want de vertakkingen zouden de
dichte pakking ook verstoren. Deze polymeerborstels zijn inderdaad
(herstelbaar) beschadigd door onderdompeling in pH 3. Het werk in dit
hoofdstuk geeft een solide basis voor hoe ongefluorineerde coatings zelfhelend
en/of vuilafstotend gemaakt kunnen worden.

In een tijd van plastic soep en de energietransitie zijn innovaties op
polymeermaterialen erg wenselijk. Hoewel windmolens bijvoorbeeld bijdragen
aan de productie van schone energie, kunnen de thermoharder materialen uit
windmolens niet gerecycled worden en leveren ze enorme hoeveelheden afval
op. Een recyclebaar alternatief voor thermoharders zou dus een grote positieve
impact hebben. Hoofdstuk 4 beschrijft onderzoek naar de reactiviteit van de
imineverbinding. Deze verbinding is een centraal onderdeel van covalente
aanpasbare netwerken, de potentiéle recyclebare vervanger van thermo-
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Summary in English and Dutch

harders. Met DFT berekeningen onderzoeken we de condensatie en
transiminering van een zogenaamde imine pincer dat gecodrdineerd is aan een
ijzer(ll) ion. Onze eerste berekeningen leiden tot onrealistische hoge barriéres.
Door toevoeging van twee ethylamines om protonoverdracht mogelijk te
maken, verkrijgen we realistische activatie energieén die overeenkomen met de
gerapporteerde experimenten. We laten hierbij zien dat deze proton shuttles
essentieel zijn voor condensatie en transiminering in zulke gecodérdineerde
imines. Daarnaast tonen we ook dat codrdinatie aan een ijzer(ll) ion de
reactiviteit verhoogt.

Ook het onderzoek beschreven in hoofdstuk 5 maakt gebruik van DFT
berekeningen, in dit geval om ketenpolymerisatie van een zwavel-fluor
uitwisselingsreactie (SUFEx) te bestuderen. Waar tot voor kort alleen ABAB-type
polymeren met SuFEx gemaakt waren, is recent gebleken dat ook homo-
polymeren gemaakt kunnen worden. Deze nieuwe SuFEx ketenpolymerisatie
gebruikt monomeren waarbij de zwavelverbinding en de alcohol aan dezelfde
aromatische ring zitten, alsook een elektronenzuigende groep om zelfpolyme-
risatie te voorkomen. Pas wanneer het monomeer in contact komt met een
initiator, kan het alcohol reageren, waarna de zwavelkern van dat monomeer
reactief wordt. Hierdoor ontstaan goed gedefinieerde polymeren. Met DFT
berekeningen bevestigen we in hoofdstuk 5 de reactiviteit van de initiatiestap
en propagatiestap van de ketenpolymerisatie. Echter, in tegenstelling tot de
experimenten, laten onze berekeningen zien dat zelfpolymerisatie bij normale
omstandigheden ook mogelijk is. Wij vinden geen enkel verschil tussen
elektronenzuigende groepen. Er is dus meer onderzoek nodig om dit verschil te
verklaren, bijvoorbeeld door oplosmiddel-interacties mee te nemen in de DFT
berekeningen, of door de experimenten te herhalen in andere oplosmiddelen.

Waar de voorgaande onderzochte polymerisaties zich richtten op het creéren
van nieuwe polymeren, richt het onderzoek in hoofdstuk 6 zich op de afbraak
van een natuurlijk polymeer. Lignine is een grote component van plantaardig
materiaal en daarmee een groene bron van chemische bouwstenen. Om die
bouwstenen te bemachtigen moet lignine afgebroken worden, maar bij de
degradatie met laccase en HBT is oxidatie dominant over splitsing. In hoofdstuk
6 onderzoeken we een reeks pH’s en buffersterktes om de verhouding van
splitsing tot oxidatie te verbeteren. DFT berekeningen geven een verklaring voor
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de gevonden resultaten. We stellen dat splitsing versterkt wordt door
waterstofbruggen tussen de lignine en de bufferanionen, wat meer voorkomt in
sterke buffers of bij hogere pH.

De algemene discussie in hoofdstuk 7 gaat in op de industriéle toepasbaarheid
van de polymeerborstels beschreven in hoofdstukken 2 en 3. Ook de gewenste
vermindering van het gebruik van gefluorineerde substanties wordt
bediscussieerd, samen met de huidige inspanningen en opstelling van de
academische gemeenschap op dit onderwerp, die zowel mee- als tegenwerken
aan dit doel. Ten slotte wordt de toegevoegde waarde van DFT voor
materiaalonderzoek besproken.

In totaal geven de beschreven onderzoeken in dit proefschrift meer inzicht in
een wijd bereik van polymerisatiereacties en polymere materialen. Met deze
kennis is de transitie naar milieuvriendelijke materialen, en daarmee naar een
duurzamere samenleving, een stapje dichterbij.
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Chapter 1

1.1 Polymer research

Plastics are all around. From lunch boxes to shoe soles, tables to windowsills,
sunscreens to windmills. The average European citizen uses 150 kg plastic per
year,! and the global plastic production of 2019 was 460 Mton? (Figure 1.1). Itis
safe to say that we live in a world that is addicted to plastic.

67.27
32.83 1.07

78.29

142.6 Packaging

¥//7] Building & construction

Transportation 173.83 [ Sanitary landfill
K& Consumer & institutional products Recycling

[ | Textile Incineration

[ | Electronics B2 Uncollected litter
[ other [ |Mismanaged

Figure 1.1: The global plastic production (left) and plastic waste (right) of 2019
in million tons, as reported by the Organization for Economic Co-operation and
Development (OECD).2

Plastics, or polymers in general, have many beneficial properties that make
them ideal for a variety of applications. In this, polymers are defined as long
chains with repeating units, the monomers. These monomers can be combined
in numerous ways, leading to homopolymers, block-copolymers, random
copolymers, and many other varieties. They can be produced at will, in any
shape or structure that one would like, are lightweight and electronically non-
conducting. Transparency, stiffness, hardness, water and wind permeability, or
any other material property can be tuned by taking the right polymer and
combining it with the correct additives. Combinations with metals are easily
produced, leading to the advanced products that we use and consume en
masse.3

However, although polymers are easy to produce and use, current polymers do
come with a number of limitations and disadvantages in their production and/or
use. The most predominant synthetic polymers (polyethylene, polypropylene,
polyvinylchloride, polystyrene) are produced from crude oil, which has been
cheap and abundant for half a century. On the downside, distribution of oil has
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General Introduction

caused ecological disasters like the one in the Gulf of Mexico in 2010,** and oil
production continues to increase social inequality in for example Nigeria,
Azerbaijan and Kazakhstan.®® Natural polymers like rubber are harvested at
increasing rates, leading to deforesting and growing social inequality in Latin
America and South-East Asia.>® Additionally, the end-of-life of most polymers
is problematic. As most polymers are carbon-based, thermal degradation (by
incineration) results in enormous CO, emissions, enhancing climate change.
Recycling is only possible for pure thermoplastics, which composed 9% of all
plastic waste in 2019.%2 Recovery of starting materials can be done with a few
polymers, under specific conditions. To postpone this end-of-life problem, a
significant amount of plastic is used as landfill 112 or washed into the ocean.??
With 353 Mton of plastic waste in 2019 alone? (Figure 1.1), this cannot last.
Research into polymers, especially in sustainable end-of-life techniques or non-
polluting, biobased or biodegradable polymers, is thus highly desirable.

1.2 Coatings

Next to being bulk materials, polymers are also used as coatings in numerous
applications, to alter surface properties while maintaining the bulk properties of
the underlying material. In this manner, one can change for example color,
texture, thermal stability, conductivity, hydrophobicity, antifouling capability,
and wear resistance. A wide range of techniques has been developed to attach
a polymer coating to a surface.'® Depositing or spraying a polymeric coating onto

a surface are popular methods, relying on hydrogen bonds®® or ionic,**%

1320 or other non-covalent interactions? to connect the two

coordination,® -t
materials. However, the coating holds strongest when covalent bonds are

formed between the polymer and the surface.

1.2.1 Grafting methods

A polymer can interact with a surface in many configurations. Polyelectrolytes?
often have multiple interaction sites, combining many weak interactions to
strengthen the connection between the two materials. Crosslinked networksz
use a few strong, covalent attachment points on the surface, to which the rest
of the network is connected. Both result in full coverage of the surface with
homogeneous surface properties. On the other hand, tethered polymers % are
non-crosslinked polymer chains using a single attachment site, often connected
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Chapter 1

by only one® to three? covalent bonds. These chains can attach far apart or
close together, which influences the surface properties from patchy
functionalization to highly uniform,?” and the resulting coatings have a typical
thickness of 10 to 100 nm.?!

The distance between anchoring points of these tethered polymers is the
grafting density (0).22 When the distance between anchoring of individual
polymer chains (D) is lower than the space each polymer chain occupies (as can
be expressed by the radius of gyration, Ry), the grafting density is so low that the
polymer chains have no interaction with each other. With a positive interaction
with the surface, this leads to a pancake structure (situation A in Figure 1.2). If
the surface repels the polymer chains, a mushroom structure is formed
(situation B in Figure 1.2). When D < Ry, thus with higher grafting densities, the
polymer chains undergo steric interactions, forcing them to stretch away from
the surface, leading to a brush-like conformation (situation C in Figure 1.2).2° As
the functionality of pancake and mushroom polymer coatings is often patchy,*
the more uniform polymer brushes are generally the desirable configuration.?”
In the development of polymer brush coatings, one thus typically aims for high
grafting densities.

A B

= [T

Figure 1.2: Schematic illustration of three different types of conformations of

&

surface-attached polymers: (A) pancake, (B) mushroom, and (C) brush-type
surface-anchored polymers. Reproduced from ref. 27.

Covalent bonding of the attachment point of a polymer to a surface can be
mainly achieved in two ways: grafting-to and grafting-from.? In grafting-to
methods, end-functionalized polymers and activated surfaces react to form a
polymer brush (Figure 1.3, path A). Although the resulting coating is robust, the
functionalized polymers may be poorly soluble, complicating the grafting
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General Introduction

process. In addition, due to steric hindrance, the grafted-to coatings are
generally thin (5 to 8 nm)® and have low grafting densities.313*

BN

v

A B

Figure 1.3: Schematic illustration of the preparation of polymer brushes via (A)
the grafting to and (B) the grafting from strategy. Reproduced from ref. 27.

These drawbacks can be overcome by use of a grafting-from technique (Figure
1.3, path B).>* First, an initiator is attached onto the surface. From the initiator,
the polymer is grown with a suitable chain-growth polymerization technique. In
these polymers, density, thickness (exceeding 100 nm) and functionality can
accurately be tuned by control over the polymerization method. However, as
the surface is exposed to the polymerization conditions, not all substrates are
suited for grafting-from polymerization. Additionally, determination of polymer
properties such as polydispersity, molecular weight and grafting density are
complicated by the immediate attachment to the surface.3®

1.2.2 Polymerization techniques

In chain-growth polymerizations, or living polymerizations, new monomers are
added to the end of the polymer chain. This contrasts with step-growth
polymerizations, where monomers are connected into short chains, after which
those shorter chains connect to form longer chains. Step-growth
polymerizations cannot be used to grow polymer brushes from a surface, as
attachment to a surface will hamper the next growth step. Surface-initiated
chain-growth polymerizations include ring-opening polymerization (ROP),%’
ring-opening metathesis polymerization (ROMP),33° anionic polymeriza-

4041 cationic  polymerization,*  nitroxide-mediated polymerization

tion,
(NMP),**% reversible addition-fragmentation chain transfer polymerization
(RAFT)* and atom transfer radical polymerization (ATRP). RAFT and ATRP are

the most popular, with ATRP being used in this thesis.
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In 1998, Fukuda et al.* first used ATRP to create a polymer with a narrow
polydispersity. Matyjaszewski et al.*’ optimized the process of Fukuda by using
a Cu(l) catalyst to minimize free polymerization. The reaction was then further
optimized, for example to allow oxygen in the reaction vessel (Activator
ReGenerated by Electron Transfer ATRP, or ARGET-ATRP),*® or by using a
photoinitiator.*” ATRP can also be used to grow polymers from a surface, so-
called surface-initiated ATRP (SI-ATRP, Figure 1.4). This method is used in
chapters 2 and 3 of this thesis. The resulting polymer brushes know various
applications. They can be used as antibiofouling coatings, either generally
repelling %!
deflecting all else: a so-called “romantic surface”.>>* In hydrophobic media,

or by selectively connecting to one specific molecule while

antifouling has been shown as well.>* Polymers that show temperature-
dependent hydrophilicity were made with poly(N-isopropylacrylamide)
(PNIPAM) on gold, by using aqueous ATRP.>® Patterns of polymer brushes on a
gold surface were made with self-assembled microsphere monolayers (SMMs)
as stamps for microcontact printing.>® Furthermore, some polymer brushes have
the ability to regain their surface properties after damage has been inflicted.>”*®

Br Br

NH, NH,

H H
TFAAD |n|t|ator

deprotectlon

ATRP
N; X
H N\, / .0
ﬂNWNWé\O N\/\/N\/\/S\\
[o]
[o) (o]
HN
0),
pSB-N3

Figure 1.4. Zwitterionic polymer brushes grafted via surface-initiated atom
transfer radical polymerization (SI-ATRP). Full synthetic details are available from
ref. 59.
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General Introduction

1.2.3 Antifouling coatings

Fouling is the unwanted deposition of a material onto a surface. When fouling
occurs, there is a chance that the surface can no longer fully function in the
intended way. Therefore, fouling can be a problem. For example, in the marine
industry, fouling of mussels on the hulls of ships increases drag, thereby
increasing the amount of fuel needed to move ships from A to B. Cleaning ship
hulls is a difficult and time-consuming process, thus research into prevention of
this type of fouling by an antifouling coating is worthwhile.

Most research of antifouling coatings is focussed on biological fouling:
sedimentation of marine life,*®! fouling by bodily fluids on hospital
instrumentation and protheses,%>® aqueous particles fouling of membranes,®*5°
etc. This has led to a deep understanding of the early stages of biofouling and
the development hydrophilic antifouling coatings, such as zwitterionic polymer
brushes.®®%” These coatings have such high affinity for water, that a close water-
shell is created, through which no fouling agent can penetrate. Thus, no fouling
agent will reach the surface, and thus no fouling agent will stick to the surface.

In contrast, non-aqueous antifouling coatings employ a fully repelling
mechanism, where the solvent is repelled as well as any fouling agent in the
solvent. In order to repel all, non-aqueous antifouling coatings are generally
highly fluorinated, as fluorocarbons are very hydrophobic, even more than
normal hydrocarbons. Although this observation is old®®® and perfluorinated

7078 3 unified and

polymers like Teflon are widely used for almost a century,
concise explanation of this fluorophobic effect was only provided by Dalvi and
Rossky in 2009.7° In their computations, they discovered that although the
strong electronegativity of fluorine provides a stronger dipole in a C—F bond
than a normal C—H bond, fluorocarbons undergo hydrophobic interactions of
similar strength as hydrocarbons when emerged in water. At the same time, the
encapsulation of a fluorocarbon requires more water molecules than the
encapsulation of a similar hydrocarbon, in other words: places a larger entropic
demand on proper solvation. This “fatness” of fluorine as compared to hydrogen

results in the more hydrophobic character of solvated fluorocarbons.

Fluorinated chains tethered to a surface cannot be completely encapsulated by
a solvent, so supplementing calculations were performed on self-assembling
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monolayers (SAMs) to assess their fluorophobic effect. These layers are formed
by monomers attaching to a surface, arranging themselves in their most
favorable fashion. Dalvi and Rossky discovered that also for the SAMs, the
“fatness” is the main cause for the fluorophobic effect. Perfluorinated polymer
strands require more space than similar fluorine-free SAMs, thereby offering a
larger hydrophobic surface area and hence increasing the hydrophobicity. This
results in highly hydrophobic and oleophobic coatings, having affinity to nothing
and thus display excellent antifouling performance.

However, next to being excellent in antifouling, fluorinated compounds are also
toxic, carcinogenic and disrupting the reproductive system.®®8 Their
persistency in nature poses long-term threats to the environment and humans,
which urged the European Union to ban all perfluorinated chemicals from 2027
onwards.® The current coatings must thus soon be replaced by non-fluorinated
hydrophobic antifouling coatings, for example those discussed in chapter 3.

1.2.4 Self-healing antifouling coatings

Practical applications of antifouling coatings can be seriously hindered by the
short durability of their antifouling property. Exposure to sunlight or scratching
by loose particles decreases the lifespan of these coatings, especially because

3

Nl 18, Hz [luoroa]kyl chain
¥ex
B Bl p
: .F: ey H,C:ﬁ C;? 5 CHy / in reacted POTS

Figure 1.5: Working principle of self-healing super-hydrophobic coatings, as
published by ref. 85: 1) the porous polymer coating with micro- and nanoscaled
hierarchical structures can preserve an abundance of healing agent units of
reacted fluoroalkylsilanes; 2) the top fluoroalkylsilane layer is decomposed and
the coating loses its super hydrophobicity; 3) the preserved healing agents can
migrate to the coating surface and heal the super hydrophobicity.
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the antifouling property is usually based on having a low surface energy.
Integrating self-healing properties into the antifouling coating could solve these
problems, and various approaches have been employed.?* Li and Sun® have
attached fluoroalkylsilanes onto a porous polymer coating and buried a reserve
of the fluoroalkylsilanes under it. When the top layer is scratched and the
polymer becomes humid, some of the buried fluoroalkylsilanes migrate through
the pores to the surface, re-enforcing the antifouling property (Figure 1.5).
Alternatively, catechol-mediated hydrogen bonding interactions and aromatic
interactions,® flexible polymers,®” and liquids captured within nanostructures®®
have been used to implement self-healing properties in coatings.

1.3 Bulk Polymers

Although polymers are valuable when applied to a surface, most polymers are
used in bulk. For the most common polymer streams, production processes are
well established, and ongoing research focuses on finetuning.89,90 However, as
stated before, if we want to battle the ever-increasing amount of polymer
waste, we need radically different ideas. As such, we will discuss dynamic
covalent chemistry (a smarter polymer design), SUFEx polymerization (a new
polymerization technique) and natural polymers (a non-fossil resource).

1.3.1 Dynamic Covalent Chemistry

Until recently, polymers could be divided into two categories based on their
chemical structure: thermoplastics and thermosets (Figure 1.6). In
thermoplastics, individual strings of polymer exist next to each other, being held
together by weak, non-covalent interactions. This makes the material flexible,
and by heating or dissolving, the individual strands can be regained, and a new

Thermoplastic Thermoset CAN

Figure 1.6: Schematic representation of three types of polymers: thermoplastics,
thermosets, and covalent adaptable networks (CANs).

23



Chapter 1

shape can be formed: the material is recyclable. In thermosets, no recycling is
possible, as the polymer chains crosslink to form one strong network. These
crosslinks make the polymer stiff and strong, but unable to assume any other
shape than the original one. This severely limits the possibilities to reprocess or
recycle thermoset materials.

In 2011, a new type of polymer was invented: the covalent adaptable network
(CAN).*! In these dynamic covalent networks, monomers are covalently bound
in polymeric chains, yet some of the monomers can undergo reversible
crosslinking. This provides the strength and stiffness of thermosets, while the
reversibility of the crosslinks allows malleability and recyclability, like
thermoplastics. Due to this dynamic nature of the material, CANs are self-
healing, meaning that they can repair themselves after physical damage into a
chemically pristine material. Motifs like furan-maleimide Diels—Alder
adducts,®”°* boronic esters,*>% disulfides, sterically hindered urethanes,*® and

imines® are frequently used to create dynamic materials.'%%

In contrast to the previously described coatings with static functionalities, smart
coatings can adapt to changes in their environment. Thermo-responsive
polymer brushes such as PNIPAM%2193 or PNMEP (poly(N-2-(methacryloyl-
oxy)ethyl pyrrolidone))!® change thickness and functionality when exposed to
different temperatures. A catch-and-release coating can trap a specific
biomolecule in one condition and release the biomolecule when, for example, a
mild current is applied,’® or when another chemical is added.'® In dynamic
coatings, the material is not just rearranging to adapt to environmental changes,
but actually forming and breaking covalent bonds. Du Prez and co-workers have
produced recyclable epoxy coatings in this fashion,®” and Li and Huang and co-
workers have applied two types of dynamic covalent interactions in a layer-by-

198 When using an external

layer approach to smart antibacterial coatings.
stimulus, dynamic covalent bonds can repair damage to a coating.'® The
flexibility of dynamic coatings is highly interesting from an environmental and
industrial point of view. As such, it is worthwhile to investigate dynamic covalent

chemistry as a whole.
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1.3.2 SuFEx polymerization

Next to the living polymerization techniques described in section 1.2.2, many
other reactions exist to perform step-growth polymerization. The most
successful reactions are high yielding, stereospecific, require mild conditions,
produce inoffensive byproducts and a easy to purify. In other words, they are
click reactions.'? Kolb, Finn and Sharpless invented the term click chemistry in
2001 to describe a group of reactions that can be used to efficiently connect
separate building blocks without side reactions or loss of material. These
characteristics make click reactions perfect for polymerization, and they have

been used abundantly.***113

When a promising chemical reaction is brought to the attention, as Sharpless
did in 2014 with the sulfur(IV) fluoride exchange (SUFEx) reaction,'** chemists
worldwide promptly set out to explore all its possibilities.?*> 7 It was quickly
discovered that the SuFEx reaction, behaving like a click reaction,’® was well-
suited for step-growth polymerization.}'®1° As it is orthogonal to other
chemistries, it can be used as handle to further functionalize polymers made
with another technique,?9-12
grafted onto surfaces as well.1241%

or vice versa.!?® Polymer brushes have been

R’ X =CHR"/NR"

% R, R, R" = alkyl or aryl
R’ Q l
ox < ?o
R,S:F + ‘BuMeZSi\o X R,S;X + 'BuMe,Si—F

Figure 1.7: General scheme of the SUFEx reaction.

In the SUFEx reaction (Figure 1.7), a phenolate or amine group attacks a sulfonyl
fluoride group, eliminating the fluoride and forming a sulfate or sulfonamide
moiety. The fluoride is commonly captured by a silicon group, forming the
extremely stable Si—F bond, although both silicon-free?® and fluorine-free!?’
SuFEx adaptations have been reported. The SuFEx reaction proceeds readily at
room temperature and under ambient conditions, in contrast to most other click
reactions.

Recently, Wu and Sharpless have produced a SuFEx polymer in a chain-growth
manner (Figure 1.8).12 By making an electron-poor monomer, they were able to
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prevent step-growth polymerization, while maintaining reactivity with an
initiator and the polymer chain. A chain-growth reaction is thus the result. As
this would open the door to surface-initiated SUFEx polymerization, this specific
reaction is potentially relevant to the field of surface chemistry.

R = electron-withdrawing group like Strong activation
COOMe, F, CN, etc. o il R
a) 7
R . W ki
e oS s e
@-N:s—F + DBU s | /£ TBSO 0SO,F
I|: - N O
TBSO 0SO,F — \=
T L EWG R o
iy
Initiator AB-type O-8--F
(Most Reactive) (Less Nucleophilic Q o
& Electrophilic) 0 0-S-0-
I i
QtrvsF 9
Y o) 0-S-0-
b) T 6
X R
R
— - . Chain-growth SuFEx polymers
Initial polymer After degradation (Controlled M, with narrow dispersity)
c. Various AB-type with dif
0, OMe 0. OEt 0, o) o\/’
/5\ /é |
TBSO 080:F TBSO 0S0,F  TBSO 0S0,F TBSO 080:F TBSO/@DSOIZF
MeEst EtEst Acetyl Propargyl Fluoro
CN OMe
Q, 0
Q /@ /@2 sj\@\
TBSO 0S0,F TBSO 0S0;F  TBSD 0S0,F  TBSO 0S0,F
Cyano Methoxy BPA Sulfone

Figure 1.8: (a) Chain-growth polymerization of aryl silyl ether-fluorosulfates, as
performed by ref. 128. (b) Pictures of gels that, upon degradation, transition from
rigid to fluid. (c) Monomers used in the chain-growth polymerization, with varying
degrees of electron-withdrawing ability.

1.3.3 Natural polymers

One of the most famous natural polymers is rubber, tapped as isoprene or latex
from a rubber tree and purified or vulcanized before forming one of the many
applications. Silk and wool are other natural polymers, produced by animals and
harvested by man to be used as fabrics. Plants also mainly consist of polymers:
cellulose, pectin and lignin provide strength and stability to stand, starch is used
as energy storage, DNA and RNA as information storage, and proteins fulfil many
other functionalities both in- and outside a living cell.
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While pectin, starch, DNA, RNA, and proteins can be degraded by animals and
humans, our capabilities of reducing the strongly crosslinked polymers cellulose
and lignin are limited. We therefore aim to use these non-edible polymers for
many other applications. At the same time, using natural materials is an
excellent way to reduce our oil and gas consumption, thereby reducing our
carbon footprint and environmental impact. Especially lignin is increasingly used
as feedstock for aromatic chemicals, carbon fibers and resins.!?® For this
purpose, lignin must be degraded into small subunits, both phenolic (10-30 %
of the lignin composition) and non-phenolic (70-90 %). Efficient degradation
processes of lignin are thus essential for feasible industrial applicability.

In biorefinery, lignin is degraded into monomeric components to be used as
alternatives to fossil-derived chemicals. Thermochemical treatment is the
common method for lignin degradation, being effective and fast, yet energy
consuming.’3%131 A greener alternative for lignin degradation is the use of
bacteria’3?713> that produce enzymes such as lignin- or Mn-peroxidase or laccase.
These enzymes are often well-suited for depolymerizing the phenolic subunits
of lignin, but do not reach high enough potentials to degrade the non-phenolic
majority of the lignin. For the degradation of the non-phenolic subunits,
combining laccase with a mediator such as TEMPO((2,2,6,6-
tetramethylpiperidin-1-yl)oxyl), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) or HBT (1-hydroxybenzotriazole) is promising.’*® In such a
laccase/mediator system, the mediator depolymerizes the subunits, while
laccase regenerates the mediator. However, not only depolymerization but also
oxidation is possible. The mode of operation of the mediator differs per

136-138 3and per reaction condition.’®® Investigating various reaction

mediator
conditions is thus desirable to find the optimal conditions where

depolymerization is favored over oxidation.

1.4 Theoretical chemistry
Where polymer coatings are studied with surface techniques and bulk polymers
are studied with bulk polymer techniques, their fundamental chemical
interactions can best be studied computationally. Accurate descriptions of
chemical interactions are crucial in understanding chemical reactions. Quantum
chemistry is the field that explores these interactions, in which these days
Density Functional Theory (DFT) is its most practical tool. In DFT calculations,
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ideal geometries of starting molecules and transition states are found, as well
as values for energy barriers, enthalpic and entropic factors and solvation
energies. Choosing the right combination of functional (the method of
calculating electron density) and basis set (the method of describing orbitals for
those electrons) is vital, as an incorrect model often leads to incorrect

results.140141

With the Hohenberg-Sham theorems %2 and the introduction of the Nobel prize-

winning self-consistent field equations by Kohn and Sham,'#

a strong
foundation for DFT was laid in the 1960s. When proper models of the exchange
and correlation interactions were made in the late ‘80s and ‘90s,*% the field
of quantum chemistry took off, with 94 publications in 1990, over 16,000 in
2015, and 24,831 in 2022.1*8 DFT calculations have been used to shed light on
the origins of life on Earth,* to elucidate complex biological reactions,*° or
simply to verify and explain experimental observations of basic chemical

reactions.'™

In materials chemistry, the design, production, characterization and functioning
of a material is central. Although the design process often involves a lot of
chemical theory, theoretical chemistry is rarely included. In cases where
computations are combined with materials chemistry, like self-consistent field
theory®?
building blocks are the foundation and small-scale chemical interactions are
omitted. As a result, the obtained values are often only valid for those materials
whose chemical properties are ‘standard’. Fluorophobic effects are rarely

or Monte Carlo simulations,’>*!54 physical interactions between entire

included, as are dynamic bonds.

1.5 In this thesis

This thesis investigates a range of promising polymer reactions. In chapter 2,
partially fluorinated polymer brushes covalently bound to a silicon surface are
examined with regard to their self-healing and antifouling abilities. For this, the
synthesis of six monomers and the surface-initiated ATRP of eleven polymers
are described, along with the detailed characterization of their products. It is
shown that more heavily fluorinated polymer brushes have better antifouling
properties, yet do not perform better in self-healing. Upon determination of the
minimal surface tension of all polymer brushes, a correlation with antifouling

28



General Introduction

performance is established. Interestingly, the non-fluorinated poly(decyl
methacrylate) polymer brush displays the highest stability, being unaffected by
repeated exposure to pH 3.

This potential to achieve great brush properties without involving fluorine lead
to chapter 3, which describes a systematic study of non-fluorinated polymer
brushes, to understand which side chain length is needed to withstand damage
from pH 3 exposure. Five monomers are synthesized, and fourteen polymer
brushes are created with SI-ATRP and characterized with XPS, ellipsometry and
static water contact angle measurements. Side chains of at least nine carbon
atoms show no damage upon repeated exposure, while side chains with six or
less carbons, or non-linear side chains, are significantly affected by acid. In all
cases, full self-healing is displayed.

The remaining chapters of this thesis involve DFT calculations. Chapter 4
describes the condensation and transimination reaction of an iron(ll)-
coordinated imine pincer. Although imine chemistry is well-established in the
field of dynamic polymers and multiple publications of DFT research on
condensation and transimination reactions exist,>>"**7 the effect of iron(ll)-
coordination was never incorporated. We show that the barriers for proton-
transfers remain at unrealistic heights when four-membered transition states
are considered, as was proposed earlier,’>> regardless of the coordination to
iron(ll) or zinc(ll) or the absence of any metal. However, if two ethylamine
molecules are used as shuttles in the proton transfers, plausible energy barriers
are found, with iron(ll)-coordination increasing the required activation energies
for hydrolysis and transimination. This supports the general knowledge of
experimental imine chemists that metal coordination improves the stability of
imines, and can be used to guide the further development of (metal-stabilized)
imine polymers.

Where the field of imine chemistry is well-established, the possibilities of the
SuFEx reaction are still being explored at rapid pace. To support the more
interesting applications of SuFEx with DFT calculations, chapter 5 of this thesis
reports simulations of a chain-growth SuFEx polymerization reaction that was
first described by Sharpless and Wu in 2021.1% In contrast to experimental
findings, chapter 5 shows that chain growth polymerization and self-
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polymerization are both feasible reactions for all four studied monomers,
regardless of the electron-withdrawing nature of their meta-substituents. The
three operational SuFEx reactions (initiation, propagation and self-
polymerization) are described in detail, and suggestions are given on how to
bring theory and experiments closer together.

Chapter 6 is a combination of experimental and theoretical work. The reaction
conditions for the degradation of a 68-0O-4' linked lignin model dimer are
optimized towards ether cleavage over Cq-oxidation, using unconventionally
highly concentrated buffers at higher pHs. A rationale of the success of these
buffers is provided by DFT calculations.

In the general discussion in chapter 7, the industrial applicability of polymer
brushes and their polymerization strategies are discussed. A reflection on the
use of fluorinated chemicals in academic research is provided, as well as a
contemplation of the use of DFT in materials chemistry.
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Chapter 2

Abstract

Heavily fluorinated polymeric coatings are used by industry in the prevention of
polymeric fouling. However, due to their potential toxicity and lack of durability,
there is an increasing demand for sustainable alternatives. In the research
described in this chapter, eleven polymer brushes with varying side chain
lengths and degrees of fluorination have been developed, and their antifouling
and self-healing performances have been compared. In all cases where damage
was inflicted by a pH 3 solution, the coatings — including the non-fluorinated
ones — showed full restoration of their contact angle upon placement in an oven
at 120 °C, confirming the self-healing ability of this range of coatings. One
coating, poly(C10-MAFO0), was unharmed by the acidic conditions, hence no self-
healing capability could be established. Investigation with four fluorescently
labelled polymer solutions and confocal fluorescent microscopy confirmed that
all coatings have antifouling properties towards organic polymers. The more
heavily fluorinated polymer brushes performed better than the rest, and not the
non-fluorinated, but rather the singly fluorinated brushes showed the least
antifouling capability. Determination of the critical surface tension confirmed
this trend: the heavily fluorinated polymer brushes have the lowest critical
surface tension, and the singly fluorinated polymer brushes have the highest. A
lack of alignment of the side chains of the polymer brushes is the proposed
reason for this, explaining the contrast with previously reported monolayer
experiments. Finally, we explain why both fluorinated and non-fluorinated
brushes display self-healing characteristics.
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2.1 Introduction

The unwanted deposition of substances on a surface, better known as fouling,
has been subject to many investigations in the last few decades. In marine
industry,? water membranes®* or medical implants or sensors,>® the deposition
and attachment of biological material to the surface is undesired. Thorough
research has led to a deep understanding of the early stages of biofouling, and
a large variety of antibiofouling coatings has been designed to prevent it,
ranging from fluorinated surfaces,”® polyethylene oxide polymers,® via
zwitterionic  brushes,’® to N-(2-hydroxypropyl) methacrylamide based
coatings.™

Less known, but not less important, is the prevention of polymeric fouling in
non-aqueous media. For example, in high-quality printing, paper manufacturing
and food processing, this polymer deposition can severely hamper industrial
processes and is therefore costly.!>'* Traditionally, polytetrafluoroethylene
(PTFE, or Teflon) and other heavily fluorinated coatings are used to minimize
this type of fouling, but their applicability is often seriously hampered by the
stability of their antifouling performance. As the antifouling characteristics are
based on having a low surface energy and the surface energy relies on the
absence of imperfections of the surface, exposure to an outdoor environment
rapidly decreases the antifouling abilities of these coatings. Moreover, while the
anti-polymer fouling industry relies heavily on per- or poly-fluorinated
compounds such as 1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTs),*> more
and more of such poly-fluorine-containing chemicals are banned for being
potentially toxic and/or environmentally long-term persistent and hazardous.*®

Non-fluorinated patterned or roughened surfaces can also be used to minimize
fouling, relying on their structure to lower the surface energy. This effect is
observed in lotus leaves, which are superhydrophobic (water contact angle
above 150°) due to their micro- and nanostructure.’” Many structural
designs®1®
lotus effect, yet the lack of self-healing ability hampers application in harsh

and polymeric nanocomposites?® have been developed to mimic this

environments. Durable coatings, without the use of poly-fluorinated moieties,
that are both anti-polymer fouling and self-healing are therefore desired, and
recently, this topic has gained more attention.?!
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Li et al.2 have developed a porous polyelectrolyte material saturated with
fluoroalkyl silanes, that is antifouling and can self-replenish its surface when
damage has taken place. Through pores in the material, lower lying silanes are
transported to the surface when the top layer has been removed or damaged.
In their slippery liquid-infused porous surfaces (SLIPS), Aizenberg and co-
workers?®* have employed the same principle, but using a structured porous
frame and a liquid lubricant that has saturated the material. Both components
are antifouling, but together they are also instantly self-healing as any removed
lubricant can be replaced immediately. Although this reduces the healing time
to fractions of seconds, leaching of the perfluorinated lubricant remains a
potential environmental hazard. By using a covalently bound polymer brush
PMAF17 (poly-(perfluorooctyl ethyl methacrylate)), our group?* has eliminated
the liquid elements of the coatings, greatly reducing the environmental impact.
The fluorinated polymer brushes can still replenish after repair, as the damaged
chains will simply be buried within the polymer chains.

Whereas aqueous fouling can be prevented by high-surface energy
materials,’?>%® a low-surface energy material is typically required for the
prevention of polymer fouling. This can be explained by classical
thermodynamics: a process will only take place when there is energy gained, so
when the total Gibbs Free energy (AG = AH — TAS) is lower than zero. The
enthalpic component (AH) describes the interactions between the solvent, the
foulant and the coating, while the entropic component (AS) describes
conformational changes that are often temperature dependent. Coatings with a
low surface energy gain little enthalpy from interactions with both solvents and
fouling agents. In a fully submerged situation, the exchange of solvent by fouling
agents will therefore not affect the surface. However, the entropic loss for the
fouling agent upon deposition is significant, as it loses the translational freedom
that it had in solution. This entropy loss, or more specifically the entropy that
can be gained by leaving the surface, will thus effect that any fouling agent will
not stay on the coating for long.

Due to what has been labelled ‘the fluorophobic effect’,”” fluorinated
compounds have an extremely low intrinsic surface energy, explaining their
popularity in antifouling coatings. Even in novel, self-healing antifouling
materials such as fluorosilane-infused porous polyelectrolyte materials (SLIPS),?
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or PMAF17,%* the antifouling property is achieved by the incorporation of
fluorine, in most cases relying on a high fluorine content. Recently, monolayer
investigations have shown that antifouling properties can actually improve with
decreasing amount of fluoride.? The increased dipole moment of a terminal
CH,F group, as compared to the CF; or the CgF17 group, was proposed to lead to
strengthened binding to solvents, thereby further decreasing any enthalpic gain
that can offset the lost entropy in case of attachment of the polymer onto the

surface.?
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Figure 2.1. Schematic depiction of the self-healing antifouling polymer brushes
with fluorinated side chains (left) and general structure of (partially) fluorinated
brushes studied herein (right).

In this chapter, we report the preparation and analysis of a range of polymer
brushes with varying degrees of fluorination in view of their antifouling
characteristics, the environmental demand to reduce the fluorine content in
consumer materials, and the encouraging results obtained with low-fluorine
materials. To this aim, we report a systematic investigation of the effect of chain
length and degree of fluorination on the antifouling and self-healing abilities of
methacrylate polymer brushes (Figure 2.1). Taking the CsF17 group in PMAF17
(see Scheme 2.1) as the basis, both the number of fluorine atoms on the
methacrylate arms, as well as the length of those arms were varied. In this, we
did not limit ourselves to commercially available methacrylates, but instead
designed and synthesized a more complete library of monomers. For all polymer
brushes, next to standard surface characterization by XPS, ellipsometry and
static water contact angle analysis, and polymer fouling studies in four polymer
solutions (fluorescently labelled PLGA, PS, PEG and PNIPAM in DCM), the healing
ability was studied in ten damage-repair cycles. Finally, the antifouling and self-
repair results are discussed in light of each surface’s (experimentally
determined) critical surface tension and the molecular structure of the brushes.
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2.2 Results and discussion

In this investigation on the effect of side chain length and degree of fluorination
of methacrylic polymer brushes, we decided to study methacrylates with side
chain length of two, five or ten carbon atoms. For each of these chain lengths,
zero, one or three fluorine atoms were attached to the final carbon of the chain.
To investigate the effect of larger degrees of fluorination, the Cs and Cy side
chains were also studied with nine and seventeen F atoms (—CH—CsFs and —
C,H,—CsF17, respectively). Our library thus consists of eleven methacrylates
(Figure 2.2).

IV PSS O

o] o} o]
C10-MAF0 C5-MAF0 C2-MAF0
)}\”/O\/\/\/\/\/\F )J\H/O\/\/\/F )J\”/O\/\F
o} 0 0
C10-MAF1 C5-MAF1 C2-MAF1
F F e
)}\”/o\/\/\/\/\xp )J\H/OME )J\”/O\*F
o F o
C10-MAF3 C5-MAF3 C2-MAF3
RFRFRF F g FFR F
0 F
Ao 208K J\m
) FFFFFFFF FF g F
C10-MAF17 cs MAF9

Figure 2.2. Monomers under study as used for the investigated polymer brushes.

Each monomer was labelled according to a naming system that shows the length
of the side chain and the degree of fluorination for each of the methacrylates.
For example, C2-MAF3 is the methacrylate (MA) with a side chain of two carbon
atoms (C2) and three fluorine atoms (F3). This commercially available compound
is also known as TFEMA, or trifluoroethyl methacrylate. In order to keep our
nomenclature here consistent and clear, we decided not to use the commercial
abbreviations for the polymers.
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2.2.1 Synthesis

Five of the desired methacrylates are commercially available, leaving six
monomers to be synthesized. For the synthesis of these monomers, three
different synthetic routes were used, all on gram scale. C10-MAFO0, C5-MAF3
and C5-MAF’ could be made via the acidic esterification of methacrylic acid and
the corresponding alcohols: 1-decanol, 1,1,1-trifluoropentan-5-ol and 1H,1H-
perfluoropentan-1-ol, respectively (Scheme 2.1A). For C10-MAFO0 and C5-MAF3,
this simple Fisher esterification was performed by stirring at room temperature
for four and nine days respectively, until NMR analysis showed no more increase
in conversion. After work-up (that included extractions and column
chromatography) the C10-MAF0 and C5-MAF3 monomers could be obtained in
ayield of 75% and 84%, respectively. The isolated monomers were subsequently
characterized by various NMR methods, mass spectrometry and IR spectroscopy
(Supporting Information, sections 2.4.4 and 2.4.5), to assess their purity. The
Fisher esterification of C5-MAF~ was performed with the same reagents as used
for C10-MAFO but at 110 °C, as the reaction was too slow at room temperature.
At this temperature, this esterification was completed in five hours. Also, since
purification by column chromatography could not be performed for this
monomer due to on-column polymerization of the product (Supporting
Information, section 2.4.6), the monomer contained approximately 10% of
1H,1H-perfluoropentan-1-ol. XPS analysis of the eventually resulting polymer
brush (see below for details) indicated that this was not incorporated in the
coating. The crude yield of C5-MAF9 was 64%.

C10-MAF3 and C5-MAF1 were made via the esterification of methacrylic acid
and the corresponding bromides: 1-bromo-10,10,10-trifluorodecane and 1-
bromo-5-fluoropentane, respectively (Scheme 2.1B). This Sy2 reaction was
catalyzed by potassium carbonate, and performed overnight under argon at
50 °C in DMF. Following several extraction steps, the desired methacrylates
could be isolated, and the products were characterized by mass spectrometry,
IR spectroscopy and various NMR techniques. In the C5-MAF1 product, traces
of 1-bromo-5-fluoropentane were found, but these proved not to interfere with
polymer brush formation (see below). C10-MAF3 was produced with 67% yield,
and C5-MAF1 with 82% yield (Supporting Information, sections 2.4.7 and 2.4.8).
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Scheme 2.1. Synthetic pathways to the six non-commercially available
methacrylates under study. (A) Fisher esterification for the formation of C10-
MAFO, C5-MAF3 and C5-MAF9 (at 100 °C) (B) Esterification for the formation of
C10-MAF3 and C5-MAF1. (C) Synthesis of C10-MAF1 in a two-step reaction. For
full procedures and characterization: see Supporting Information, sections 2.4.4
-2.4.10.

For the synthesis of C10-MAF1, neither 1-bromo-10-fluorodecane nor 10-
fluorodecan-1-ol was commercially available. Therefore, a two-step synthesis
was designed (Scheme 2.1C), starting from 10-bromodecan-1-ol. 18-Crown-6
catalyzed the halogen exchange between potassium fluoride and 10-
bromodecan-1-ol, which had 7-decen-1-ol and 8-decen-1-ol as byproducts. The
C=C bonds were brominated to increase the boiling points of these byproducts,
after which the desired 10-fluorodecan-1-ol could be separated via Kigelrohr
distillation. This was followed by a Fisher esterification via the same procedure
as used for C10-MAFO, to produce 10-fluorodecyl methacrylate. Mass
spectrometry, IR spectroscopy and various NMR techniques confirmed the
formation and purity of the desired C10-MAF1 monomer, with an overall yield
of 32% (Supporting Information, sections 2.4.9 and 2.4.10).
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2.2.2 Polymerization

Using the 11 acquired methacrylates, homopolymers were grafted from an
initiator-activated silicon surface (Scheme 2.2) by adaptation of a previously
reported procedure for a surface-initiated atom transfer radical polymerization
(SI-ATRP; see also Supporting Information, section 2.4.3).3° To this aim, the
silicon surface was thoroughly cleaned by sonication in hexane, ethanol and
dichloromethane and subsequent oxygen plasma cleaning, after which it was
submerged in a solution of 3-(trichlorosilyl)propyl 2-bromo-2-methylpropano-
ate in toluene at room temperature overnight. After rinsing and drying, the
surface was transported to a nitrogen atmosphere glovebox, and the polymer
brush growth was started. As all polymer brushes were grown from surfaces
produced with this same procedure, a similar grafting density was assumed for
all eleven coatings. For poly(C2-MAF0), an upper estimate of the grafting density
was determined at 1.11 chains per nm? (Supporting Information, section 2.4.11).
Below we will discuss the required reaction conditions, and polymer brush
characterization methods, specifically static water contact angle and XPS.

Br, a 0]
Br Br o\
R
o o] o)
O o) o)
o (] (2]
(0]
% e T
/ /
o o C - doy 99
——- —
Si toluene, 16h Si ATRP Si

Scheme 2.2. Schematic representation of the attachment of an ATRP initiatior
onto a silicon oxide surface, and subsequent grafting of a polymer brush by SI-
ATRP.

The polymerization of C10-MAF17 was previously reported in trifluorotoluene
(TFT) at 110 °C, with copper bromide (CuBr) as catalyst and 4,4-dinonyl-
bipyridine (dnbpy) as ligand.?* Using these conditions (Supporting Information,
section 2.4.3), a polymerization rate of 1.7 nm/h was reached for C10-MAF17
(Table 2.1), as could be deduced from ellipsometry measurements. The
polymerization of C10-MAFO was performed in a similar fashion, but since the
monomer is not fluorinated, toluene was used as solvent instead of TFT. A
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comparable polymerization rate of 0.8 nm/h was reached (data not shown).
When performing the SI-ATRP of C10-MAFO0 in ethanol, the rate increased to
11 nm/h, most likely due to increased solubility of CuBr. Hence, all other
polymerizations were performed in ethanol, resulting in polymerization rates
ranging from 2.9 nm/h to 25 nm/h (Table 2.1). C10-MAF17 did not dissolve in
ethanol, and no brush growth was observed in this solvent.

In the reaction mixtures of C10-MAF3, C5-MAF , C5-MAF0 and C2-MAF1,
bipyridine (bpy) was used as a ligand, as dnbpy did not dissolve well. For C10-
MAF3 and C5-MAFO this increased the polymerization rates, from 2.3 nm/h to
2.8 nm/h for C10-MAF3 and from 2.8 nm/h to 5.6 nm/h for C5-MAFO. For C5-
MAF’, polymerization was taking place at 11 nm/h, as opposed to no
polymerization when dnbpy was used. Unexpectedly, C2-MAF1 remained
inactive. Only when increasing both the catalyst and bpy concentration tenfold,
did this methacrylate start polymerizing, at 1.1 nm/h. Deactivation took place
within a day, and no coatings above 30 nm could be grown for C2-MAF1.

The polymer brushes were characterized by static water contact angle (WCA)
(Table 2.1). The fully fluorinated coatings have a high contact angle: 116° for
poly(C5-MAF’ ) and 120° for poly(C10-MAF17). When keeping the carbon side
chain constant but decreasing the number of fluorine atoms per chain (e.g.,
from poly(C10-MAF17) via poly(C10-MAF3) to poly(C10-MAF1)), an expected
decrease in contact angle was observed, with the singly fluorinated side chains
being least hydrophobic. The non-fluorinated side chains showed a slight
increase in contact angle with respect to the singly fluorinated ones, which we
attribute to more tightly packed side chains of the polymer brush (see also the
discussion of critical surface tension below). When keeping the number of
fluorine atoms per side chain constant, but decreasing the side chain length
(going from poly(C10-MAF1) via poly(C5-MAF1) to poly(C2-MAF1), for
example), a decrease in WCA was observed as well.

For industrial purposes where anti-wetting is the main goal, hydrophobic
coatings are most relevant. This would imply that from our study, the more
fluorinated and/or longer side chains, namely poly(C10-MAF17), poly(C10-
MAF0), poly(C5-MAF’), poly(C5-MAF3) and poly(C2-MAF3), are most
interesting for industrial applications.
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Table 2.1. Polymer brush formation of methacrylates under study: reaction
conditions, average coating thicknesses and static water contact angles (WCA).
Reactions were performed at 60 °C with 1 mol% CuBr catalyst, 2 mol% ligand, 50
vol% monomer and 50 vol% solvent.

Monomer Ligand Solvent Reaction Coating thickness WCA (°)
time (h) (nm)

C10-MAF17 dnbpy TFT 48° 68 120+2

C10-MAF3  dnbpy Ethanol 16 38 89+1
bpy Ethanol 16 59

C10-MAF1  dnbpy Ethanol 16 113 83+7

C10-MAF0 dnbpy Ethanol 17 189 104 +4
dnbpy Toluene 120° 108

C5-MAF’ bpy Ethanol 15 209 116 +1

C5-MAF3 dnbpy Ethanol 8 62 92+1

C5-MAF1 dnbpy Ethanol 24 69 761

C5-MAFO0 dnbpy Ethanol 8 30 87+1
bpy Ethanol 16 135

C2-MAF3 dnbpy Neat 71° a7 95+1
dnbpy Ethanol 1.5 82

C2-MAF1 bpy Ethanol  24° 26 692

C2-MAF0 dnbpy Ethanol 6 93 77+1

Notes: 2: 110 °C. b: using 10 mol% catalyst and 12 mol% ligand.

The elemental composition of the coatings was subsequently verified with XPS.
In Figure 2.3, the wide XPS spectrum and the C1s narrow scans are shown of the
four polymer brushes in the C5 family. The full XPS analysis (wide scan, and C1s,
O1s and F1s narrow scans) of all polymer brushes, and of the initiator-activated
silicon surface, can be found in the online Supporting Information (section S14).
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Figure 2.3. XPS wide scan (left) and Cls narrow scans (right) for poly(C5-MAF9)
(in black), poly(C5-MAF3) (in blue), poly(C5-MAF1) (in green) and poly(C5-MAFOQ)
(in red).

The XPS data obtained for poly(C5-MAF’ ) serve as an example. The wide XPS
spectrum (Figure 2.3, top row) showed a ratio of 9:49 : 42 for O : C: F, which is
largely in line with the theoretical ratio of 10 : 45 : 45 for a polymer brush
consisting solely of C5-MAF’ monomers; the slightly elevated carbon signal
indicates some atmospheric contamination.33? No Si 2p signal was visible,
suggesting a polymer layer of at least 20 nm thick that completely covers the
silicon surface, which is in line with the ellipsometry results that revealed a
thickness of 100 nm. The C 1s narrow scan showed five peaks, indicating five
different carbon species. These can be classified as —CF3;, —CF,—, —C=0, O—CH,—
CF; and aliphatic C, going from high to low binding energy. Their theoretical ratio
is 11 : 33 : 11 : 11 : 33. We observed an overrepresentation of the aliphatic
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carbons (46% instead of 33%), which is in line with the observation of
atmospheric carbon contamination in the wide XPS spectrum. The other signals
had the correct ratios. The O 1s XPS narrow scan (online Supporting Information,
section $14) showed two species occurring in equal amounts, corresponding to
the two different oxygen atoms in the ester moiety of each methacrylate. The F
1s XPS narrow scan (online Supporting Information, section S14) showed a single
signal, corresponding to carbon-bound fluorine. Together, these spectra
indicate a thick, fully surface-covering polymer brush build up from C5-MAF’
monomers.

When comparing the wide XPS spectra of poly(C5-MAF’), poly(C5-MAF3),
poly(C5-MAF1) and poly(C5-MAFO0), the expected gradual decrease in fluorine
content was observed: from 42% in poly(C5-MAF’ ) (theoretical 45%), to 23% in
poly(C5-MAF3) (theoretical 21%), 7% in poly(C5-MAF1) (theoretical 8%) and the
expected 0% in poly(C5-MAFO0). Since the number of oxygens and carbons per
monomer remains unchanged, we observed a concomitant increase in their
contributions.

The C 1s XPS narrow scans showed a similar trend. Where poly(C5-MAF ) had a
large contribution of CF, carbons, these were absent in the less fluorinated
polymer brushes. The signal for the CF; group shifted from 293.0 eV to 291.8 eV
in poly(C5-MAF3), due to the absence of neighboring fluorinated carbons. The
signal for the CH, group adjacent to the ester moiety shifted from 287 eV in
poly(C5-MAF’) via 286 eV in poly(C5-MAF3) and poly(C5-MAF1), to 285 eV in
poly(C5-MAFO0), in line with the reduced influence of electronegative fluorine
atoms. The position of the ester carbon remained in all cases more or less
unchanged (287.9 £ 0.4 eV).

2.2.3 Self-healing performance

Having synthesized and characterized the polymer brushes, their self-healing
capability was analyzed by static water contact angle (WCA) measurements
(Figure 2.4), based on a literature procedure?* (see also Supporting Information,
section 2.4.3). Each measurement was repeated on at least five independently
prepared surfaces, with at least two drops per surface. By using a damaging
solution of pH 3, nearly all polymer brushes were damaged, as evidenced by a
decrease in the WCA of 2° to 8° (Figure 2.4; first half cycle). Upon heatingin a
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Figure 2.4. Self-healing performance of the polymer brushes under study. The
static water contact angle was measured after each damaging step (half cycle
points) and after each healing step (whole cycle points). The error margins are
< 1° for all points, and are omitted for clarity.

120 °C oven, all polymer brushes showed full recovery of the WCA to their
original value, indicating restoration of the outer layer of the coating (Figure 2.4;
second half cycle).

The most striking observation from the self-healing results (Figure 2.4) is the
zigzag pattern that nearly all coatings showed. The decrease in WCA upon
damage indicates a disruption of the surface tension, and can be explained by
partial hydrolysis of the acid-sensitive ester bonds in the methacrylates that
make up the polymer brush. In this process, the hydrophobic side chains of the
polymer brush are released, leaving a hydrophilic acid group behind, which leads
to a decrease in WCA. When heating the polymer brush above its glass transition
temperature, T, rearrangements can occur. The high surface tension is
restored, resulting in a restoration of the WCA. As most of these polymers are
new, their glass transition temperature is not yet reported in literature. For
poly(C5-MAFQ), poly(C2-MAF3) and poly(C2-MAFO0), values of 3 °C, 75 °C and
65 °C have been reported, respectively.3*** To ensure that for all brushes the

healing experiments were performed above the Tg, and also to be consistent
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with previously reported healing studies,®® we performed all healing
experiments at 120 °C. Nevertheless, healing was also possible at lower
temperature: for example, for poly(C5-MAFO0) (with a T; of 3 °C) healing at room
temperature was feasible (online Supporting Information, section S$15).
Although, due to the lower temperature, the time for healing increased to
around one and a half day.

We also observed a gradual increase of the WCA over the first few cycles in some
of the polymer brushes. This “annealing phase” is most likely caused by
rearrangement of the polymer brush during the healing steps. Annealing also
occurred when the surface was heated to 120 °C without damage first (online
Supporting Information, section S16), but at a slower rate: around one day of
heating was needed to rearrange a poly(C10-MAF1) brush to its critical surface
tension, while it takes only four damage-repair cycles (i.e., in total 8 h of heating)
to obtain the same result. We attribute this initially counterintuitive observation
to the reduction of the density of the top layer of the brush, and a resulting
increase in brush flexibility. Initially, the improved repair possibility at the
annealing phase more than compensates for the slight damage done during the
acid dips.

Until now, it was thought that the low surface energy that resulted from the
fluorine atoms, as described by Dalvi and coworkers and named the
fluorophobic effect,?” was the main reason for the this restoration of surface
tension.?*3334 This would cause the fluorinated side chains to repel each other
and the surface, pushing the intact side chains outward to create a low surface
tension, thereby burying the damaged side chains deep in the polymer brush.
However, if this was the only driving force for the restoration of the surface
tension, non-fluorinated polymer brushes such as C10-MAFO0, C5-MAF0 and C2-
MAFO would not restore at all, which they actually also did fully — to our initial
surprise. Apparently, also pure aliphatic chains are pushed outwards, burying
the acidic groups. One could think that the nature of the substrate has a part in
this: as the silicon oxide surface is polar, it attracts the damaged acidic groups,
pulling them deep down in the brush. The non-damaged side chains would then
remain on the outside of the coating, restoring the low surface tension. In thin
coatings this could indeed have an effect, but one would expect this effect to
decrease with increasing coating thickness: the further removed the polar
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surface is from the damaged top layer, the less it can attract the acidic groups.
However, both at 70 nm and at 100 nm thickness, C5-MAF0 and C2-MAFO0
showed full contact angle restoration after a full damage and anneal cycle
(online Supporting Information, section S17). We therefore hypothesize that not
the polar surface, but rather the acid groups themselves attract each other,
forming hydrophilic, perhaps even hydrogen-bonded clusters. Such clustering
deep inside the brush would keep them from the interface with air and pushes
the hydrophobic aliphatic chains up, effectively restoring the top layer in the
process.

Next to this, we observe in Figure 2.4 that when the amount of fluorine is
decreased in the C10 series (going from C10-MAF17 to C10-MAF3 to C10-MAF1
to C10-MAFO0), the damaging impact of the pH 3 solution is also decreased. Brady
has shown that aliphatic side chains of at least eight carbons long have a
tendency to aggregate into a tightly packed crystalline layer.3>7 Such tight
packing could hamper acid in reaching the ester moieties near the polymer
brush backbone, thereby preventing damage to the coating. Because fluorine is
both larger than and electronically different from hydrogen, chains containing
both types of atoms are more likely irregular, hampering alignment and tight
packing. As a result, whereas the non-fluorinated polymer brush was apparently
largely undamaged by repeated submersion in a pH 3 solution, the singly and
triply fluorinated polymer brushes did show small but significant signs of
damage. As this alignment is only feasible for chains of at least eight carbon
atoms,?” C5-MAFO0 and C2-MAFO are not protected in this way, and damage is
indeed visible.

2.2.4 Antifouling properties

The antifouling capabilities of the polymer brushes were tested with
fluorescently labelled fouling polymers, following a protocol adapted from
literature.?*®® In a petridish, a plasma-treated surface and 11 coated surfaces
were placed, face up, and submerged in a fouling solution containing a
fluorescently labelled polymer. After 15 min (60 min in case of polystyrene), the
surfaces were cleaned by rinsing with fresh solvent, and blown dry. Using
confocal fluorescent microscopy, the surface coverage by the fouling polymer
was determined (see also Supporting Information, section 2.4.3).
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Four fluorescently labelled polymers of varying hydrophobicity were used as
fouling agents, with PLGA (poly(lactic-co-glycolic acid)) and PS (polystyrene) as
hydrophobic polymers and PEG (polyethylene glycol) and PNIPAM (poly(N-
isopropylacrylamide)) being more hydrophilic (at room temperature).
Procedures for the synthesis of fluorescently labelled PS and PNIPAM are based
on literature, and can be found in the online Supporting Information (sections
S11 and S12, respectively). To prevent solvent effects, all polymers were
dissolved in the same solvent, dichloromethane. Using a confocal microscope,
the amount of surface covered by the fouling polymers was analyzed for each
of the coated surfaces, and the results were normalized against the surface
coverage for non-coated, plasma-treated silicon surface (Figure 2.5).
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Figure 2.5. Relative surface coverage of fluorescently labelled polymers on 12

types of surfaces, after those surfaces were submerged for 15 min (or 60 min for
PS)in a1 mg/mL polymer solution.

For all coatings and all fouling agents, the degree of fouling was significantly
lower than for the non-coated silicon surfaces. Although we observed
differences between the four fouling polymers, no clear correlations between
antifouling capability of the coatings and the degree of fluorination, the side

chain length or the hydrophobicity of the fouling agent were observed.
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The antifouling performance was most pronounced in the highly fluorinated
polymer brushes poly(C10-MAF17), poly(C5-MAF’) and poly(C2-MAF3), where
fouling of all polymers was reduced by at least 80%. Going to less fluorinated
polymer brushes, a slight increase in the degree of fouling was observed. The
non-fluorinated coatings showed a small reduction in fouling with respect to the
single fluorinated ones. This trend is most pronounced in the C10 and the C2
series, and less clear in the C5 series. The observation is in line with the trends
observed in the WCA of the coatings, but in contrast to the antifouling
monolayers reported by Wang et al.,”® who found that a single fluorine in a
hexadecyl monolayer made the coating better antifouling than a non- or fully
fluorinated hexadecyl-based monolayer. Wang et al. reasoned that a strong
dipole interaction between surface and solvent prevents fouling agents from
adhering to the surface, as there is only very limited enthalpy to gain by
substituting solvent molecules with fouling particles. The DMF contact angle of
their F1 coating was lower than those of FO and F17, explaining why the F1 was
best in antifouling.

As we are working in DCM instead of DMF, the interactions of our coatings with
the solvent are not directly comparable to those observed by Wang et al. To
quantify the amount of surface-solvent interaction for our polymer brushes, we
determined the critical surface tension of our 11 polymer brushes (Table 2.2,
and Supporting Information, section 2.4.3) as described in literature.*® Using a
range of solvents with varying surface tensions, the advancing contact angle 6
was determined for each solvent on each coating. Cos 6 was plotted against the
surface tension, and the critical surface tension was determined by
extrapolation to cos 8 = 1. As the error margins of the contact angles were about
2-3°, we considered all critical surface tensions within 5 mN/m to be of similar
value. This leads to five categories: ultra-low (< 10 mN/m), very low (around
10 mN/m), low (around 20 mN/m), medium (around 30 mN/m) and high
(> 40 mN/m). When rearranging the antifouling results from Figure 2.5 in these
groups and placing the coatings in ascending order of critical surface tension
(Figure 2.6), the correlation between critical surface tension and antifouling
capability is quite pronounced. The classification in different categories clearly
reflects our previous observations: the fully fluorinated coatings show the best
antifouling and have the lowest critical surface tension, while the singly
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Table 2.2. Critical surface tensions of polymer brushes. Based on their critical
surface tensions, the polymers were categorized in one of five groups (ranging
from ‘Ultra-low’ to ‘High’). See section 2.4.3 for full description of the
determination of the critical surface tension.

Polymer brush Critical surface tension (mN/m)  Group
Poly(C10-MAF17) 5 Ultra-low
Poly(C10-MAF3) 28 Medium
Poly(C10-MAF1) 32 Medium
Poly(C10-MAFO0) 25 Low
Poly(C5-MAF’) 12 Very low
Poly(C5-MAF3) 22 Low
Poly(C5-MAF1) 32 Medium
Poly(C5-MAFO) 30 Medium
Poly(C2-MAF3) 19 Low
Poly(C2-MAF1) 42 High
Poly(C2-MAFO) 32 Medium

fluorinated coatings, showing the least antifouling capability, have the highest
critical surface tension. These critical surface tensions also indicate when a
coating is hydrophobic: we observed after polymerization that there were five
hydrophobic coatings. These all have a critical surface tension of 25 mN/m or
lower. All other coatings have a higher critical surface tension, and are not
considered hydrophobic.

It is remarkable, and consistent with lower water contact angles (Table 2.1), that
the singly fluorinated polymer brushes show the highest critical surface tension.
This indicates the strongest surface-solvent interactions, which we attribute to
the dipole moment of — at least somewhat — ordered CH,F moieties. As the
dipole moment of a CF; group is stronger than that of a CH,F moiety, this same
dipole moment of a CF; group is stronger than that of a CH,F moiety, this same
reasoning could hold for the CFs-functionalized chains. However, both
monolayers and polymer brushes show a weaker effect for the CF; than for the
CH,F chains, indicating that another factor needs to be considered as well: the
radius of the polar group. Since fluorine is larger than hydrogen, a CF; group is
sterically more demanding than a CH,F or a CHs group. As a result, the packing
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Figure 2.6: Relative surface coverage of fluorescently labelled polymers on 12
types of surfaces, after those surfaces were submerged in a fouling solution. The
surfaces are placed in order of increasing critical surface tension, as described in
Table 2.2.

of parallelly oriented triply fluorinated chains cannot be as tight as the packing
of singly or non-fluorinated chains, which likely disrupts the overall organization
of the terminal moieties. This counteracts the effect of the dipole moment.

The fouling observed on singly fluorinated polymer brushes is consistently
higher than on the corresponding triply fluorinated polymer brushes.
Apparently, the higher critical surface tension is dominant here, even though
there are some relatively small differences between the various brushes, which
might reflect differences in organization, in water content, and packing density.
This observation contrasts findings for monolayers,?® in which singly fluorinated
coatings were consistently best in antifouling but did not show an unusual
critical surface tension.*® We attribute this to the difference in solvents: the
antifouling measurements on the polymer brushes were performed in DCM,
while the monolayer experiments took place in DMF. As DMF is intrinsically
hygroscopic, it will likely have contracted water in the open-to-air experiments,
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which can lead to C—F:-:*H-0-H:--O=C hydrogen-bonded complexes at the
interface. In the DCM experiments, these hydrogen-bonded complexes are less
likely to be prominent.

The interplay of polarity and steric irregularity thus appears to be crucial to both
the stability and antifouling abilities of a polymer brush. Where a coating with
long, regularly packed side chains such as C10-MAFO is exceptionally stable in
acidic conditions, its lack of fluorine atoms makes for an antifouling coating of
intermediate performance. Substitution with one fluorine atom at the end of
each side chain (C10-MAF1) actually decreases its performance, both in stability
and in antifouling capability. In contrast, replacement of 17 hydrogen atoms
with 17 fluorine atoms (C10-MAF17) makes for an excellent antifouling coating,
having the lowest critical surface tension of all 11 investigated coatings. On the
other hand, C10-MAF17 is the most heavily fluorinated of the C10 series, and
from environmental perspective there is a clear preference for C10-MAFO.
Where in monolayer studies, conducted in DMF, a low amount of fluorine was
most effective, in polymer brushes the motto seems to be ‘all or nothing’.
Shortening the side chains to five or two carbons does not influence this trend,
yet as a result of the shorter chains, alignment of the chains is less feasible,
resulting in lower contact angles and higher critical surface tensions. Depending
on the application, one may hence consider C10-MAFO0 (for stability and
environmental impact) or C10-MAF17 (for highest contact angle and best
antifouling performance) as the most suitable polymer brush.

2.3 Conclusions
Studies of 11 polymer brushes with a varying fluorine content showed that the
self-healing characteristics that are often observed for fluorinated materials
actually do not require fluorine atoms at all. Excellent self-healing was also
observed for fluorine-free methacrylate polymer brushes. We attribute this
initially surprising finding mechanistically to the formation of hydrophilic
carboxylic acid moieties upon damage, which can be stabilized in the ‘bulk’ of
the brush and which shy away from the polymer-air interface. The investigated
brushes also display antifouling properties with respect to both hydrophilic and
hydrophobic polymers, which hinges on their critical surface tension: the most
fluorinated polymer brushes having the lowest critical surface tension and the
best polymer resistance. The singly fluorinated polymer brushes showed the
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highest critical surface tension and performed least in the antifouling tests.
Finally, we discovered that long alkyl side chains were best for the stability under
acid conditions, and this stability reduces gradually with an increasing fluorine
content. The unique behavior of poly(C10-MAF0) demands more exploration
and will be further discussed in next chapter.

2.4 Supporting Information

This is a selection of the most relevant supporting information. The full
supporting information is available online at: https://doi.org/10.1016/j.apsusc.
2021.152264.

2.4.1 Materials
All chemicals were used as received, unless specified otherwise. Details on
suppliers are provided in the online Supporting Information, section S1.

Decyl methacrylate (C10-MAFO0), 10-fluorodecyl methacrylate (C10-MAF1), 5-
fluoropentyl methacrylate (C5-MAF1), 1H,1H-perfluoropentyl methacrylate (C5-
MAF’), 10,10,10-trifluorodecyl methacrylate (C10-MAF3), 5,5,5-trifluoropentyl
methacrylate (C5-MAF3), poly(styrene-co-fluorescein O-methacrylate) and
poly(N-isopropylacrylamide-co-fluorescein O-methacrylate) were synthesized in
our lab (sections 2.4.4 to 2.4.11, see online Supporting Information for spectra).

2.4.2 Analytical procedures

X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were performed using a JPS-9200 photoelectron

spectrometer (JEOL Ltd., Japan), using a focused monochromated Al Ka Xray
source (spot size of 300 um) with radiation at 12 kV and 20 mA and an analyzer
energy pass of 10 eV. XPS wide-scan and narrow-scan spectra were obtained
under vacuum conditions (base pressure 3 x 1077 Pa). All narrow-range spectra
were corrected with a linear background before fitting. The spectra were fitted
with symmetrical Gaussian/Lorentzian [GL(30)] line shapes using CasaXPS, and
referenced to the C 1s peak attributed to C-C atoms at 285.0 eV.

Infrared (IR)

IR analyses were performed on a Bruker Tensor 27 spectrometer with a platinum
attenuated total reflection accessory.
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Static Water Contact Angle Measurements (CA)
The wettability of the modified surfaces was determined by automated static

water contact angle measurements with the use of a Kruss DSA 100 goniometer.
The volume of a drop of deionized water was 3 plL, per measurement two
droplets were taken into account. Contact angles from sessile drops measured
by the tangent method were estimated using a standard error propagation
technique involving partial derivatives. Advancing contact angles were
determined from a growing droplet of solvent, increasing to 20 pL with steps of
0.25 L, taking one step per second. After each step, a photo was taken, from
which the highest contact angle was selected before the droplet propagated
outward.

Spectroscopic Ellipsometry

The dry thickness of the brushes was measured using an Accurion Nanofilm EP4
imaging ellipsometer. The ellipsometric data were acquired in air at RT using
light in the wavelength range of A = 400.6-761.3 nm at an angle of incidence of
50°. The data were fitted with EP4 software using a multilayer model. The
refractive indices for non-fluorinated, monofluorinated, trifluorinated and
perfluorinated polymer brushes were determined at n = 1.470, n = 1.455, n =
1.410 and n = 1.368, respectively. The refractive index for TFEMA is n = 1.400.

Fluorescent microscopy

The degree of fouling was determined through imaging with a Nikon C1 confocal
microscope (488 nm CW excitation). Each surface was imaged on five spots of
400 x 400 um, and at each spot 16 images were taken and overlayed. The
resulting images were converted to txt-files using free software Imagel, after
which a threshold of 288 was applied. All pixels with an intensity above this
threshold were counted as fouled, all pixels below this intensity were considered
non-fouled. The degree of fouling was determined by calculating the percentage
of fouled pixels, and this was normalized against the degree of fouling of non-
coated silicon surfaces.

Nuclear Magnetic Resonance (NMR)

All NMR were recorded on a Bruker AVANCE Il NMR. The 'H NMR and COSY
(correlated spectroscopy) spectra were recorded at 400 MHz, the 3C NMR
spectra at 101 MHz, the **F NMR spectrum at 377 MHz. For the *H-3C HSQC
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(heteronuclear single quantum correlation) settings of 400 and 101 MHz were
used, and for the H-'F HMBC (heteronuclear multiple bond correlation)
settings of 400 and 377 MHz were used, respectively. Chemical shifts are
reported in parts per million (ppm).

Atomic Force Microscopy (AFM)

Atomic Force Microscopy was performed using an Asylum MFP-3D Origin AFM
(Oxford Instruments, United Kingdom). The surfaces were gently scratched with
a sterile needle to partly remove the polymer brush and expose the silicon
surface, after which triplicate dry measurements were done. The instrument
was operated in tapping mode and equipped with a silicon cantilever
(SCANASYST AIR, k = 0.4 N/m) with a nominal tip radius of about 2 nm.

Swelling measurements were performed by equipping the AFM with a
BioHeater Closed Fluid Cell Accessory and Environmental Controller.
Measurements were performed in ethanol at room temperature, using a
cantilever from the same batch as in the dry measurements, and triplicated to
measure the average thickness of the polymeric film. Before measurements, 60
min was taken to obtain AFM thermal stability. Gwyddion software was used to
process and analyze the AFM topography images.®

Density Functional Theory (DFT)

Density Functional Theory calculations were performed with Gaussian 16,*
using WB97XD functional and 6-311G(2p,2d) basis set. No solvents or
temperatures were taken into account.

2.4.3 Surface chemistry methods

Surface initiation

Samples of 1x1 cm Si(111) were cut from a wafer with a diamond pen. Twelve
surfaces were sonicated for 5 min in hexane, ethanol and DCM consecutively,
and then blown dry. They were placed face-up in a glass petridish, and exposed
to an oxygen plasma for 5 min in a plasma cleaner (100 W; 5 mbar O; Diener
electronic GmbH, Germany). Next, 10 uL (2-bromo-2-methyl)-isopropionate-
decyl trichlorosilane in 4.0 mL dry toluene were added to the petridish,
submerging the surfaces. The petridish was covered and left overnight. The
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following day, the surfaces were rinsed with fresh toluene, blown dry, and
stored under nitrogen.

ATRP surface polymerization

Inside an argon glovebox, 35 mg CuBr and 175 mg 4,4-dinonyl-bipyridine were
weighed in a 50 mL Schlenk tube with cap, surface holder and stirring bar (see
Figure 2.7). The surfaces were placed face down in the surface holder of the
Schlenk tube. 5.0 mL of monomer and 15.0 mL of solvent were added, and the
reaction mixture was stirred for a few hours at 60 °C. The vessel was cooled to
room temperature and removed from the glovebox. The reaction mixture was
removed with a glass pipette and purified for re-use by filtering over a 3 cmsilica
gel column with heptane as eluent. Up to 80% of the monomer was retained in
this way. The surfaces were transferred to a beaker and sonicated in fresh
solvent for 5 min, then sonicated in DCM for 5 min and blown dry. Overnight
curing was done in the vacuum oven at 50 °C and 100 mbar. After cooling to
room temperature, the surfaces were analyzed by contact angle, ellipsometry,
AFM and XPS.

Figure 2.7: Picture of the Schlenk tube as used for all polymerization reactions.
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Antifouling measurements

The antifouling capabilities of the coatings were measured with a Nikon confocal
fluorescence microscope. The polymers that were used for fouling are
poly(lactide-co-glycolide)-fluorescein, poly(styrene-co-fluorescein O-methacry-
late), poly(ethylene glycol)-fluorescein, and poly(N-isopropylacrylamide-co-
fluorescein O-methacrylate). To foul the surfaces, they were placed face upin a
fouling solution of 1 mg/mL polymer in dichloromethane. After 15 min (for
polystyrene 60 min), the surfaces were taken from the fouling solution, rinsed
with fresh DCM and blown dry. Confocal fluorescence microscopy pictures were
taken the same day, on five spots per surface. For each fouling agent and each
polymer brush coating, at least two surfaces were investigated. For each
polymer brush and non-coated silicon, also two blanks were measured by
placement in a clean DCM solution for 15 min, followed by fluorescence
microscopic analysis. These showed 0% fouling in all cases.

Healing measurements

The healing capabilities of the coatings were measured by their static water
contact angles. The surfaces were placed in a petridish with a 1 mM HCl solution
in MilliQ water (pH 3.0). After exactly 24 hours, the surfaces were rinsed with
fresh MilliQ water and blown dry, after which the static water contact angles
were measured. Next, the surfaces were placed in another petridish and placed
in the oven at 120 °C for exactly 2 h. The petridish was then taken from the oven
and left to cool to room temperature, and the contact angles were measured
again. This process was repeated ten times. At various points in these damage-
repair cycles, but always immediately before a contact angle measurement, the
thickness and roughness of some surfaces were measured by ellipsometry and
AFM respectively. For each coating, at least five surfaces were tested. To ensure
enough thickness for ten repetitions, each polymer brush was at least 60 nm
thick, except poly(C2-MAF1), which could not be grown higher than 25 nm. To
further ensure minimal errors from deviations in acidity, oven temperature or
machine settings, the damage-repair cycles of these five surfaces were not
synchronized. For a single coating for example, surface A would be in the acidic
solution for cycle 8, while surface B would be in the same petridish but for cycle
7, surface C for cycle 6, surface D for cycle 5 and surface E for cycle 4.
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Critical surface tension determination

The minimal surface tension of polymer brush-coated surfaces was determined
by measurement of the advancing contact angles of a range of solvents, varying
in surface tension. For each of the polymer brush coatings, the cosines of the
advancing contact angles were plotted against the surface tensions of the
solvents. A trendline was added, and the intersection of the trendline with the
line cos(B) = 1 was determined. This surface tension is defined as the minimal
surface tension: all solvents with a lower surface tension will have full wettability
on the coating.

Contact angles below 20° are very difficult to measure, because the solvent is
rapidly wetting the entire surface. As a result, the data points with cos(8) > 0.9
have a larger inaccuracy than the rest. Next to this, the cosine graph is very steep
around cos(B) = 0. A measurement error of a few degrees therefore has a large
impact on the position of its cosine result. Because of this, the root-mean-square
value of the trendline is not always as high as desired. The calculated minimal
surface tensions (Table 2.3) must therefore be seen as a good estimate, but not
an exact determination.

Table 2.3 Minimal surface tension determination for all polymer brushes.

Regression

coefficient of Minimal surface

Coating Trendline trendline, R2  tension (mN/m)
poly(C10-MAF17) y =-0.0395x + 1.2028 0.9816 5
poly(C10-MAF3) y=-0.0319x+ 1.8943 0.9789 28
poly(C10-MAF1) y=-0.0311x+ 2.0105 0.9133 32
poly(C10-MAF0)  y =—-0.0315x + 1.7847 0.9747 25
poly(C5-MAF’)  y=-0.0478x + 1.5805 0.9001 12
poly(C5-MAF3) y =-0.0234x + 1.5155 0.9812 22
poly(C5-MAF1)  y=-0.0241x + 1.7821 0.9083 32
poly(C5-MAF0)  y =-0.0286x + 1.8607 0.9777 30
poly(C2-MAF3)  y=-0.0240x + 1.4470 0.9769 19
poly(C2-MAF1) y =-0.0336x + 2.4136 0.9959 42
poly(C2-MAF0)  y=-0.0235x + 1.7438 0.9291 32
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Example minimal surface tension determination

Advancing contact angle analyses were performed with n-hexane (surface
tension = 18.43 mN/m), n-heptane (20.14 mN/m), isopropanol (23.00 mN/m),
acetone (25.20 mN/m), toluene (28.40 mN/m), aniline (43.40 mN/m), glycerol
(64.00 mN/m) and deionised water (72.80 mN/m). The cosine of the resulting
angles was calculated, and plotted against the surface tensions of the solvents,
from which the trendline was determined: y = —0.024x + 1.447. Wherey =1, x =
18.6. The minimal surface tension of C2-MAF3 is therefore about 19 mN/m.

2.4.4 Synthesis of decyl methacrylate
H_H

/\E'(OH - HO_ A~~~ HZSO4 );(OVW\/\/
(¢}

RT, 100h
Scheme 2.3: Synthesis of decyl methacrylate (C10-MAFO).

Methacrylic acid (66.3 mL, 67.7 g, 786 mmol), 1-decanol (50.0 mL, 41.5 g, 262
mmol) and sulphuric acid (12.9 g, 131 mmol) were combined in a round bottom
flask and stirred for seven days at room temperature. 100 mL diethyl ether was
added, and an extraction was performed three times with a half-saturated
sodium bicarbonate solution. The water layers were not washed with ether to
obtain a higher yield, since that would also reintroduce some of the methacrylic
acid. The organic layer was dried with sodium sulfate and the solvent was
evaporated. The remaining methacrylic acid was removed by column
chromatography, using 1% ethyl acetate in heptane. Pure decyl methacrylate
was isolated (44.5 g, 197 mmol, 75% yield).

H NMR (400 MHz, CDCl3): 6 6.05 (d, J = 2.2 Hz, 1H), 5.48 (q, J = 1.9 Hz, 1H), 4.09
(t, J = 6.8 Hz, 2H), 1.95 — 1.85 (m, 3H), 1.62 (p, J = 6.9 Hz, 2H), 1.41 — 1.13 (m,
15H), 0.84 (t, ] = 6.7 Hz, 3H). 3C NMR (101 MHz, CDCl3): § 167.29 (A), 136.52 (B),
124.86 (C), 64.68 (D), 31.84 (E), 29.47 (F, G), 29.24 (H), 29.20 (1), 28.58 (J), 25.93
(K), 22.60 (L), 18.17 (M), 13.96 (N). ESI* (MeOH): calc.: m/z = 227.20056 [M+H]",
m/z = 249.18250 [M+Nal*; det.: m/z = 227.20041 [M+H]*, m/z = 249.18255
[M+Na]*. ESI- (MeOH): calc.: m/z = 225.18491 [M-H]~; det.: m/z = 225.18536 [M-
HI~.
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2.4.5 Synthesis of 5,5,5-trifluoropentyl methacrylate
H_H H_H

| |
LrOH _ HO\/\/\CF;; HoSO04 O\/\/\CF3
o) RT, 9 days 0

Scheme 2.4: Synthesis of 5,5,5-trifluoropentyl methacrylate (C5-MAF3).

5,5,5-Trifluoro-1-pentanol (9.95 g, 70 mmol), methacrylic acid (18.08 g, 210
mmol) and sulphuric acid (3.43 g, 3.5 mmol) were combined in a round bottom
flask and stirred for nine days at room temperature until full conversion was
reached. 80 mL diethyl ether was added, and the mix was extracted with a half-
saturated sodium bicarbonate solution (4x 80 mL). In the fourth extraction cycle,
no more carbon dioxide bubbles were visible, indicating that all acid has been
neutralized. The water layers were not washed with ether to obtain a higher
yield, since that would also reintroduce some of the methacrylic acid. The
organic layer was dried with sodium sulfate and the ether was evaporated,
yielding 5,5,5-trifluoropentyl methacrylate (12.4 g, 59.0 mmol, 84% yield).

1H NMR (400 MHz, CDCl3) § 6.07 —6.02 (m, 1H), 5.51 (q, J = 1.7 Hz, 1H), 4.12 (t,
J=6.3 Hz, 2H), 2.16 — 1.98 (m, 2H), 1.94 — 1.83 (m, 3H), 1.71 (dt, J = 12.7, 6.0 Hz,
2H), 1.67 — 1.56 (m, 2H). 3C NMR (101 MHz, CDCls) & 167.16 (A), 136.26 (B),
126.98 (q, J = 276.2 Hz, C), 125.21(D), 63.68 (E), 33.19 (q, J = 28.6 Hz, F), 27.59
(G), 18.62 (g, J = 3.0 Hz, H), 18.01 (I). ESI* (MeOH): calc.: m/z = 211.09404 [M+H]*,
m/z = 233.07599 [M+Na]*; det.: m/z = 211.09391 [M+H]*, m/z = 233.07589
[M+Na]*.

2.4.6 Synthesis of 1H,1H-perfluoropentyl methacrylate
F FR F F FR F
)H(OH . HOMF _ FSOs )H(OMF
o = FF 110 deg, 5h 5 FF FF
Scheme 2.5: Synthesis of decyl methacrylate (C5-MAF’).

1H,1H-Nonafluoro-1-pentanol (10.0 g, 40 mmol), methacrylic acid (10.32 g, 120
mmol) and sulphuric acid (1.96 g, 20 mmol) were combined in a round-bottom
flask and stirred at 110 °C for 5 h, when 80% conversion was reached (measured
by NMR). After cooling down, 25 mL diethyl ether was added, and the mix was
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extracted with a half-saturated sodium bicarbonate solution (5x 40 mL). In the
fifth extraction cycle, no more carbon dioxide bubbles were visible, indicating
that all acid has been neutralized. The water layers were not washed with ether
to obtain a higher yield, since that would also reintroduce some of the
methacrylic acid. The organic layer was dried with sodium sulfate and the ether
was evaporated. Since full conversion was not reached, some 1H,1H-
nonafluoro-1-pentanol remained in the crude product mixture (containing 8.2
g, 25.7 mmol 1H,1H-perfluoropentyl methacrylate (64% crude yield) and 1.0 g,
3.9 mmol 1H,1H-nonafluoro-1-pentanol). Column chromatography was used to
remove this, but as 1H,1H-perfluoropentyl methacrylate polymerized on the
column, very little pure product was isolated (450 mg, 1.4 mmol, 7% yield). For
polymerization purposes, the impure crude product was used, containing 13%
1H,1H-nonafluoro-1-pentanol. Since 1H,1H-nonafluoro-1-pentanol cannot be
polymerized via ATRP, we expected that this would not be incorporated into the
polymer brush, as confirmed by XPS (section S14, Figure S11).

H NMR (400 MHz, CDCl3) 6 6.19 (g, J = 1.3 Hz, 1H), 5.66 (dq, J = 3.1, 1.5 Hz, 1H),
4.63 (tt, ) = 13.4, 1.6 Hz, 2H), 1.95 (t, J = 2.4 Hz, 2H). 3C NMR (101 MHz, CDCls)
8 165.39 (d, J = 2.5 Hz, A), 134.77 (B), 127.34 (d, J = 7.0 Hz, C), 117.25 (qt, J =
287.8, 33.1 Hz, G), 115.21 (tt, J = 257.7, 31.3 Hz, F), 111.06 (t quint, J = 266.7,
32.0 Hz, H), 108.54 (m, 1), 59.69 (t, J = 27.7 Hz, D), 17.66 (d, J = 5.7 Hz, E). ©°F
NMR (377 MHz, CDCls) 6 —-81.61 (tt, J = 9.8, 2.9 Hz, A), —120.10 (ddtd, J = 15.9,
13.2, 10.5, 2.5 Hz, B), —124.72 (dttt, J = 13.2, 8.3, 7.0, 3.4, 1.7 Hz, C), -126.83
(ddg, J = 16.0, 10.0, 3.4 Hz, D). ESI* (MeOH): calc.: m/z = 341.01945 [M+Nal*;
det.: m/z =341.01890 [M+Na]"*.

2.4.7 Synthesis of 10,10,10-trifluorodecyl methacrylate

1.1 eq KoCOs

0 F F
M + Br\/\/\/\/\*F dry DMF, Ar flow O\/WF
OH F F
O

50 deg, overnight
Scheme 2.6: Synthesis of decyl methacrylate (C10-MAF3).

Under nitrogen atmosphere, potassium carbonate (3.86 g, 28 mmol) was
dissolved in DMF (90 mL) and methacrylic acid (2.18 g, 0.25 mmol) was added.
Then 10-bromo-1,1,1-trifluorodecane (6.27 g, 23 mmol) was added dropwise
and the reaction was stirred at 50 °C overnight. Diethyl ether (90 mL) was added
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and the solution was extracted three times with brine (3x 90 mL) and once with
5% lithium chloride in water. The water layers were not washed with ether to
obtain a higher yield, since that would also reintroduce some of the methacrylic
acid. The organic layer was dried with sodium sulfate and the solvents were
evaporated, to isolate 10,10,10-trifluorodecyl methacrylate (5.2 g, 15.3 mmol,
67% yield).

1H NMR (400 MHz, CDCl3) 6 6.09 (d, J = 1.8 Hz, 1H), 5.54 (t, J = 1.7 Hz, 1H), 4.14
(t,)= 6.7 Hz, 2H), 2.06 (tdd, J = 13.7, 7.9, 4.4 Hz, 2H), 1.94 (t, ) = 1.3 Hz, 3H), 1.73
—1.57 (m, 2H), 1.57 = 1.50 (m, 2H), 1.44 — 1.27 (m, 12H). 3C NMR (101 MHz,
CDCls) 6 167.54 (A), 136.56(B), 127.27 (g, ) = 276.3 Hz, C), 125.10 (D), 64.74 (E),
33.70 (q, ) = 28.3 Hz, F), 29.19 (H), 29.11 (1), 29.07 (J), 28.64 (K), 28.57 (L), 25.91
(M), 21.82 (q, J = 2.9 Hz, G), 18.29 (N). ESI* (MeOH): calc.: m/z = 281.17229
[M+H]*, m/z = 303.15424 [M+Na]*; det.: m/z = 281.17203 [M+H]*, m/z =
303.15423 [M+Na]".

2.4.8 Synthesis of 5-fluoropentyl methacrylate

0O
M - Br\/\/\/F chOS! dry DMF _ O\/\/\/F
OH

50 deg, overnight o

Scheme 2.7: Synthesis of 5-fluoropentyl methacrylate (C5-MAF1).

Under nitrogen atmosphere, potassium carbonate (3.87 g, 28 mmol) was
dissolved in DMF (90 mL) and methacrylic acid (2.15 g, 0.25 mmol) was added.
Then 1-bromo-5-fluoropentane (3.89 g, 23 mmol) was added dropwise and the
reaction was stirred at 50 °C overnight. Diethyl ether (90 mL) was added and the
solution was extracted three times with brine (3x 90 mL) and twice with 5%
lithium chloride in water. The organic layer was dried with sodium sulfate and
the solvents were evaporated, to isolate 5-fluoropentyl methacrylate (2.90 g,
16.6 mmol, 72% yield). Trace amounts of 1-bromo-5-fluoropentane were visible
with NMR. As the desired product polymerizes on both silica and alumina,
column chromatography could not be used to remove these traces. Distillation
was not possible for the same reason. Since 1-bromo-5-fluoropentane cannot
perform ATRP, we decided to use the methacrylate monomer including its
impurity. Analysis of the polymer brush (see later in this supporting information)
showed no irregularities, thereby validating this procedure.
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14 NMR (400 MHz, CDCls) 6.06 (d, J = 1.8 Hz, 1H), 5.51 (q, J = 1.6 Hz, 1H), 4.41
(dt, ) =47.3,6.0 Hz, 2H), 4.12 (t, ) = 6.6 Hz, 2H), 1.90 (d, J = 1.8 Hz, 3H), 1.69 (tdd,
J=15.5, 8.9, 6.1 Hz, 4H), 1.48 (qd, J = 10.0, 9.2, 6.0 Hz, 2H). 3C NMR (101 MHz,
CDCls) § 167.36 (A), 136.42 (B), 125.16 (C), 83.72 (d, J = 164.7 Hz, D), 64.35 (E),
29.97 (d, J = 19.6 Hz ,F), 28.22 (G), 21.83 (d, J = 5.3 Hz, H), 18.21 (1). ESI* (MeOH):
calc.: m/z=175.11288 [M+H]*, m/z = 197.09483 [M+Na]*; det.: m/z=175.11262
[M+H]*, m/z = 197.09483 [M+Na]".

2.4.9 Synthesis of 10-fluorodecan-1-ol

1. KF, 18-crown-6
octane, reflux, 2 days

HO\/\/\/\/\/\Br HO\/\/\/\/\/\F

2. Bromine, chloroform, 15 min
3. KOH, water, 2 hours

Scheme 2.8: Synthesis of 10-fluorodecan-1-ol.

In a single-neck round-bottom flask, 10-bromodecanol (14.23 g, 60 mmol),
anhydrous potassium fluoride (8.70 g, 150 mmol), 18-crown-6 (15.86 g, 60
mmol) and n-octane (60 mL) were combined and refluxed for two days (145 °C).
The reaction was quenched with water and extracted with ether. The organic
layers were combined, dried with magnesium sulfate and the solvents were
evaporated. The crude product was measured with NMR, it showed around 60%
crude yield of 10-fluorodecanol and 10% decenol contamination. In order to be
able to remove the decenol, its boiling point needed to be increased. This was
done by bromination: a stoichiometric amount of bromine (520 pL, 12 mmol)
was added dropwise to the mixture of 10-fluoro-1-decanol and decenol. After
stirring for 15 min, a solution of potassium hydroxide in water (673 mg, 12 mmol
in 7.2 mL) was added and stirred for 2 h. The layers were separated, and the
organic layer was washed with water. The solvent was evaporated and then
Kugelrohr distillation was performed to obtain pure 10-fluorodecan-1-ol (5.4 g,
30.6 mmol, 51% yield).

IH NMR (400 MHz, CDCl3) 6 4.44 (dt, J = 47.3, 6.2 Hz, 1H), 3.65 (t, J = 6.6 Hz, 1H),
1.69 (ddt, J = 24.9, 8.2, 6.2 Hz, 1H), 1.62 — 1.51 (m, 1H), 1.44 — 1.07 (m, 8H). 3C
NMR (101 MHz, CDCls) & 84.17 (d, J = 164.3 Hz, A), 33.96 (B), 32.82 (C), 30.40 (d,
J =19.4 Hz, D), 29.38 (E), 29.31 (F), 29.18 (G), 28.72 (H), 28.14 (1), 25.13 (d, J =
5.5 Hz, J).
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2.4.10 Synthesis of 10-fluorodecyl methacrylate
HH HH

/\ENOH - HOWV\/V\F mE0, )l/\r(oV\/\/\/\/\F
RT, 96h o)

Scheme 2.9: Synthesis of 10-fluorodecyl methacrylate (C10-MAF1).

10-Fluorodecyl methacrylate was obtained by performing the synthesis of decyl
methacrylate, but using 10-fluoro-1-decanol (5.4 g, 30.6 mmol), methacrylic acid
(7.9 g, 91.8 mmol) and sulphuric acid (1.51 g, 15.3 mmol). After 96 h reaction,
86% conversion is reached. Upon purification, 4.6 g (18.8 mmol) 10-fluorodecyl
methacrylate was isolated (62% yield).

1H NMR (400 MHz, CDCl3) 6 6.10 (t, J = 1.3 Hz, 1H), 5.55 (p, J = 1.7 Hz, 1H), 4.44
(dt,J=47.4,6.2 Hz, 2H), 4.14 (t, /= 6.7 Hz, 2H), 1.95 (t, /= 1.3 Hz, 3H), 1.69 (ddt,
J=19.1, 8.2, 6.2 Hz, 4H), 1.49 — 1.21 (m, 13H). *C NMR (101 MHz, CDCl5) 6
167.57 (A), 136.58 (B), 125.12 (C), 84.22 (d, J = 164.0 Hz, D), 64.81 (E), 30.40 (d,
J=19.4Hz, F),29.39 (d, J = 1.6 Hz, 2C, G), 29.19 (2C, H), 28.60 (1), 25.96 (J), 25.13
(d, J =5.5 Hz, K), 18.32 (L). ESI* (MeOH): calc.: m/z = 245.19113 [M+H]*, m/z =
267.17292 [M+Na]*; det.: m/z = 245.19097 [M+H]*, m/z = 267.17292 [M+Na]*.

2.4.11 Grafting density determination

The grafting density of poly(C2-MAFO0) and poly(C5-MAF3) was investigated with
AFM. Two coated surfaces were scratched with a surgical needle, after which
AFM images were recorded on three places along the scratches (Figure 2.8 top
left). The height difference between the scratch and the coating is the dry
thickness of the polymer brush (Figure 2.8 bottom left).

Next, the surfaces were measured in a fluid cell filled with ethanol. After
submersion, the coatings were left to equilibrate for an hour, after which AFM
images were recorded on three places along the scratches (Figure 2.8 top right).
The height difference between the scratch and the coating is the wet thickness
of the polymer brush (Figure 2.8 bottom right). The swelling ratio was
determined by dividing the average wet thickness by the average dry thickness.
For poly(C2-MAFO0), the swelling ratio is 1.33, for poly(C5-MAF3), the swelling
ratio is 1.07.
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To calculate the molecular weight of a polymer brush, a simple DFT calculation
was used. We modelled an ethyl methacrylate dimer, placing a tert-butyl group
on each end to simulate the steric bulk of the rest of the polymer chain. The
average length of a monomer in poly(C2-MAF0) was determined by averaging
some distances in this optimized geometry (Figure 2.9).

Then, we assumed full stretching of the polymer brush in solvated state. The
wet thickness was divided by the monomer length to obtain the number of
monomers in a brush, from which the molecular weight of a polymer was
calculated using the monomer weight. Following the method of Spencer and
coworkers,*? the grafting density of poly(C2-MAFO0) was calculated to be 1.11
chains per nm?.

We acknowledge that the assumption of full stretching in wet conditions results
in an underestimation of the polymer chain length, as the chains are never fully
stretched. As a consequence, the calculated grafting density is an
overestimation.

For poly(C5-MAF3), the average dry thickness is 53 nm and the average wet
thickness is 56 nm. This led us to believe that, although the ethanol contact
angle for poly(C5-MAF3) is below 10°, no penetration of ethanol into the
polymer took place. The polymer was therefore not swelling, and no reliable
chain length calculation could be done.
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Figure 2.8: Tapping mode AFM images of poly(C2-MAFO0) in dry (top left) and
ethanol (top right) atmosphere, with corresponding height traces (bottom left
and right).
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Distance between atoms: Length (in A)

Cland C3 2.54697
C2and C4 2.73642
C3 and C5 2.56673
ClandC5 4.49342

Average monomer length 2.52421

Figure 2.9: Optimized geometry of ethyl methacrylate dimer with tert-butyl
endcaps. Four carbon-carbon distances have been measured (right table) and the
average has been determined. In the calculation of the average monomer length,
the distance of C1 and C5 was halved, as this distance covers two monomers.

Example of calculation

For poly(C2-MAFO0), a wet thickness of 144 nm was obtained. With an average
monomer length of 0.25 nm, this implies 569 monomers per polymer. The
molecular weight of ethyl methacrylate is 114.14 g/mol, leading to a polymer
molecular weight of 64.9 kg/mol.

According to Spencer and coworkers, the surface coverage is equal to the dry
thickness multiplied by the bulk density. For poly(C2-MAFO0), the bulk density is
1.11 g/mL at 25 °C.*® With an average dry thickness of 108 nm, the surface
coverage is then 0.120 g/m?. Multiplication by Avogadro’s number and division
by the polymer molecular weight results in a grafting density of 1.11 chains per

nm?2.
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Chapter 3

Abstract

Fluorinated hydrocarbons are excellent building blocks for hydrophobic
coatings, but also yield undesirable toxicity and environmental persistence.
Here, we report that the beneficial properties typically associated with
(partially) fluorinated polymer brush coatings, can to a large degree also be
achieved with their non-fluorinated counterparts. To this end, we have
successfully grafted thirteen poly(alkyl methacrylate) homopolymer brushes
from a flat silicon surface using surface-initiated atom transfer radical
polymerization (SI-ATRP). These polymer brushes were characterized by XPS,
ellipsometry and static water contact angle measurements. They were then
shown to be repeatedly self-repairing by thermal treatment at 120 °C after
damage by pH 3, with longer side chains being more resistant to damage from
the acid. Branching of the side chains did not significantly influence this
resistance, but it lowered the static water contact angle. Some polymer brushes
with intermediate side chain lengths displayed an increase in contact angle over
the first four cycles. This was not caused by impurities, but was the result of an
annealing effect that improved the packing of the side chains of the brushes. In
all, these coatings are suitable, self-healing, environmentally friendly and fully
non-fluorinated alternatives for current fluorine-based hydrophobic coatings.
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3.1 Introduction

Hydrophobic surfaces are essential for a smooth operation in, for example, oil
processing,? heat exchangers,® ink jet printing and polymer production.* The
butterfly wing,® but also the upper part of a lotus leaf,® are well-known, highly
attractive natural hydrophobic surfaces: chemically unreactive with water, and
both nano- and macro-structured. Most synthetic hydrophobic coatings have
taken one or more aspects of the lotus leaf as inspiration. That is, 3D structures
have been created to reduce the contact area with a water droplet and thus
increasing the contact angle, leading to superhydrophobicity.”° In such cases,
the structural integrity of the coating is crucial, and damage leads to significant
loss of functionality.!*™*® Furthermore, without the use of a chemical coating,
this structural repellence only works for solvents with a high surface tension.

Well-known examples of such coatings are those in which long poly-fluorinated
aliphatic chains are used. Examples like polytetrafluoroethylene (PTFE/

)14-16 17720 gre often applied as nonreactive

Teflon and per-fluorinated silanes
coatings on industrial scales, but also for medical purposes and kitchen
utensils.”! However, increasing knowledge on their toxicity and carcinogenicity
22724 in combination with their environmental persistence display serious
drawbacks, and the use of polyfluorinated alkanes (PFAS) should be drastically
reduced.® In line with this, more and more countries are restricting or
forbidding the use of PFAS.2® In contrast to their environmental persistence, the
life-time of such coatings is typically limited, as they lend their antifouling ability

to low surface tension which is easily disturbed.

As recently reviewed,” many highly elegant approaches have been designed to
obtain coatings that are able to withstand damage by the incorporation of a self-
repair mechanism.?’~32 However, although the possibility of self-repair after
damage may significantly extend the device lifetime, the removed part is still
lost to the environment. As all the aforementioned examples are carbon-
fluorine-based, release of these fluorine-containing parts has a persistent,
negative environmental impact. Finding non-fluorinated hydrophobic coatings
is thus urgently needed. The group of Hozumi developed an oil-repellent
polymer brush through A(R)GET-ATRP from (dimethylamino) ethyl
methacrylate, thus using an environmentally friendly method to create a
fluorine-free coating.3® As polymer brushes are covalently attached to the
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surface, a strong, lasting connection is formed.3* By grafting them from the
surface, the thickness can be closely controlled, and precise knowledge of the
chemical composition is maintained. Due to this precision, polymer brushes
have been developed for various applications, ranging from antibiofouling33®
via thermoresponsiveness®”*8 to lubrication.>® In chapter 2, we reported such a
self-repairing polymer brush-based coating as well.3 In this chapter, we
provided preliminary evidence that poly(decyl methacrylate) — which is
fluorine-free, hydrophobic and polymer repelling — is resistant to damage by pH
3. In contrast, its fluorinated counterparts were damaged by the same solution.
Additionally, poly(pentyl methacrylate) and poly(ethyl methacrylate) were not
resistant to the pH 3 solution either, but were repairable by placement in the
oven at 120 °C. Although we were positively surprised by this result, we did not
have a full explanation.

Intrigued by these initial findings, and in light of the need for robust, fluorine-
free hydrophobic coatings, in this chapter, the effect of the alkyl side chain of a
poly(alkyl methacrylate) brush on both the stability (in pH 3) and capacity for
self-repair is investigated. A range of linear side chains is investigated, from ethyl

40-42 has shown that alkyl

to hexadecyl (Figure 3.1). As micelle research by Brady
chains can form impenetrable sheets from eight carbons and longer, we
expected a change in stability behavior beyond a certain alkyl chain length. In
addition, since branching of the alkyl chains may affect such sheet formation, it
is highly relevant to also study the effects thereof on the coating stability and

self-repair capabilities.

This chapter outlines the synthesis of some, hitherto not reported, alkyl
methacrylate monomers, including four with branched alkyl moieties, the
polymer brush formation of 14 of these monomers by SI-ATRP, the
characterization of the resulting coating by ellipsometry, X-ray photoelectron
spectroscopy (XPS) and static water contact angle measurements, and studies
of the polymer brush structure after damage by acid (pH 3) and annealing.
Finally, it provides an analysis of fluorinated and non-fluorinated polymer brush
coatings, and outlines the significant potential of the latter in view of the
reported observations.
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Figure 3.1. Schematic depiction of the self-repairing polymer brushes with side
chains accentuated in green (top) and general synthesis and structure of the
studied polymer brushes (bottom).

3.2 Results and discussion

3.2.1 Set-up of study and monomers involved

The effect of side chain structure on the self-healing capability of 14 polymer
brushes was investigated with a range of homopolymer brushes (Figure 3.1).
First, we studied ten methacrylates with linear side chains consisting of two up
to sixteen carbons. Then, to also investigate the effect of branching, we studied
decyl methacrylate and two of its isomers, iso-decyl methacrylate and 3,7-
dimethyl-1-octyl methacrylate, the latter both in enantiopure and racemic
form. Additionally, we studied 2-hexyldecyl methacrylate, an isomer of
hexadecyl methacrylate with ten carbons in its longest chain and therefore
displaying two branches of considerable length.
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Eight of the monomers under study were commercially available. The other six
(heptyl-, octyl-, nonyl-, (S)-3,7-dimethyl-1-octyl-, (rac)-3,7-dimethyl-1-octyl-
and (rac)-2-hexyldecyl methacrylate) were synthesized on gram scale, via the
acid-catalyzed esterification of methacrylic acid, with isolated yields between
75% and 89% (see sections 3.4.1 to 3.4.6, respectively, for details on the
synthesis and characterization).

3.2.2 Polymer brush formation

The SI-ATRP protocol that was already presented in previous chapter was again
performed on initiator-activated silicon surfaces, to obtain homopolymer
brushes of all fourteen methacrylates (section 2.4.3). A batch of silicon surfaces
was activated by sonication and oxygen plasma cleaning before being
submerged in a solution of 3-(trichlorosilyl)propyl-2-bromo-2-methylpropano-
ate in toluene at room temperature for 16 h. Subsequently, the polymerization
reaction was performed by placing ten of thus coated silicon surfaces in a
reactor in a nitrogen atmosphere glovebox in a polymerization solution (8—48 h
at 60 °C ; Table 3.1). The preparation of the polymerization solution was done
in the glovebox as well. After the polymerization, the surfaces were placed in a
vacuum oven at 50 °C and 50 mbar overnight for further drying. The surfaces
were then analyzed by ellipsometry, static water contact angle measurements
and XPS, with the characteristic results given in Table 3.1 (XPS results similar to
chapter 2, data not shown).

Polymer brush formation was performed until coatings of at least 60 nm
thickness were obtained, as we required the brush regime of the tethered
polymer chains. We expected similar polymerization rates for all side chain
lengths, however we found a large variation in coating thickness after 24 hours
(data not shown). We therefore optimized the reaction conditions for each
monomer to reach at least 60 nm thickness (Table 3.1). In some instances,
double catalyst and ligand concentrations were used, in order to speed up the
reaction. The longer methacrylates (Cio and higher) did not mix well with
ethanol, which we thus substituted with 2-butanone. Decyl-, dodecyl-, and
tetradecyl methacrylate polymerized well in this solvent.

80



Self-healing Fluorine-Free Hydrophobic Polymer Brushes

Table 3.1. Polymer brush formation of the methacrylates under study: reaction
conditions, average coating thickness and static water contact angle (WCA).
Reactions were performed at 60 °C with 1 mol% CuBr catalyst, 2 mol% bpy ligand,
25 vol% monomer and 75 vol% solvent.

Monomer Solvent Reaction  Coating WCA (°)
time (h) thickness (nm)

Hexadecyl 2-Butanone® 24 23+11 107 +1

methacrylate

Tetradecyl 2-Butanone® 24 113 +5 107 +1

methacrylate

Dodecyl 2-Butanone 40 125+ 8 105+3

methacrylate

Decyl methacrylate  2-Butanone 26 1145 102+3

Nonyl methacrylate  Ethanol® 24 139+ 12 96 +3

Octyl methacrylate  Ethanol® 20 69+ 11 94 +3

Heptyl methacrylate Ethanol® 24 87128 90+ 4

Hexyl methacrylate  Ethanol 20 111 +£38 87+2

Pentyl methacrylate Ethanol® 46 64+5 86+1

Ethyl methacrylate Ethanol 8 8516 7611

Iso-decyl Ethanol 8 103 + 26 9412

methacrylate

(5)-3,7-Dimethyl-1- Ethanol 48 143 +7 9% 1

octyl methacrylate

(rac)-3,7-Dimethyl- Ethanol 24 65+12 95+1

1-octyl methacrylate

2-Hexyldecyl 2-Butanone 48 61+44 105+3

methacrylate

Notes: 2with 4,4-dinonyl-bipyridine (dnbpy) as ligand instead of 2,2-bipyridine
(bpy); Pdouble catalyst and ligand concentration. Thickness variation within a
surface was about 5 nm, indicated thickness deviations are between different
surfaces of the same batch.

The exception was hexadecyl methacrylate, for which use of either ethanol or
2-butanone as solvent did not provide coatings of more than 40 nm, even after
reacting for 96 h (section 3.4.7). An average of 23 nm was obtained in 2-
butanone after 24 hours. In toluene, 1-pentanol, 1-octanol or 1-decanol, both at
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60 °C and at 100 °C and with 4,4-dinonyl-bipyridine as alternative ligand, no
more than 15 nm of brush could be grown either. Self-healing results of the
thickest poly(hexadecyl methacrylate) brushes (section 3.4.7) showed vastly
different behavior from poly(tetradecyl methacrylate), indicating poor surface
coverage. This is most likely caused by poor polymerization due to low solubility
of the monomer. Poly(hexadecyl methacrylate) should therefore not be
included in the series for further experiments. In contrast, polymerization of its
branched isomer 2-hexyl-1-decyl methacrylate was possible under the regular
reaction conditions and only slightly longer reaction time. However, a large
sample-to-sample variation in thicknesses was observed, indicating that solute-
solvent mixing was not ideal for 2-hexyl-1-decyl methacrylate either.

110

105 4 %
2100 A _
o y =72.278 + 2.506x
© R? = 0.968
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[
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Carbons in side chain

Figure 3.2. Correlation between the number of carbon atoms in the side chain of
the polymer brush, and the static water contact angle of this brush (from Table
3.1). A least-square line is fitted through the contact angles of the coatings with
linear side chains (black points only), and is described by a linear function.

A clear linear correlation was visible between side chain length and static water
contact angle (Figure 3.2). The relatively low static contact angle for the Ci
brush could be explained by its low thickness, that would make the overall
surface somewhat less hydrophobic (as compared to the trendline). For the
other brushes, every carbon added to the length of the side chain, added
approximately 2.7° to the contact angle on average. The common threshold for
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hydrophobicity, 90°, was reached by seven carbon atoms in the alkyl side chains.
The branched alkyl moieties did not behave according to their number of
carbons, but rather to their longest chain. For example, both racemic and
enantiopure poly(3,7-dimethyloctyl methacrylate) had a static water contact
angle of 95°, similar to the value of 94° for poly(octyl methacrylate). This
indicated that the cross-section area, determined by the length of the longest
linear side chain rather than number of carbon atoms per side chain, dominated
the hydrophobicity of the polymer brushes.

3.2.3 Grafting density

Tight-packed polymer brushes have different behavior than surface-bound
polymers in the mushroom or pancake regimes.3* Grafting density is the
common measure to describe the tightness of polymer chains in a coating. In
order to be able to compare the performance of our polymer brushes with
others from literature, we attempted to determine the grafting density. There
are three common ways to determine the grafting density of a polymer brush:*3
via swelling in AFM,* the gravimetric method, or dry thickness measurement.
The method of swelling in AFM was attempted in the work described in chapter
2 (section 2.4.11), but provided no satisfying results, as our hydrophobic
polymer brushes did not swell in the solvents that were acceptable for our AFM
set-up. The gravimetric method is only suitable for particles and not for flat
surfaces. Therefore, we opted for the dry thickness method. In this, three routes
are commonly taken for the determination of the molecular weight: degrafting

4546 single-chain force microscopy,* or combined polymerization

of the polymer,
in solution and on a surface.”” Of these, the combined polymerization is the only
suitable option for our polymers, as there would not be enough material to
degraft, and the chain terminus cannot readily be picked up by, e.g., a gold force
microscopy tip. We thus intended to determine the grafting density of our
polymer brushes by performing a non-grafted, solution polymerization
simultaneously to a grafted polymerization and determining the properties of
the unbound polymer. The assumption is that the molecular weight of the non-
grafted polymer and the grafted polymer are similar, and therefore the
properties of the unbound polymer can be transferred to the surface-bound
polymer. For structurally similar poly(methyl methacrylate), the error of this

method has been investigated and shown to be minimal.*®
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Scheme 3.1. Copolymerization of hexyl methacrylate in solution and on a Si(111)
surface, both from an isobutyl bromide initiator.
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In order to obtain unbound polymer, benzyl-2-bromo-2-methylpropanoate was
added to some of the reactors when the surface polymerization was performed
(Scheme 3.1). The non-grafted polymer was isolated by precipitation in
methanol, redissolving in tetrahydrofuran and precipitation in methanol again.
This polymer was then analyzed by NMR and GPC to determine the molecular
weight. However, translation of the molecular weight and layer thickness into
grafting density led to inconsistent results (section 3.4.8). We observed large
variations in grafting density, ranging from 0.54 chains/nm? to 2.50 chains/nm?
for poly(hexyl methacrylate). Furthermore, although the radii of gyration are
not determined for these polymer brushes, it is safe to assume that they are
typically larger than 1 nm?. Already an ethyl methacrylate monomer spans 0.8
nm, thus the radius of gyration of poly(ethyl methacrylate) can be estimated to
be roughly twice that, i.e., 1.5-1.6 nm (section 2.4.11). For hexyl methacrylate,
a monomer is 1.3 nm and the radius of gyration thus about 2.5 nm. Therefore,
grafting densities above 0.5 chain/nm? are physically impossible (cf. ref. 48). This
leads us to believe that the solution polymerization rate is slower than SI-ATRP,
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resulting in shorter non-grafted polymers and thus in an overestimation of the
number of polymer chains on the surface.

Various factors could be at play here. First, we observed inhomogeneous mixing
of some monomers with the solvent, leading to concentration gradients.
Although this was not always visible by eye, some inhomogeneity cannot be
ruled out. A higher concentration near the surface would increase the
polymerization rate of SI-ATRP and decrease that of the polymerization in
solution. This would be further enhanced by the hydrophobic surface, which
attracts monomers and thus intensifies the concentration differences.
Furthermore, any differences in reaction rates would be enhanced by the large
thickness of the brushes. Michalek and coworkers* have calculated that the
relative error margins remain constant with the size of the polymer, as long as
the grafting density isn’t too low or too high. In the extremes, segment density
within the tethered brush is no longer equal to bulk density of the non-tethered
brush, and the calculations of grafting density no longer hold. Based on our
findings, we conclude that our brushes are in a density regime that is too high
for the dry measurement calculations, resulting in exorbitantly high error
margins. We thus had to conclude that this method was not directly applicable
to our situation and that determination of the grafting density was beyond the
scope of the current research.

3.2.4 Polymer brush self-repair
The self-repairing ability of the polymer brushes was tested by repeated
placement in a pH 3 solution (HCI, for 24 h) and a 120 °C oven (for 2 h), as done
in previous research.?? After each step, the surfaces were blown dry and their
static water contact angles were measured (Figure 3.3). The polymers with
shorter linear side chains (C; until C;) displayed a clear zigzag pattern. Upon
placement in acid, their contact angles decreased. This was most likely caused
by acid-catalyzed hydrolysis of the ester bonds in the polymer that removed the
aliphatic chain and left only carboxylic acid in the backbone of the polymer. As
the carboxylic acid is more hydrophilic than the aliphatic chain, the water
contact angle decreased. Upon placement in the oven, full recovery of the
original contact angle was observed, indicating that the hydrophobic top layer
was restored. We hypothesize that upon heating above the glass transition
temperature, the polymer brush rearranges itself in the thermodynamically
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Figure 3.3. Self-repair of the linear polymer brushes (top) and the branched
polymer brushes (bottom). The static water contact angle was measured after
each damaging step (half cycle points) and after each healing step (whole cycle
points). The error margins are around 1° for all points, and are omitted for clarity.
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most favorable way. The acidic groups will cluster together, while the
hydrophobic side chains will be pushed outwards (Scheme 3.2). A near-pristine
top layer reforms, displaying the same hydrophobicity as before the damage
took place. As the glass transition temperatures of poly(n-alkyl methacrylates)
are shown to be lower with each additional carbon,* starting with 74 °C for
poly(ethyl methacrylate),® we can assume that at 120 °C, all the studied
polymer brushes are well above their glass transition temperature.

Scheme 3.2. The proposed self-repair mechanism:32 in an acidic environment,
some of the ester bonds will be broken and the side chains will be removed. Upon
heating, rearrangements occur: the acid groups will cluster together in the bulk
of the polymer, and a full top layer returns.
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While the polymer brushes with short side chains showed a clear zigzag pattern,
the damage of polymer brushes with longer side chains was much less
pronounced. In the poly(octyl methacrylate) brush some damage and repair
could be observed, but poly(nonyl methacrylate), poly(decyl methacrylate),
poly(dodecyl methacrylate) and poly(tetradecyl methacrylate) brushes even
looked mostly unaffected by the acid. We hypothesize that the long linear alkyl
chains stack to form a closely packed sheet that is impenetrable by acid. As the
acid cannot reach the ester moieties, no hydrolysis takes place and thus no
damage to the coating occurs. Already in the ‘70s such close packing of alkyl
chains was mentioned in micelle formation, with a turning point around eight

carbons.*!

We now observe a similar turning point for the stability of
methacrylate-based polymer brushes with alkyl side chains: clear damage of,
e.g., poly(heptyl methacrylate) brushes, slight damage of poly(octyl
methacrylate) brushes and no significant damage of the brushes composed of

poly(nonyl methacrylate) and longer, linear poly(alkyl methacrylates).

The low stability of the poorly grafted poly(hexadecyl methacrylate)
(Supporting Information, section 3.4.7) further supports this hypothesis.
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Although the side chains are of sufficient length to prevent hydrolysis, the
coating is so poorly grafted that no full sheet of alkyl chains was formed, offering
no protection against acid hydrolysis. As a result, large changes in contact angle
are observed after each damage (around 100°) and repair (around 107°) half-
cycle.

We hypothesized that branching of the side chains could impair the tight packing
of the side chains, thereby allowing hydrolysis to take place in branched polymer
brushes with side chains above eight carbons (Figure 3.3, bottom). Poly(iso-
decyl methacrylate) displayed some damage and repair after cycle four,
indicating that its packing is not as tight as in poly(decyl methacrylate).
However, both types of poly(3,7-dimethyloctyl methacrylate) showed no
damage. Apparently, the disruption caused by the methyl on the end of the side
chain could be mitigated by the methyl closer to the ester bond, which could
provide additional hydrophobic shielding to the nearby ester group. This
happened irrespective of the enantiopurity of the side chain.

Disruption of the packing by a larger side chain did not have much effect either.
Poly(2-hexyl-1-decyl methacrylate) showed the same contact angle and
stability as poly(decyl methacrylate). No effect of the branching hexyl group was
observed. We thus note that although branches close to the ester bond could
disrupt the packing of alkyl chains, they remain effective in protecting the ester
from acidic hydrolysis, likely by a combination of increased local hydrophobicity
and steric hindrance. In contrast, branching at the end of the side chains reduced
the robustness of the polymer brush, which we hypothesize to be due to
reduction of the interdigitation of alkyl chains inside the brush: branching at the
end of the alkyl chain would most affect this interdigitation.

3.2.5 Annealing phase

In the first four damage-repair cycles, the static water contact angle of
poly(hexyl methacrylate) steadily increased (Figure 3.3). Poly(heptyl
methacrylate), poly(octyl methacrylate) and poly(iso-decyl methacrylate) also
displayed this behavior. We hypothesized that either contamination (that is
released during the immersion in pH 3 solution) or poor packing of the side
chains could disrupt the behavior of the polymer brushes at the start of the
experiments, leading to a slightly reduced contact angle.
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To establish whether the reduction of the contact angle was caused by
contamination, we first tried to wash out any contaminations by immersion. To
this end, we placed some poly(hexyl methacrylate) surfaces in MilliQ for 24 h,
then in the oven for 2 h and then again in MilliQ and the oven. This mimicked
the first two self-repair cycles, but with pH 7 instead of pH 3, thus doing no
damage. After this treatment, we performed ten damage-repair cycles as usual
(Figure 3.4, blue line). Although a slight increase of the contact angle in the first
cycle could be seen, no significant improvement was found. Contamination that
is gradually washed out is thus unlikely to cause the disruption of the contact
angle.
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—eo— MilliQ-oven
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0 2 4 6 8 10
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Figure 3.4. Self-repair cycles of poly(hexyl methacrylate) without any treatment
(orange), after MilliQ-oven treatment (blue), after 24 h oven treatment (dark
green) and after 48 h oven treatment (black).

If the disruption of the contact angle is caused by poor packing, then no damage
or solvation steps are necessary to solve the problem, only annealing at an
elevated temperature for a specific period of time above the glass transition
temperature. To investigate this hypothesis, we placed new surfaces in the oven
at 120 °C for 48 h and measured their contact angles (Table 3.2). Indeed, the
starting contact angles of most coatings were higher than without the pre-
treatment. This supports the hypothesis that the initial coatings do not yet have
the most optimal packing, which is only obtained after high-temperature
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annealing. It also explains why the shorter, more flexible, chains suffer most
from this phenomenon: the longer chains have more driving force for correct
packing, and thus will pack in the most stable configuration from the start.

Table 3.2. Static water contact angles of polymer brushes before and after curing
for 48 h at 120 °C.

Monomer WCA (°) before WCA (°) after
Dodecyl methacrylate 1053 99

Decyl methacrylate 102+3 9912

Nonyl methacrylate 96+3 98+2

Octyl methacrylate 94+3 99+2

Heptyl methacrylate 90+4 99+1

Hexyl methacrylate 87+2 9512

Pentyl methacrylate 86+1 8912

Ethyl methacrylate 76+1 761
Iso-decyl methacrylate 94 +2 95+3

Furthermore, poly(hexyl methacrylate) surfaces were placed in the oven for
24 h, after which the self-repair experiments were performed (Figure 3.4, dark
green line). This proved to be long enough to allow relaxation into the ideal
configuration, with no more annealing visible in the first few cycles and a stable,
high contact angle throughout the ten cycles. Lastly, self-repair experiments
were performed with the poly(hexyl methacrylate) surfaces that were placed in
the oven for 48 h (Figure 3.4, black line). Although these displayed consistent
contact angles, the values were slightly lower than after only 24 h oven
treatment or no pre-treatment. As a result, 24 h appears to be the optimal pre-
treatment time.

3.3 Conclusions

Fourteen covalently linked non-fluorinated polymer brushes were produced and
shown to be self-repairing upon heating after damage by pH 3 in ten damage-
repair cycles. Longer linear side chains not only displayed higher hydrophobicity,
but were also better able to withstand such damage. With short side chains
(£ Cg), an increase in hydrophobicity was observed over the first few cycles,
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indicating that the packing of chains was improved with every cycle. Longer
chains did not show this: they were packed closely from the start.

The high hydrophobicity, durability and self-healing capability of non-
fluorinated polymer brushes is highly desirable, as replacements for fluorinated
coatings are urgently needed. In an age where fluorinated compounds have
fallen from their throne as ideal coatings, these non-fluorinated counterparts
are shown to be worthy heirs.

3.4 Selected supporting information
Materials and methods are described in chapter 2, sections 2.4.1-2.4.3. Further
supporting information is provided below.

3.4.1 Synthesis of heptyl methacrylate

)%(OH + HO _~_~_ " % )H(OW\A
100 °C, 90 min

0 o)

Scheme 3.3. Synthesis of heptyl methacrylate.

Methacrylic acid (25.8 g, 300 mmol), 1-heptanol (11.7 g, 100 mmol) and sulfuric
acid (4.9 g, 50 mmol) were combined in a round-bottom flask and stirred at 100
°C for 90 min. 50 mL diethyl ether was added, and an extraction was performed
seven times with 75 mL half-saturated sodium bicarbonate solution. The water
layers were not washed with ether to obtain a higher yield, since that would also
reintroduce some of the methacrylic acid. The organic layer was dried with
sodium sulfate and the solvent was evaporated. Pure heptyl methacrylate was
isolated (15.8 g, 85.5 mmol, 85% yield).

'H NMR (400 MHz, CDCl3): § 6.11 (dd, J = 1.8, 1.0 Hz, 1H), 5.56 (p, J = 1.6 Hz, 1H),
4.16 (t, J = 6.7 Hz, 2H), 2.04 — 1.91 (m, 3H), 1.69 (p, J = 6.5 Hz, 2H), 1.46 — 1.26
(m, 8H), 0.96 — 0.85 (m, 3H). 13C NMR (101 MHz, CDCls): § 167.46 , 136.57,
125.00, 64.78, 31.72, 28.92, 28.62, 25.94, 22.56, 18.26, 13.99. DART-MS: m/z =
185.1533 [M+H]* (calculated value: 185.1536), m/z = 202.1798 [M+NH.]*
(calculated value: 202.1802). IR: 2956.62, 2928.25, 2857.90 (all CH; and CH;
stretches), 1718.65 (C=0 stretch), 1638.79 (C=C stretch), 1295.71 (C—C-O
stretch), 1160.78 (C—O—C stretch), 1012.55 (symmetric C—C), 937.16 (a-CHs
rocking deformation).

91



Chapter 3

3.4.2 Synthesis of octyl methacrylate

100 °C, 120 min

o o
Scheme 3.4. Synthesis of octyl methacrylate.

Methacrylic acid (25.8 g, 300 mmol), 1-octanol (13.0 g, 100 mmol) and sulfuric
acid (4.9 g, 50 mmol) were combined in a round-bottom flask and stirred at 100
°C for 120 min. 50 mL diethyl ether was added, and an extraction was performed
eleven times with 75 mL half-saturated sodium bicarbonate solution. The water
layers were not washed with ether to obtain a higher yield, since that would also
reintroduce some of the methacrylic acid. The organic layer was dried with
sodium sulfate and the solvent was evaporated. Pure octyl methacrylate was
isolated (16.9 g, 85.1 mmol, 85% yield).

H NMR (400 MHz, CDCls): 6 6.07 (s, 1H), 5.51 (t, J = 1.8 Hz, 1H), 4.11 (t, ) = 6.7
Hz, 2H), 1.95 - 1.90 (m, 3H), 1.71 — 1.59 (m, 2H), 1.26 (q, J = 5.0, 4.2 Hz, 10H),
0.90-0.82 (m, 3H). 3C NMR (101 MHz, CDCl3):  167.47, 136.55, 125.01, 64.78,
31.75,29.19, 29.15, 28.59, 25.96, 22.60, 18.25, 14.01. DART-MS: m/z = 199.1692
[M+H]* (calculated value: 199.1692), m/z = 216.1957 [M+NH4]* (calculated
value: 216.1958). IR: 2956.22, 2926.51, 2856.50, 1718.86, 1638.71, 1295.98,
1160.64, 1012.73, 937.61.

3.4.3 Synthesis of nonyl methacrylate

)H(OH b HO A~~~ H,SO, )H(O\/\/\/\/\
100 °C, 90 min

o o
Scheme 3.5. Synthesis of nonyl methacrylate.

Methacrylic acid (25.8 g, 300 mmol), 1-nonanol (14.4 g, 100 mmol) and sulfuric
acid (4.9 g, 50 mmol) were combined in a round-bottom flask and stirred at 100
°C for 90 min. 50 mL diethyl ether was added, and an extraction was performed
six times with 75 mL half-saturated sodium bicarbonate solution. The water
layers were not washed with ether to obtain a higher yield, since that would also
reintroduce some of the methacrylic acid. The organic layer was dried with
sodium sulfate and the solvent was evaporated. Pure nonyl methacrylate was
isolated (16.6 g, 78 mmol, 78% yield).
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1H NMR (400 MHz, CDCls): 8 6.09 (s, 1H), 5.53 (p, J = 1.7 Hz, 1H), 4.13 (t, ) = 6.7
Hz, 2H), 1.94 (t, ) = 1.4 Hz, 3H), 1.73 = 1.59 (m, 2H), 1.36 — 1.22 (m, 12H), 0.96 —
0.79 (m, 3H). 3C NMR (101 MHz, CDCls): & 167.55, 136.58, 125.08, 64.83, 31.84,
29.46,29.24,29.21, 28.61, 25.97, 22.65, 18.30, 14.07. DART-MS: m/z = 213.1846
[M+H]* (calculated value: 213.1849), m/z = 230.2110 [M+NH,4]* (calculated
value: 230.2115). IR: 2955.98, 2925.30, 2855.53, 1719.30, 1638.80, 1295.90,
1160.65, 1011.52, 937.33.

3.4.4 Synthesis of (5)-3,7-dimethyl-1-octyl methacrylate

WSO,

5 : RT, 5 days o H

Scheme 3.6. Synthesis of (S)-3,7-Dimethyl-1-octyl methacrylate.

Methacrylic acid (8.13 g, 94.5 mmol), (S)-3,7-dimethyl-1-octanol (5.0 g, 31.5
mmol) and sulfuric acid (1.5 g, 15.8 mmol) were combined in a round-bottom
flask and stirred at room temperature for 5 days. 50 mL diethyl ether was added,
and an extraction was performed six times with 50 mL half-saturated sodium
bicarbonate solution. The water layers were not washed with ether to obtain a
higher yield, since that would also reintroduce some of the methacrylic acid. The
organic layer was dried with sodium sulfate and the solvent was evaporated.
Pure (S)-3,7-dimethyl-1-octyl methacrylate was isolated (5.35 g, 23.6 mmol, 75%
yield).

IH NMR (400 MHz, CDCls): 6 6.09 (dd, J = 1.9, 1.1 Hz, 1H), 5.54 (p, J = 1.6 Hz, 1H),
4.18 (ddt, J = 11.0, 7.0, 3.9 Hz, 2H), 2.12 - 1.86 (m, 3H), 1.76 — 1.65 (m, 1H), 1.58
—1.41 (m, 3H), 1.37 = 1.19 (m, 4H), 1.14 (td, J = 7.5, 6.2, 4.3 Hz, 2H), 0.89 (dd, J
=20.8, 6.5 Hz, 9H). 3C NMR (101 MHz, CDCls): § 167.56, 136.58, 125.11, 63.29,
39.18, 37.13, 35.49, 29.94, 27.94, 24.62, 22.68, 22.59, 19.58, 18.32. DART-MS:
m/z = 227.2005 [M+H]* (calculated value: 227.2006), m/z = 244.2269 [M+NH,]*
(calculated value: 244.2271). IR: 2955.09, 2926.93, 2869.79, 1719.43, 1638.89,
1296.05, 1161.64, 1011.25, 937.33.
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3.4.5 Synthesis of racemic 3,7-dimethyl-1-octyl
methacrylate

)H(OH . _ SO | J\Wo
T \/\(\/\( RT5 days M

o}

Scheme 3.7. Synthesis of (rac)-3,7-dimethyl-1-octyl methacrylate.

Methacrylic acid (12.91 g, 150 mmol), (rac)-3,7-Dimethyl-1-octanol (7.91 g, 50
mmol) and sulfuric acid (2.45 g, 25 mmol) were combined in a round-bottom
flask and stirred at room temperature for 5 days. 20 mL water was added, and
the acidic aquatic layer was decanted. 50 mL diethyl ether was added, and an
extraction was performed five times with 50 mL half-saturated sodium
bicarbonate solution. The water layers were not washed with ether to obtain a
higher yield, since that would also reintroduce some of the methacrylic acid. The
organic layer was dried with sodium sulfate and the solvent was evaporated.
Pure (rac)-3,7-dimethyl-1-octyl methacrylate was isolated (10.02 g, 44.3 mmol,
89% yield).

'H NMR (400 MHz, CDCl3): 6§ 6.09 (dq, J = 2.0, 1.0 Hz, 1H), 5.54 (p, ) = 1.6 Hz, 1H),
4.18 (ddt, J = 11.0, 7.7, 3.6 Hz, 2H), 1.97 — 1.92 (m, 3H), 1.71 (dtd, J = 13.5, 7.1,
5.0 Hz, 1H), 1.61-1.41 (m, 3H), 1.36 - 1.22 (m, 3H), 1.23 - 1.08 (m, 3H), 0.92 (d,
J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H). 3C NMR (101 MHz, CDCl3): § 167.56,
136.60, 125.07, 63.29, 39.19, 37.14, 35.51, 29.96, 27.94, 24.62, 22.66, 22.58,
19.58, 18.30. DART-MS: m/z = 244.2268 [M+NH,]* (calculated value: 244.2271).
IR: 2955.20, 2926.96, 2869.83, 1719.18, 1638.88, 1296.02, 1161.17, 1011.26,
937.25.

3.4.6 Synthesis of 2-hexyldecyl methacrylate
_HS0,
oH M(X/\/ RT, 5 days o\/C::i/\/
Yy ~ Ny

Scheme 3.8: Synthesis of 2-hexyldecyl methacrylate.

Methacrylic acid (6.45 g, 75 mmol), 2-hexyl-1-decanol (6.06 g, 25 mmol) and
sulfuric acid (1.23 g, 12.5 mmol) were combined in a round-bottom flask and
stirred at ambient conditions. The progress of the reaction was checked with *H-
NMR every few hours. After 48 h, the conversion of alcohol was 80%. This

%94



Self-healing Fluorine-Free Hydrophobic Polymer Brushes

remained constant, and at 120 h, it was decided to stop the reaction. 50 mL
diethyl ether was added, and an extraction was performed six times with 75 mL
half-saturated sodium bicarbonate solution. The water layers were not washed
with ether to obtain a higher yield, since that would also reintroduce some of
the methacrylic acid. The organic layer was dried with sodium sulfate and the
solvent was evaporated. The product (6.88 g) consisted of 2-hexyldecyl
methacrylate and 10% 2-hexyl-1-decanol. The yield of the methacrylate was
6.38 g (21 mmol, 82% vyield). As the research in chapter 2 has shown that free
alcohol does not significantly hamper ATRP, and both column chromatography
and distillation harm the methacrylate product, no further attempts were done
to remove any remaining alcohol.

'H NMR (400 MHz, CDCl3): 6 6.08 (s, 1H), 5.55 — 5.50 (m, 1H), 4.04 (d, J = 5.7 Hz,
2H), 1.93 (s, 3H), 1.66 (q, ) = 5.7 Hz, 1H), 1.27 (d, J = 14.1 Hz, 24H), 0.87 (t, ) = 6.7
Hz, 6H). 3C NMR (101 MHz, CDCls): § 167.56, 136.60, 125.02, 67.45, 37.33,
31.89, 31.79, 31.41, 30.93, 29.93, 29.60, 29.53, 29.29, 26.72, 26.69, 22.66,
22.63,18.29, 14.07, 14.05. DART-MS: m/z = 311.2939 [M+H]"* (calculated value:
311.2945), m/z = 328.3205 [M+NH4]* (calculated value: 328.3210). IR: 2955.72,
2923.91, 2854.78, 1720.27, 1639.18, 1294.95, 1162.77, 1012.07, 937.25.

3.4.7 Polymerization and self-healing performance of
poly(hexadecyl methacrylate)

The polymerization of hexadecyl methacrylate was performed as described in
previous chapter (section 2.4.3), but on a smaller scale. 1.5 mL solvent (75 vol%),
0.5 mL monomer (25 vol%, 1.40 mmol), and 1 surface were used in a 10 mL tube
with micro stirring bar (2 by 4 mm). As catalyst, either 4.0 mg (0.028 mmol)
copper(l) bromide (CuBr) and 8.8 mg (0.056 mmol) bipyridine (bpy) were used,
or 5.0 mg (0.035 mmol) CuBr and 25 mg (0.061 mmol) 4,4-dinonyl-bypiridine
(dnbpy). A variety of solvents was tested at different temperatures (Table 3.3).

The five surfaces with the thickest polymer brushes were used for self-repair
experiments (Figure 3.5). A large gap in contact angle could be seen for the
damaged and the repaired state. This indicates that the coating is susceptible to
hydrolysis by the acid, contrary to what we would expect for a side chain of this
length. As the polymerization was quite difficult for this monomer, we suspect
that the polymer is poorly distributed over the surface and was not able to form
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a thick, impenetrable outer layer. The results of the self-repair experiments are

thus not representative for a polymer brush with side chains of this length. We

decided to exclude these results from our comparison.

Table 3.3. Reaction conditions and resulting thicknesses of polymerization

reactions with hexadecyl methacrylate.

Solvent Ligand
Ethanol bpy
2-butanone bpy
2-butanone dnpby
Toluene dnpby
1-pentanol dnpby

1-octanol dnpby

1-decanol dnpby

110

105

100

Static water contact angle (deg)

95

Temperature Time

(°c)
60
60

60
60
100
60
100
60
100
60
100

(h)
7
24
48
168
24
70

70

96

96

Number of Average
replicates  thickness (nm)
9

23

35

R R R R R R R WWADdDON

Damage-repair cycles

Figure 3.5. Self-repair of poly(hexadecyl methacrylate), as probed by static water

contact angle measurements.
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3.4.8 Grafting density determination

Procedure

Inside an argon glovebox, 30 mg (0.21 mmol) CuBr and 66 mg (0.42 mmol) 2,2-
bipyridine were weighed in a 50 mL Schlenk tube with cap, surface holder and
stirring bar. Four surfaces were placed face down in the surface holder of the
Schlenk tube. 1.635 mL (10.45 mmol) hexyl methacrylate, 7.5 mL ethanol and
5.0 pL (0.05 mmol) benzyl-2-bromo-2-methyl propanoate were added, and the
reaction mixture was stirred for 20 h at 60 °C. The vessel was cooled to room
temperature and removed from the glovebox. The surfaces were transferred to
a beaker, sonicated in ethanol for 5 min, blown dry, cured overnight in the
vacuum oven at 50 °C and 100 mbar and analyzed as usual. The reaction mixture
was transferred to a round bottom flask and 2 x 1ImL THF was used to rinse the
reaction vessel. The solvents were evaporated by rotary evaporation. The
residue was dissolved in 2 mL THF and then poured in a beaker containing 80 mL
cold methanol. The liquid was filtered, and both the filter and the beaker were
placed in the vacuum oven overnight to remove any remaining solvents. The
polymer (0.52 g) was analyzed by *H-NMR and GPC.

Results

The values resulting from these grafting density calculations for poly(hexyl
methacrylate) are so high and so widely spread (Table 3.4) that we can only draw
the conclusion that this method is not accurate enough. We repeated the
procedure once with ethyl methacrylate and once with decyl methacrylate
(Table 3.5). Unfortunately, these results were no more plausible.

Table 3.4. Grafting density determination of poly(hexyl methacrylate).

Attempt M, by M, by Thickness Grafting density Grafting density
NMR GPC on surface by NMR (chains by GPC (chains

(in nm) per nm?) per nm?)
#1 18814 32482 75.8 2.498 1.447
#2 10983 16539 14.3 0.808 0.536
#3 11068 - 37.0 2.074 -
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Table 3.5. Grafting density determination of poly(ethyl methacrylate) and

poly(decyl methacrylate).

Monomer M, by M,by Thickness Grafting density Grafting density

NMR GPC on surface by NMR (chains by GPC (chains

(in nm) per nm?) per nm?)
Ethyl-MA 6421 11394 16.1 1.752 0.987
Decyl-MA 45527 - 115.0 1.445 -
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Chapter 4
A DFT Study of Imine Exchange Reactions
in Iron(ll)-Coordinated Pincers
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Chapter 4

Abstract

The imine bond is among the most applied motifs in dynamic covalent
chemistry. Although its uses are varied and often involve coordination to a
transition metal for stability, mechanistic studies on imine exchange reactions
so far have not included metal coordination. In the research described in this
chapter, we investigated the condensation and transimination reactions of an
Fe?*-coordinated diimine pyridine pincer, employing wB97XD/6-311G(2d,2p)
DFT calculations in acetonitrile. We first experimentally confirmed that Fe?* is
strongly coordinated by these pincers, and is thus a justified model ion. When
considering a four-membered ring-shaped transition state for proton transfers,
the required activation energies for condensation and transimination reaction
exceeded values expected for reactions known to be spontaneous at room
temperature. The nature of the incoming and exiting amines and the
substituents on the para-position of the pincer had no effect on this. Replacing
Fe?* with Zn%*" or removing it altogether did not reduce it either. However,
addition of two ethylamine molecules lowered the energy barriers to be
compatible with the experiments (19.4 and 23.2 kcal/mol for condensation and
transimination, respectively). Lastly, the energy barrier of condensation of a
non-coordinated pincer was significantly higher than found for Fe?*-
coordinating pincers, underlining the catalyzing effect of metal coordination on
imine exchange reactions.
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4.1 Introduction

Since the start of the twenty-first century, dynamic covalent chemistry has
become increasingly popular.! The characteristic combination of reversibility
and robustness that defines dynamic covalent bonds has enabled a variety of
new concepts and applications in various fields, ranging from dynamic
combinatorial libraries to supramolecular chemistry and from molecular
machines to materials chemistry.>® For example, in the field of polymer
chemistry, covalent adaptable networks (CANs)®!! have shown to be a new class
of polymers with the robustness of thermosets but the malleability and
repairability of thermoplasts,’** bringing degradability and recyclability of
network polymers within reach.’ In the field of supramolecular chemistry, the
use of dynamic covalent chemistry has led to the formation of self-assembled
cages, largely driven by the possibility of a thermodynamically controlled
assembly of large complexes.’®?° These cages can be used for the transport of
small chemicals,?! but also allow reactions to take place in an artificially high
concentration in its confined space.?? Furthermore, the operation of molecular
walkers® and the synthesis of metal-organic frameworks?* hinge on dynamic
covalent chemistry.

The dynamic covalent bond motif that is among the most explored is the imine
bond, or Schiff base.? This imine bond can undergo various dynamic reactions,®
none of which require a metal catalyst.?” Imine exchanges have been used in
molecular machines, where an aldehyde can ‘walk’ along a chain of amines.? In
cages, the imine bond is also vastly popular, as the bond’s dynamic nature allows
for error-checking during the assembly of the —typically— large number of
components that need to come together in a single cage structure.'® 2530 A|so,
within the context of systems chemistry, the imine bond has been used to
establish dynamic combinatorial libraries that can collapse upon addition of a
suitable target/template.313* Finally, for covalent organic frameworks,3>38 the
dynamic imine bond is crucial to their (equilibrium) synthesis and for their
ultimate structure and performance.

Imines are formed reversibly from an aldehyde and an amine. Due to the large
variation in commercially available aldehydes and amines, the imine motif offers
ample opportunity to create a macrostructure with the desired function or
properties. Moreover, exchange of material-bound amines,3® for example from
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an alkylamine or hydrazine to an alkoxyamine, offers the possibility to —post-
synthetically— alter a functionality of a material.

A general drawback of imines for materials science is their tendency to
hydrolyze.*® Coordination to a transition metal has been shown to drastically

reduce this effect,**

without hindering the responsive character of the structure.
Imine-metal complexes can form stable structures, displaying two orthogonal
types of changeability: both the C=N imine bond and the N-M coordination
bond can undergo reversible reactions. This so-called “subcomponent self-
assembly” has been showcased first by Nitschke and Lehn,*? and has since then
been widely applied in metal-organic cage syntheses.?" *3*¢ Not only cages, but
also other types of structures such as grids,*” macrocycles*® and metallogels,*

can be formed by subcomponent self-assembly.>0-5!

Our group has taken the double versatility of imine-metal coordination
complexes and applied it to polymeric systems.”> We created a 2,6-diimine
pyridine pincer motif that is connected via a linker to another identical pincer
motif. This was shown to create networks with physical properties that could be
altered by external stimuli, both via imine exchange reactions and through
replacement of the metal center. These networks have been developed in
organic solvents, such as acetonitrile. Furthermore, this traditional 2,6-diimine
pyridine pincer motif°® has also been used in cages,®® knots,*® tunable gas
membranes®® and other (self-healing) polymer networks.>”>° While in our
previous work, we mostly considered Zn?* for the construction of dynamic
coordination polymers,®? the 2,6-diimine pyridine pincer motif has been
combined with a large number of transition metals, including Mn?%, Fe?*, Co%,
Ni*, Cu?*, Zn?*, Cd?", Hg2+, and Pd2+ 6062

In contrast to the wide range of applications that rely on imine bonds and imine
bond exchange reactions, the full mechanistic details of the underlying
exchange reactions of imine pincers have received very little attention. It is well-
known that Schiff bases can undergo three imine exchange reactions:
condensation, with hydrolysis as its reverse reaction, transimination and imine
metathesis (Scheme 4.1).?” In condensation, the amine attacks the aldehyde to
first form a carbinolamine, followed by elimination of water. Transimination is
the attack of an amine group on the carbon of the imine, creating an aminal,
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after which the original amine leaves, and the attacking amine forms an imine
bond with the carbon. In imine metathesis, two imine moieties find each other,
and through a double [2,2]-metathesis, the carbon and nitrogen atoms of the
imines switch partners.

Scheme 4.1. Three reversible reactions of Schiff bases: condensation, with
hydrolysis as the reverse reaction, transimination and imine metathesis.

Condensation / Hydrolysis

R1AO + HZN'RZ — R1AN'R2 + H,0

Transimination

R3  ——

.R . .R .R
R1AN 2 + H,oN a— R1AN 3 +H2N 2

Imine metathesis

R .R .R .R
R1/§N’ 2 + RsAN 4 > R1AN 4+ R3AN 2

Over the years, insightful computational research has been performed on imine
exchange reactions.?” Ciaccia and co-workers have calculated the transimination
and condensation reactions in the presence of primary amines.? They suggested
a four-membered ring transition state for the proton transfers to be the most
likely pathway, as opposed to consecutive protonation and deprotonation. If
water is present, the energy of the proton transfer transition states can be
lowered by using one or two water molecules as proton shuttles, forming a six-
or eight-membered ring, respectively.®*%> Primary amines can also take up this
role, but their effect is less than that of water. Zheng and co-workers have
shown that non-covalent interactions of an electron donor with an imine or
aldehyde can significantly reduce imine exchange rates.®® In their case, the
interaction was a hydrogen bond. To the best of our knowledge, and in contrast
to the rapidly rising amount of experimental work that has been reported,?* ¢
8 the effect of coordination with transition metals on imine exchanges has not
yet been studied theoretically, even though it is known that metal coordination
alters the electronic and structural shape of a ligand.®®

In this work, we explore the imine exchange reactions of Fe**-pincer complexes
in acetonitrile by computational means. Using a state-of-the-art functional and
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basis set (wB97XD/6-311G(2d,2p)) for our DFT calculations, we investigate the
condensation and transimination reactions of a range of pincers. Various amines
and imines are considered, and the effect of the pyridine para-position’s
nucleophilicity is included (Figure 4.1). For the final proton transfer from
carbinolamine and aminal species to the separate products, both a previously
proposed four-membered transition state®® and two ethylamines as proton
shuttles are considered. As pincers drastically reduce the freedom of movement
of individual imine moieties, imine metathesis is considered unlikely and
therefore not part of the investigation.

X
B + H,NR'/ H,0
~

R

'N.“‘I\:ﬂ"'_N* R,Y, R'=CH20H3, NHCH3, OCH3
vy MR

N~ v N =

2N X = H, CF3, OCHs,
H3C CH3

= Ea2t 72+
CHs M = Fe<*, Zn

Figure 4.1. Imine pincer complexes under current study that are formed via
condensation or transimination.

4.2 Results and discussion

Following our previous report on the use of Zn?* as metal ion to coordinate to a
2,6-diimine pyridine ligand,>? our current aim was first to see whether a stronger
binding metal ion would be available. Following literature on the use of Fe?* as
alternative metal ion in polymeric systems featuring a similar pincer motif,>® and
keeping the availability of this innocuous metal in mind, we set out to determine
whether the 2,6-diimine pyridine ligand would indeed bind more strongly to
Fe?*. As the complexation of the metal ion to the ligand leads to strong
coloration of the solution (Figure 4.2a), we performed a UV-vis titration to
monitor formation of the metal-ligand complex (details in Supporting
Information, section 4.4.4). We plotted the increase in absorption (at 370 nm
for Zn** and at 613 nm for Fe?*) as function of the equivalence of metal ion added
(Figure 4.2b). Comparing the results for Zn?* and Fe?* in Figure 4.2B, it can be
seen that, while both metal ions can bind strongly to the pincer, the binding for
Fe?* is strongest, as is evidenced by the steeper increase in absorption as
function of equivalence of metal ion added, and by the fact that the maximum
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absorption is reached at lower equivalence of metal for Fe?* than for Zn%. Our
observations are in agreement with earlier work on structurally similar
(tridentate) terpyridine-based ligands that also report a higher binding constant
for binding to Fe?* than to Zn?*.”° Given the stronger binding for Fe?* we decided
to focus our calculations on this metal ion, and only study the Zn?* ion for specific

cases.
14 L) ') ®
N L]
041 a —— Ligand b .
Zn** @
=0.8
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- 034 2
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B =}
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Figure 4.2. (a) UV-vis spectrum of the diiminepyridine ligand, and the

diiminepyridine:metal complex (5 equiv. of metal ion). Ligand concentration:
1.0-107> M in acetonitrile. Path length: 1.0 cm. (b) Metal titration of Zn?* or Fe?*
to the diiminepyridine ligand: the normalized absorption (recorded at 613 nm for
Fe2* and at 370 nm at Zn?*) was plotted as function of the equivalence of metal.
Ligand concentration: 1.0-107> M in acetonitrile.®

4.2.1 Condensation Reaction Without Proton Shuttles

The condensation reaction between [iron(ll) 2-methoxo-6-ethylimine pyridine
(NCCHs)3)?* and ethylamine (Figure 4.3) initially yields a zwitterionic hemiaminal
(B) at AG = —6.5 kcal/mol driving force. In line with previous research,?” a four-
membered ring was taken as the transition state for the proton transfer from
the nitrogen to the oxygen, at AG* = 11.4 kcal/mol (TS-1). The resulting
hemiaminal (C) was found at AG = —8.8 kcal/mol. Dihedral rotation from the
hemiaminal with alcohol coordination to the one with amine coordination
occurred via a transition state of AG* = 3.0 kcal/mol (TS-2). In this transition
state, the bond length of Fe—O was significantly elongated from 2.07 A to 3.00
A, while the coordination of the amine did not yet start: the bond length is 3.39 A
in the transition state and only 2.08 A in the resulting hemiaminal (D). Due to
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this dissociation, the energy barrier was higher than expected for a simple
rotation.

The hemiaminal with amine coordinated to the iron center (D) was at AG=-17.6
kcal/mol significantly more stable than the hemiaminal with alcohol
coordination (C). The second proton transfer was not followed by another
zwitterionic intermediate, but immediately resulted in water elimination. The
four-membered ring transition state (TS-3) was found with a relative Gibbs free
energy of +34.0 kcal/mol, making this the rate-limiting step with a barrier of
AG* = 51.6 kcal/mol. In this four-membered ring, the N-H bond at 1.46 A and
the O—H bond at 1.14 A were at a strained 118.8°. This means no hydrogen
bonding takes place in this transition state, explaining the extremely high energy
barrier. The final compound (E) was found at AG =-16.7 kcal/mol. However, due
to the energy barrier of 51.6 kcal/mol, the condensation reaction via this
pathway can be ruled out at room temperature in acetonitrile.

Toinvestigate the effect of the metal center, this condensation reaction was also
calculated without a metal and with Zn?* as metal (Figure 4.3, in red and blue,
respectively). Already in the first step the stabilizing role of the metal becomes
very clear, with, e.g., about a 10 kcal/mol difference of the metal-free system
compared to the Fe?*-stabilized complex. In addition, for the metal-free system
the first proton transfer, yielding TS-1, now required 32.0 kcal/mol instead of
17.9 kcal/mol, while the barrier for the second proton transfer TS-3 was not
reduced significantly. In absence of a metal center, there is no rotation of the
incoming nitrogen towards the metal center (i.e., TS-2 does not exist and D is
equal to C). Lastly, the driving force for the overall reaction from aldehyde to
imine in the non-coordinated reaction is small, only 3.0 kcal/mol. Thus, without
a metal, the barriers are not reduced but the driving force is largely lost.

As experimental work has been carried out with Zn?* as well as Fe?*, we also
calculated the condensation reaction with Zn?** as metal center (Figure 4.3, in
blue). Adduct B formation gained less energy than with Fe?* and the total energy
gain is slightly less, both in line with our experimental findings that Fe?" is
stronger binding than Zn?*. Proton transfers TS-1 and TS-3 have similar energy
cost as with Fe**. However, the rotation TS-2 required significantly more energy.
This higher AG* for rotation can be explained by the non-symmetrical octahedral

108



A DFT Study of Imine Exchange Reactions in Iron(ll)-Coordinated Pincers

coordination geometry that Zn?* has formed, in which the three acetonitrile
ligands are slightly pushed towards the non-reactive amine of the pincer,
resulting in stronger binding of the reacting amine. In all, we can conclude that
the condensation reaction is most favorable with Fe?*, but also that a different
pathway for proton transfer must be found.

It is known that the choice of functional in DFT can have an effect on the energy
barriers that are found. To exclude this bias, we recalculated the Gibbs Free
energies with B97D and MO6-2X of structures A, D, TS-3 and E for the
condensation reactions with Fe?, Zn?>* and without metal (Supporting
information, section 4.4.5, Table 4.1). The condensation reactions were not
more likely with these functionals, ruling out any method bias.

The final compound (E) was found at AG =—16.7 kcal/mol. This value is expected
to become more negative (i.e., approximately —22 to —23 kcal/mol) with
improved explicit solvation of the released water, which is known to be
insufficiently treated using implicit solvent models. Such additional explicit
solvation (also relevant for the data in Figures 4.4 — 4.6) was demonstrated for
release of water in the imine formation (online Supporting Information, section
S4.3), but this larger size due to additional freely ‘floating’ solvent molecules
becomes, however, impractical —especially for the transition state calculations—
while it is expected to only play a significant role when water is freely solvable,
i.e., after release from the C atom. Therefore, we did not include it in the
structures used to construct Figures 4.3 — 4.6, but note that with such additional
solvation the imines became the most stable systems, as also found
experimentally. However, although thus being thermodynamically attractive,
due to the energy barrier of 51.6 kcal/mol, the condensation reaction via this
pathway can be ruled out at room temperature in acetonitrile.

4.2.2 Transimination Reaction Without Proton Shuttles

Next to the imine formation (condensation) reaction, we also studied the imine
exchange reaction by transimination, in which a free amine attacks an existing
imine. Figure 4.4 (in black) shows the energy profile of the transimination
reaction between [iron(ll) 2,6-bis-ethylimine pyridine (NCCHs)s]** and
ethylamine, and (in red) the metal-free system. Both symmetric energy profiles
with the four-membered ring transition state of the proton transfer yield
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Chapter 4

activation energies of >34 kcal/mol. However, exchanges of imines, hydrazones
and oximes occur readily at ambient conditions in acetonitrile. Oximes are more
inert in neutral or basic conditions, yet become dynamic in acidic conditions.”*
3 Thus, the four-membered ring TS should be discarded as viable hypothesis,
and other mechanistic routes need to be investigated.

4.2.3 Condensation Reaction With Proton-Shuttling Amines
To bypass the high-energy barriers resulting from the four-membered ring TS
route, we investigated proton transfers facilitated by proton shuttles, as is

476 and has been calculated recently for

known to work in experimental setting
metal-free dynamic exchanges.®*%> 77 According to Rufino and Pliego,® using
two water molecules as shuttle decreases the energy barrier for condensation
of acetaldehyde with methylamine from 47.7 to 26.4 kcal/mol (in toluene at
298 K). Using a carboxylic acid group as proton shuttle further reduces the
barrier to 15.8 kcal/mol (in acetonitrile or toluene, at 298 K). Kirmizialtin and co-
workers’” have shown that the calculated cost of condensation of oximes in
water can be reduced from 31.4 kcal/mol to 12.9 kcal/mol by adding two explicit
water molecules. These promising studies enticed us to investigate the role of
proton shuttles for the hitherto not-studied case of metal-stabilized pincer
molecules. This is especially relevant since here not only the TS might be
stabilized by proton shuttles, but the starting materials, of course, also by metal
ions (and, e.g., inverting the equilibrium between aldehydes and imines from
‘towards aldehydes’ without metal coordination to ‘towards imines’ with metal
coordination).”® In the dynamic polymer systems that form the experimental
basis for our calculations,®? only trace amounts of water are present, whereas
free amines are present in excess. Therefore, two ethylamines were used as
proton shuttles in the calculation of the condensation reaction between [iron(ll)
2-methoxo-6-ethylimine pyridine (NCCHs)s]?* and ethylamine (Figure 4.5, in
black). The two hydrogen transfers (turning R—NH; into R—-N=C) were thereby
transformed to multistep processes involving eight-membered rings.

Starting from adduct K, a proton was transferred from the incoming ethylamine
to the first mediating ethylamine, leading to intermediate L (+1.9 kcal/mol).
Then, another proton on that ethyl amine is moved from the first to the second
mediating ethylamine, requiring another 5.9 kcal/mol (transition state TS-8).
Finally, a similar, third proton movement from the second mediating ethylamine
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to the aldehyde on the pincer completed the first transfer into hemiaminal M.
Various scans and IRC calculations showed that there is no intermediate
between transition state TS-8 and hemiaminal M. Rotation of the hemiaminal
from one coordination to the other, thus from M to N, required an additional
14.9 kcal/mol. The proton-shuttling amines are not involved in this step. This
rotation TS-9 is rate-determining with AG* 19.4 kcal/mol. The second mediated
proton transfer followed an analogous path, but now the proton moves
backwards. Starting at hemiaminal N, a proton is moved from the donating
ethylimine to the first mediating ethylamine, followed immediately by a second
proton transfer from the first mediating ethylamine to the second. This
transition state TS-10 required 16.9 kcal/mol, and only showed the movement
of the second proton; multiple scans and IRCs did not yield a stable intermediate
with an ammonium-like structure for the bottom amine molecule (see
molecular structures in Figure 4.5) between hemiaminal N and TS-10. After TS-
10, we found stable intermediate O at 15.7 kcal/mol, in which the top
ethylamine had the extra proton. A final proton transfer lead to water
elimination, resulting in the product P at —1.9 kcal/mol. Compared to the non-
mediated pathway, the gain is significant, reducing the energy barrier from
more than 50 kcal/mol to just 19.4 kcal/mol. The ethylamine-mediated route
can thus be considered a viable reaction at room temperature.

This mediated condensation reaction was also calculated in the absence of a
metal center (Figure 4.5, in red). The first proton transfer now required less
energy in the absence of Fe**, and the hemiaminal M without metal center was
very stable (—14.1 kcal/mol), much more than the Fe?*-coordinated hemiaminal
M (4.5 kcal/mol). Although the energies of TS-10 of both systems were in the
same range, the energy barrier for condensation without metal was much larger
(32.8 kcal/mol), due to the higher stability of the hemiaminal N. Imine pincer P
is more stable as well (-10.5 kcal/mol instead of —1.9 kcal/mol). As a
consequence, backwards reaction from imine pincer P to adduct K has an energy
barrier of 29.2 kcal/mol in its first two proton transfers, with hemiaminal M as
most stable structure.
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In this amine-mediated condensation reaction, we have thus again shown the
catalyzing effect of Fe?*-coordination. It lowers the energy barrier from 32.8
kcal/mol to 19.4 kcal/mol, and provides the driving force to push the
condensation from hemiaminal to pincer complex to completion.

4.2.4 Transimination Reaction With Proton-Shuttling

Amines

Subsequently, the transimination reaction was also calculated for [iron(ll) 2,6-
bis-ethylimine pyridine (NCCHs)s]?* and ethylamine with two extra ethylamines
acting as proton shuttles. As the transimination reaction is symmetrical, the
reaction is only calculated until the rotation of the aminal (Figure 4.6).
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Figure 4.6. Gibbs free energy profile for the mediated transimination reaction
between [iron(ll) 2,6-bis-ethylimine pyridine (NCCH3)3]?* and ethylamine,
calculated without explicit solvation. With 23.3 kcal/mol, rotation of the aminal
(T to TS-13) is rate-limiting. For clarification, the incoming ethylamine has been

colored pink and the mediating ethylamines are blue.
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The amine-mediated proton transfer yields two transition states TS-11 and
TS-12 and an intermediate S, all around 16.5 kcal/mol. The formed aminal T was
found at —5.6 kcal/mol compared to the starting materials, and the rotation of
the aminal TS-13 at 17.6 kcal/mol. Analogously to the condensation reaction,
the proton-shuttling lowered the activation energy of the proton transfer to
such an extent that the rotation is now rate-determining. With a total energy
barrier of 23.2 kcal/mol, we can conclude that this mediated transimination
reaction is plausible at room temperature.

4.2.5 Condensation Reaction With Two Pincer ligands

In all calculations, we have — for reasons of computational efficiency — assumed
coordination of a single pincer and three acetonitrile molecules to the metal
center. However, we know from experimental work that double pincers (i.e., the
pincers exist as 1:2 metal to ligand complex) are predominant.> To validate the
computational approach taken, we also performed the calculation of the
condensation reaction of Fe?* with two pincer ligands (Supporting Information,
section 4.4.6). This reaction displayed an energy path similar to the one with a
single pincer and three acetonitrile ligands, with only slightly higher energy
barriers for the proton transfers via the four-membered ring TS. Following this
result, we considered our use of single pincer complexes as a valid
computational simplification.

4.2.6 Structural Variations in The Non-Amine-Mediated

Condensation Reaction

The exchange reactions under current study can be readily varied using different
nucleophiles and changing various electronic factors of possible importance, as
has indeed been done experimentally to quite some detail.?® 2 7°80 \We have
thus compared the condensation reactions of the aldehyde pincer with
ethylamine, methylhydrazine or methoxyamine as nucleophiles (online
Supporting Information, section S4.5). As we have taken the four-membered
ring transition state for proton transfer, AG* remains high (>47.8 kcal/mol).

In non-coordinated aromatic imines, substituents on the ring have strong
influence on the reactivity of the imine, as they alter the electron density of the
imine.> In the presence of a metal, this could be different. The condensation
reaction was therefore calculated for pincers in which the Xand Y positions were
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altered (Figure 4.1, online Supporting Information, section S4.6). Substitution of
the hydrogen atom on the X-position by the electron-withdrawing —CFs group or
the electron-donating —OCH3s group resulted in less than 2 kcal/mol change in
any step, regardless of the nature of the imine and amine of the system.
Additionally, when changing the non-reactive imine of a double pincer from
ethylimine to hydrazone or methoxime (position Y in Figure 1), no changes in
energy were observed either (Table S4.2). Substitutions of the R’, X and Y
positions in the transimination reaction showed similar results (online
Supporting information, sections S4.7 and S4.8) We can therefore conclude that
neither meta-position is relevant to our imine exchanges. Neither factor is
expected to change in character when considering the amine-mediated
reactions, suggesting that rotation of the (hemi-)aminal is indeed the
energetically most relevant process.

4.3 Conclusions

We studied the condensation reaction of a metal-coordinated aldehyde pincer
with ethylamine, via either a four-membered ring transition state for the proton
transfers, as previously proposed in literature, or via an unstrained transition
state involving two proton shuttles. The former activation barrier was calculated
to be much higher (52 kcal/mol) than experimentally observed (the reaction
proceeds readily at room temperature), making such a strained transition state
unlikely. In contrast, with the involvement of two ethyl amines as proton
shuttles the calculated activation energy dropped to 19 kcal/mol, which is
compatible with experiments. This confirmed our hypothesis that the imposed
ring strain of the four-membered transition state unnecessarily increased the
energy barrier. While this insight was previously known for single proton
shuttles,'® here we demonstrated its viability in acetonitrile with multiple
amines in the presence of a metal center.

For the transimination reaction a similar reduction in activation energy was
found: the non-mediated pathways required 34—43 kcal/mol depending on the
nature of studied amine, whereas the amine-mediated proton transfer required
only 23 kcal/mol. These calculations thus explain the advantages of the
experimentally common addition of a small excess of free amine in the
production of dynamic imine/amine-based vitrimer materials in order to speed

up the exchange.8%2
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Titration experiments showed that Fe?* binds stronger to the studied pincers
than Zn?*. Calculation of the condensation reaction without proton shuttles
further confirmed that the Fe?* is better suited for these imine exchange
reactions. Finally, our calculations also provide — for the first time — theoretical
support for the stabilizing effect of coordination of the imine to the metal
center, which was already experimentally found in cage formations*® and other
subcomponent self-assemblies.>*

4.4 Supporting information
The full supporting information is available with the published paper online at:
https://doi.org/10.1002/chem. 202301795.

4.4.1 Computational methods

Density functional calculations (DFT) — geometry optimization, vibrational
frequency calculations and IRC calculations — were performed using the
Gaussian 16 suite of programs,® with the wB97XD functional®*®> and 6-
311G(2d,2p) basis set as implemented in there. Although transition metals such
as iron are well-defined in this basis set, geometry connectivity was added to
ensure coordination to the iron where desired. All (natural population) charges
and Wiberg bond orders were calculated using the NBO 3.1 program as
implemented in Gaussian 16. Generic solvent effects were incorporated by using
the universal solvation model based on density (SMD)®. Acetonitrile was chosen
as the model solvent, as experimental work on imine pincer-based polymers has
been reported for acetonitrile.>? Gibbs free energies are reported in a standard
state: at 298 K and 1 bar pressure. Output of all geometry optimizations is
provided in the online Supporting Information (sections S4.9 and S4.10).

In each reaction step in which more than one molecule is involved (for example,
structures A and E in Figure 4.3), all molecules were calculated as part of a single
computation at a minimum 3.6 A distance. In the mediated pathways however,
all starting and ending molecules were calculated separately. For crucial
transition states, full IRC analysis was performed, confirming the nature of the
transition state. The rotational transition state of the transimination reaction
(TS-2 in Figure 4.3) required multiple extensive rotational scans, followed by a
transition state search involving 10p(1/8=2). For computational simplicity, only
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a single pincer was coordinated to an iron(ll) center. The other three
coordination sites were occupied by explicit acetonitrile ligands (Figure 4.1).

4.4.2 Materials and Methods

'H NMR and 3C NMR spectra were recorded on a Bruker Avance lll 400
spectrometer (observation of *H nucleus at 400 MHz, and of 3C nucleus at 101
MHz). Chemical shifts are reported in parts per million (ppm), calibrated on the
residual peak of the solvent, whose values are referred to tetramethylsilane
(TMS, &tms = 0 ppm), as the internal standard. 3C NMR spectra were performed
with proton decoupling. High-resolution ESI mass spectra were recorded on a
Thermo Scientific Q Exactive High-Resolution mass spectrometer. UV-vis spectra
were recorded on a Varian Cary 50 spectrophotometer.

4.4.3 Synthesis of the diiminepyridine pincer
2,6-pyridinedicarboxaldehyde (5.2 mmol, 700 mg) was dissolved in 35 mL
absolute methanol, containing molecular sieves. Aniline (10.4 mmol, 975 plL)
was added to the solution and the reaction mixture was stirred under reflux for
2 hours. The hot reaction mixture was filtered, over a normal filter and washed
with hot methanol (50 °C). The solvent was removed in vacuo. The product was
dried in the oven overnight and obtained as yellowish powder in 1.22 g yield
(82%). *H NMR (400 MHz, Chloroform-d) 6 8.70 (s, 2H), 8.31 (d, J = 7.8 Hz, 2H),
7.96 (t, ) = 7.8 Hz, 1H), 7.44 (dd, J = 8.4, 7.2 Hz, 4H), 7.36 — 7.28 (m, 6H). 3C NMR
(101 MHz, Chloroform-d) & 160.14, 154.66, 150.84, 137.30, 129.26, 129.25,
126.90, 123.23, 123.19, 121.18, 121.16, 77.21. High-res. MS (ESI): Expected for
[M+H]* 286.1339, found 286.1339.

4.4.4 Titration

For the metal-to-ligand titration two solutions were prepared. A: ligand (i.e.,
diiminepyridine) solution (without metal salt) in acetonitrile (1.0-10™> M), and B:
ligand solution with 5 equivalent of metal salt in acetonitrile. Ligand
concentration was 1.0-10™° M, while metal concentration was 5.0-10™ M. As
metal salt, Fe(OTf), and Zn(OTf), were used.

Mixing solutions A and B in the appropriate ratio allowed for the titration curve
of each metal to be recorded by UV-vis spectrometry. After mixing, 30 min of
equilibration time was allowed. Figure 4.2A shows the UV-vis spectra of the
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ligand without metal, and with either Fe?* or Zn?. Figure 4.2B shows the
(normalized) absorption as function of equivalence of metal added (recorded at
613 nm for Fe?* and at 370 nm at Zn%).

4.4.5 DFT functionals

For structures A, D, TS-3 and E of the condensation reactions with Fe?*, Zn** and
without metal center (see Figure 3 of the main text), the energies were also
calculated with B97D and MO6-2X in single point calculations. The tables below
display the Gibbs Free energies with all three functionals. From these tables, we
conclude that with B97D and MO6-2X, the condensation reaction is as unlikely
as it was with wB97xD. It is not merely a result of our choice of functional.

Table 4.1. Gibbs Free energies of selected structures in the condensation reaction
with four-membered ring proton transfers, calculated with three DFT functionals.

M=Fe* wB97xD B97D MO6-2X

A 0.00 0.00 0.00

D -17.62 -1431 -19.44
TS-3 33.95 30.43 32.45

E -16.70 -20.34 -17.79

M=2Zn* wB97xD B97D MO6-2X

A 0.00 0.00 0.00

D -3.88 2.78 —-6.54
TS-3 46.68 68.98 64.33

E -11.66 -8.15 -13.73

M = nothing wB97xD B97D MO6-2X

A 0.00 0.00 0.00
D 5.10 4.75 -3.32
TS-3 54.26 48.95 46.82
E -3.03 -6.93 -9.56
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4.4.6 One versus two pincer ligands
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Figure 4.7. The Gibbs Free Energy diagrams of the condensation reactions of the

iron complexes with one (black) or two (green) pincers coordinated. Where one

pincer is coordinated, three explicit acetonitriles are used to occupy the

remaining coordination sites of the octahedral Fe?*. Only the reacting pincer is
drawn for clarity.

The condensation reaction was calculated for a complex with one pincer and
three acetonitrile ligands coordinating to iron(ll), and for a complex with two
pincers. As shown in Figure 4.7, the Gibbs Free energy of these pathways was
similar, except for the transition state of the second four-membered ring proton
transfer. This was significantly higher in energy for the double pincer complex
than for the single pincer complex, most likely due to steric hindrance. As the
double pincer pathway had a 72.7 kcal/mol energy barrier, the pathway was

even less likely than the single pincer pathway that was used for further
comparison in the rest of the article.

Exchange of the second pincer with three acetonitriles costed —17.4 kcal/mol for
Fe?* and —24.3 kcal/mol for Zn* (Scheme 4.2). As two pincer complexes are
lower in energy, most complexes will have two pincers. However, these
exchange energies showed that single pincer complexes can be formed at room
temperature. The use of a single pincer complex in calculations is thus justified.
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Fe?*: AG = -17.4 kcal/mol
N Zn?*: AG = -24.3 keal/mol
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Scheme 4.2. Coordination of a second 2-methoxo-6-ethylimine pyridine moiety to
a metal pincer complex, in exchange of three acetonitrile molecules. The metal is
either Fe?* or Zn?*, as used in experimental work.
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Chapter 5
A DFT Study On Chain-Growth SuFEx
Polymerization
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Chapter 5

Abstract

In 2021, a SuFEx polymerization by an unusual chain-growth mechanism was
presented by Sharpless and Wu. Long polymer chains with low polydispersity
were produced in the presence of (4-nitrophenyl)-sulfur imidoyl difluoride, and
no polymers were observed without this initiator. In their experiments, the
electron-withdrawing nature of various substituents was proposed to prevent
self-polymerization, allowing a monomer to become prone to SuFEx reacting
only when attached to an electron-donating polymer chain. Self-polymerization
of the monomers with the least electron-withdrawing substituents supported
this claim.

To provide further mechanistic insight into this unusual chain-growth
polymerization, chain-growth SuFEx polymerizations of (3-fluorosulfonyl)-5-
substituted phenyl hydrogen sulfate were investigated with DFT calculations in
this chapter, using NH," as a computationally efficient mimic of DBUH®. As the
leaving fluoride anion required an electrophile, the reactions without NH,* were
difficult to compute and led to unrealistic results. The initiation and propagation
reaction with the other monomers were calculated in the presence of NH,;* and
showed no significant electronic substituent effects. Furthermore, the self-
reaction of all four monomers required activation energies between 15.5 and
17.1 kcal/mol, again displaying no substituent effects, suggesting self-
polymerization is accessible for all monomers. This contrasts experimental
findings, and we thus assume that not all experimental factors were sufficiently
taken into accountin our calculations. For future work, the use of explicit solvent
molecules is suggested to more properly simulate solvent interactions.
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5.1 Introduction

Polymers are essential for our way of living in recent decades, and well-defined
polymers are in high demand. For photonic devices, only well-defined polymers
are conductive enough to be applicable.! In coatings, tuning of specific material
properties is desired, and can, for example, be achieved using polymer
brushes.>® Polymers that are to be used as substrates must be well-defined as
well, to ensure proper post-modification.* Efficient production of these well-
defined polymers requires fast chemical reactions with high conversion and few
side reactions. In 2001, Sharpless coined a category of chemical reactions that
fit these criteria: click reactions.” Reactions like the Copper-catalyzed Azide—
Alkyne Cycloaddition (CuAAC), Strain-Promoted Azide—Alkyne Cycloaddition
(SPAAC), Diels-Alder, and thiol-ene reactions are not only fast and high yielding,
but also modular, water tolerant, and feasible in one pot. Their use in material
chemistry is multifold, for example in linear polymers, branched polymers and
crosslinked networks.®™

In 2014, Sharpless'® added a new click reaction to the toolbox: the Sulfur(IV)
Fluoride Exchange (SUFEXx). In this reaction, a phenolate or amine group attacks
a sulfonyl fluoride group, eliminating the fluoride and forming a sulfate or
sulfonamide moiety. The fluorine is commonly captured by a silicon group,
forming the extremely stable Si—F bond. Being first discovered in the 1920s*! and
rediscovered in 2008,2 it was only when Sharpless outlined its full potential in
2014 that the reaction started receiving widespread attention.

The SuFEx reaction can been used as a synthetic tool to produce synthetically
demanding moieties such as sterically hindered amides,* bifluoride ionic
liquids,** triflates and triflamides.'> Memory devices® and organic frameworks!’

18-21

can be made as well. The reaction is biocompatible, even for double SuFEx

22724 Moreover,

on the same sulfur hub,?® and can be performed on a surface.
SuFEx reactions can be enantiospecific.2>% Finally, Si-free, fluorine-free 2’ and

reversible?”2 sulfur(VI) exchange reactions have all been demonstrated.

Like all click reactions, the SUFEx reaction has been explored as polymerization
method. The SUFEx reaction was applied in step-growth polymerization, mostly
to couple disulfonyl fluoride monomers to disilyl ethers or amides, forming AB-
type polymers.?32 Those polymers could then be further functionalized, either
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with non-SuFEx click reactions 3 or with a second SuFEx reaction. ?>** An AB-type
polymer could also be obtained by combining SuFEx with another click reaction
such as CUAAC. *

For a bifunctional SUFEx monomer, containing both the sulfonyl fluoride and the
silyl ether or amide, step-growth polymerization is to be expected as well. If no
catalyst is required for the reaction, as is the case in SUFEx reactions, monomers
will react upon collision, resulting in dimers and gradually in longer chains: step-
growth polymerization. Chain-growth polymerization only occurs when an extra
factor is required for reacting which prevents uncontrolled polymerization, such
as a catalyst. This control results in lower polydispersity (D), even at higher
molecular weight (M), which is often desirable.

It is therefore noteworthy that in 2021, the groups of Sharpless and Wu3® were
able to perform a chain-growth polymerization with the SuFEx reaction. By using
aryl silyl ether-fluorosulfate monomers, an iminosulfur oxydifluoride-containing
initiator and DBU as catalyzing base, they were able to produce polymers with a
remarkable low polydispersity of below 1.4 (Figure 5.1). When an electron-
withdrawing group was present on the monomer, they confirmed the absence
of self-polymerization, thus confirming chain-growth polymerization. Although
the resulting polymers were stable in a range of temperatures, only mild acidic
or basic conditions were needed for full degradation.

Given the unusual nature of the chain-growth polymerization reaction, we have
explored the mechanism of this promising polymerization reaction by DFT
calculations in this chapter. Some DFT calculations have already been performed
on SUFEx reactions, focused on the general mechanism? and on the effect of
the accompanying base®’ or an additive such as Ca®*.>® Our calculations describe
the initiation and propagation reaction of this chain-growth polymerization
(Figure 5.2), both in the presence and absence of NHs*, which acts as
electrophile to capture the leaving fluoride and was selected to mimic the
experimentally used but much larger DBUH* of the reaction mixture.
Furthermore, the effects of various electron-withdrawing and donating
monomer-substituents on these steps, and the possibility of self-polymerization
of those monomers are investigated.
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Figure 5.1. (a) Chain-growth polymerization of aryl silyl ether-fluorosulfates,3¢
and (b) M, and D (My/M,) as a function of conversion at a monomer-to-initiator
ratio of 50.

5.2 Results

In order to find the energy paths for initiation, propagation and self-
polymerization of the four chosen monomers, density functional calculations
(DFT) were performed. Geometry optimization, vibrational frequency
calculations and IRC calculations were executed with the wB97XD functional®*4°
and the 6-311G(2d,2p) basis set as implemented in the Gaussian 16 suite of
programs.*! All (natural population) charges and Wiberg bond orders were
calculated using the NBO 3.1 program as implemented in there as well. Generic
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solvent effects were incorporated by using the universal solvation model based
on density (SMD).*> Butyronitrile was chosen as the model solvent, as the
experimental work by Sharpless and Wu3® was performed in butyronitrile. Gibbs
free energies are reported in a standard state: at 298 K and 1 bar pressure.

We calculated three stages of polymerization: initiation, propagation and self-
polymerization (Figure 5.2). All stages were calculated for four monomers
(Figure 5.2d): 3-((fluorosulfonyl)oxy)-phenolate (hereafter called mon-H), 3-
((fluorosulfonyl)oxy)-5-(methoxycarbonyl)phenolate (mon-MeEst), 3-((fluoro-
sulfonyl)oxy)-5-methoxyphenolate (mon-OMe), and 3-fluoro-5-((fluorosulfo-
nyl)oxy)phenolate (mon-F). Mon-MeEst, mon-OMe and mon-F were used in the
reported experimental work,3 with various results, while mon-H was chosen for
ease of calculation.

Initiation
R R
O2N O,N
T =T g 9
NSOF,  TBSO 0SO,F N=$-0 0-S—F
F 0
Propagation
R R
Q * Q — 0 Q 0
HO;S OSOF  TBSO 0SO,F HO5S 0-$-0 0-$—F
o) o)

Self-polymerization

R R
O, O, — 0 Q 9
TBSO OSOzF  TtBSO OSO,F TBSO 0-S-0 O-S—F

[0} O
0._0
H O/ %\ F
TBSO i OSO,F TBSO i OSO,F TBSO OSO,F TBSO i OSO,F
mon-H mon-OMe mon-MeEst mon-F

Figure 5.2. The initiation, propagation and self-polymerization reactions as
calculated with DFT in this paper, as well as the four investigated monomers.
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5.2.1 Initiation reaction

As the TBS protecting group on the phenol does not take part in the SuFEx
reaction,?® we calculated the initiation reaction between (4-nitrophenyl)-
sulfurimidoyl difluoride (initiator) and mon-H (Figure 5.3, in grey). The initiation
reaction followed the profile of a typical addition-elimination reaction, starting
with the addition of the phenolate onto the sulfur atom. This addition required
6.3 kcal/mol and led to a stable intermediate at 3.1 kcal/mol. The removal of F-
was rate-determining at 12.6 kcal/mol, and without a counterion to connect to,
the fluoride ion positioned itself near the aromatic ring. If the product is
calculated in absence of F-, and the energy of F~is calculated from the difference
of TBS-F and TBS* connected to mon-H (Supporting Information, section 5.5.1),
the product energy is found at —15.1 kcal/mol.
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Figure 5.3. Gibbs free energy profiles of the initiation reaction (Figure 5.2) of
mon-H, in presence (black lines) and absence (grey lines) of NH4*. All energy
profiles are produced using free software from Angnes.43
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However, in the experimental setting, DBU is present in a solvent that will likely
attract some water. We therefore expect that DBUH* can act as fluoride
abstractor. We thus recalculated the initiation reaction, taking NHs* as a mimic
for DBUH* for ease of calculation (Figure 5.3, in black). Remarkably, the
phenolate addition (TS-1) required 7.3 kcal/mol in presence of NH;* as opposed
to 6.3 kcal/mol without NH4*. One would expect a decrease of this barrier, as
coordination of NH,* to the sulfur could decrease electron density on sulfur and
thereby increase susceptibility to nucleophilic attack. However, as NH4* is not
located near the sulfur hub but instead is forming a hydrogen bond with the NO;
group of the initiator molecule (Figure 5.4a), its interaction with the sulfur hub
is simply too weak to be of any influence on bond lengths and electron densities.
Placement of the ammonia near the sulfur hub immediately resulted in the
product, without any transition states or intermediates: multiple scans from the
product to the start showed only uphill energy paths.

(b) q

(@)

oA . / J‘M 2.602 A
1.875 A . ) 9 L

) :‘

Y
2.005}1\/1[J 14
1.543 A

Figure 5.4. Geometry of (a) TS-1 and (b) TS-2 of the initiation reaction of mon-H
in presence of NHs*. The reaction coordinate in TS-1 is along the 2.287 A non-
covalent bond between sulfur and oxygen. The reaction coordinate in TS-2 is
elongation of the 2.005 A S—F bond and shortening of the 1.543 A F—H bond.

An intermediate was found at 3.9 kcal/mol with the NH4* near the sulfur hub. A
second transition state was found in a scan from intermediate to product (Figure
5.4b), yet at 1.5 kcal/mol it was lower than the intermediate. Indeed, IRC
calculations could not confirm its true transition state character. We can thus
conclude that barrierless elimination resulted in the product at —22.9 kcal/mol.
This demonstrates that the rate-determining elimination step as found
previously, in which 12.6 kcal/mol was required to remove F~ from the sulfur
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hub without any electrophile to go to, was the result of the absence of a fluoride-
abstractor. Incorporation of the fluoride abstractor removed this barrier, as the
F~ now transferred effortlessly to the NH;". The 7.8 kcal/mol lower Gibbs free
energy of the product was another result from this incorporation: the NH,—F
formed two extra hydrogen bonds with the solvent.

5.2.2 Propagation reaction

The propagation reaction between ((3-fluorosulfonyl)oxy)phenyl hydrogen
sulfate (pol-H) and ((3-fluorosulfonyl)oxy)phenolate (mon-H) was calculated in
the absence and presence of NH4* (Figure 5.5). In both cases, the polymer chain
was represented by a sulfate group. Calculation of the propagation with full
polymer chain showed that this simplification was justified — a difference in
Gibbs free energy of at most 2.2 kcal/mol was found for all reaction steps in the
presence of NH,* (Figure 5.5, full discussion in Supporting Information, section
5.5.2). In the absence of NH4*, no transition states or intermediates could be
obtained for the full polymer chain, as the energy profile of the reaction was
upwards only (Supporting Information, section 5.5.2).

Propagation in the absence of NH4* (Figure 5.5 in grey) was difficult to calculate.
Although the electronic energy of the first transition state was 0.07 kcal/mol
higher than the intermediate, causing the calculation to finish, an IRC of this
transition state only led back to the substrates and failed in the forward
direction. With both the Gibbs Free energy and the enthalpy lower than the
intermediate (Table 5.1), this transition state is not an actual transition state but
merely a shoulder on the energy profile. TS-2 was a proper transition state at
11.9 kcal/mol, however, it showed only movement of the fluoride away from
the sulfur, and no change in the phenolate — sulfur distance. It was therefore
clearly not the only transition state of this reaction. This is similar to the silicon-
free SuFEx reactions of sulfonimidoyl fluorides,** where the addition of
phenolate and the elimination of fluoride were also found to be separate, yet
one of the two processes was near spontaneous. These SUFEx reactions are thus
clearly not Sn2 reactions, yet not traditional addition-eliminations either, as they
have no stable intermediate with both bonds fully formed. The product was
found at —17.5 kcal/mol, with the F~ forming a hydrogen bond with one of the
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Figure 5.5. Gibbs free energy profiles of the propagation reaction of pol-H with
mon-H, in presence (black) and absence (grey) of NH;*, and the propagation
reaction with (4-nitrophenyl) sulfate and mon-H, in presence (dark red) and
absence (red) of NH4*.

Table 5.1. Electronic energy, and electronic energy with Gibbs corrections and
enthalpy corrections of the five steps in the propagation reaction of mon-H
without ammonia. A second decimal is added to ease discussion of the results.

AEE (kcal/mol) AG (kcal/mol) AH (kcal/mol)

Substrates 0.00 0.00 0.00
TS-1 5.53 7.16 4.99
Intermediate 5.47 7.22 5.70
TS-2 7.95 11.87 7.80
Products —6.19 -17.47 —-7.42
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protons from a phenyl ring. These difficulties further underlined the importance
of a proper electrophile for F~ capture, as without it the calculations could not
mimic experimental results. In the rest of this chapter, we therefore primarily
calculated the SuFEx reactions in the presence of NH,".

The propagation reaction of mon-H in presence of NH," displayed a typical
addition-elimination energy profile (Figure 5.5, in black). An initial activation
energy of 17.4 kcal/mol was needed for the addition of the phenolate to the
sulfur hub. In this addition, NH4* was not near the sulfur hub, but instead formed
a hydrogen bond with the sulfate group of the polymer representative above
the aromatic ring of pol-H (Figure 5.6a). Placement of NH4* near the sulfur hub
(Figure 5.6b) complicated the finding of a proper transition state, requiring a
change of basis set to 6-311G(d,p) and use of iop(1/8=2) to get the transition
state search to converge. Single point energy calculation with our regular basis
set located this transition state at 19.2 kcal/mol. It can thus be concluded that
NH." is not involved near the sulfur hub for the addition of the phenolate.

(a 2 9 q (b)
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Figure 5.6. Geometry of TS-1 of the propagation reaction of mon-H in presence of
NH.*, with (a) ammonia near the aromatic ring of pol-H, and (b) near the fluoride.

A stable intermediate was found at 10.5 kcal/mol. At this stage, NH4* formed a
hydrogen bond with the leaving fluoride, thereby easing elimination of F~. This
transition state was found at 11.5 kcal/mol and displayed the movement of F~
from the sulfur towards NH4*. The products were found at —19.4 kcal/mol.

5.2.3 Initiation with experimentally relevant substituents
To relate our findings to the experimental work from Sharpless and Wu,3¢ the
reaction was also calculated for mon-MeEst (Figure 5.7, in green), mon-OMe (in
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red), and mon-F (in blue) monomers. The experimental work indicated rapid
initiation and propagation for all these monomers. While these polymerization
reactions were experimentally performed with DBUH, in our calculations NH4*
was again included in all pathways.
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Figure 5.7. Gibbs free energy profiles of the initiation reaction in presence of
NH;* with mon-H (black), mon-MeEst (green), mon-OMe (red) and mon-F (blue)
as monomer.

Substitution of the meta-position led to only minor changes in the activation
energy for all three substituents. In the first transition state, which displayed a
clear addition of the phenolate to the sulfur, the NH;* formed hydrogen bonds
with the NO; group. Intermediates were found in which both phenolate and
fluoride were connected to the sulfur. With the NH;* now nearby, forming a
hydrogen bond with the oxygen on the sulfur, the second transition state did
not require any energy. The second transition state displayed movement of the
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ammonia to the fluoride, after which fluoride elimination from the sulfur was
instantaneous. For two monomers, this transition state could be located, but an
IRC could not confirm the validity. For the other two, a scan along the reaction
coordinate did not indicate any true transition state.

Manual placement of the NHs* near the sulfur hub in TS-1 led to immediate
product formation for mon-H, and we investigated whether this would be
similar for the other three monomers . For mon-F, immediate product formation
was indeed observed, yet for mon-MeEst and mon-OMe an increased activation
barrier in TS-1 was found (13.8 kcal/mol for mon-MeEst and 12.1 kcal/mol for
mon-OMe). As the NH4* was now in position to form a hydrogen bond with the
leaving fluoride, the position of TS-1 moved to much earlier in the reaction path
than when the NHs" was near the NO, (Figure 5.8). This is seen from a longer S—
O distance, smaller C-C—N-S dihedral and reduced charge on the imine of the
sulfur hub, together indicating that more charge delocalization took place
around the sulfur hub when the NH4* was near the sulfur hub. This promoted
fluoride abstraction, which next forced phenolate addition to take place at an
earlier stage where it needed to cover more distance, which required more
energy.
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Figure 5.8. Geometry of TS-1 of initiation reaction with mon-OMe, with (a) NH;*
near the NO; group, and (b) NH4* near the leaving fluoride.

An increase of 2.7 kcal/mol was observed for the intermediate of mon-F with
respect to mon-H, and also the TS-1 and the product were 2-3 kcal/mol higher
in energy. This increase is fully ascribed to the enthalpic component (Supporting
Information, section 5.5.3). We suspect that this energy difference is due to
repulsion between the electrophilic NO; group of the initiator and the
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electrophilic fluorine substituent of the mon-F monomer. Bringing the two
starting components together with these substituents resulted in a relative
increased energy of 2-3 kcal/mol that remained throughout the reaction. This
phenomenon was not observed in the propagation reaction (Section 5.2.4,
Figure 5.10), where no NO; group is present. However, as the NPA charges in
the intermediates of the initiation reaction with mon-H and mon-F showed no
differences, and the distance between the substituent and the NO, group was
more than 5 A, the repulsion and thus energy increase was minimal (Figure 5.9).

(b)

ﬁ) 5.24A- J\A’/JQ
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-0.92 Jl‘J\Z.49

Figure 5.9. Geometries of intermediates of initiation reactions with (a) mon-H,
and (b) mon-F, both with NH4* near the NO; group. NPA charges are indicated of
selected atoms and the distance from the substituent to the oxygen of the NO;
group is indicated.

5.2.4 Propagation with relevant substituents

Where the energies of the initiation reaction were already close together, the
propagation reaction had even less conformational differences between
substituents (Figure 5.10). The first transition states of mon-OMe and mon-F
required similar activation energy to that of mon-H. The intermediates of all
monomers were similar in conformation as well. The mon-H and mon-OMe
intermediates were 0.02 A further along the reaction coordinate (with S—O
distance at 1.78 A and S—F distance at 1.80 A) than mon-F and mon-MeEst. As a
result, the charge on the leaving F~ was 0.01 larger for mon-H and mon-OMe.
However, this did not influence the relative energies of the intermediates.
Where the second transition state for mon-H had an energy barrier of 1.0
kcal/mol, the energy of the second transition state was lower than the
intermediate for mon-OMe and mon-F, indicating that fluoride elimination was
barrierless. This was similar to the initiation reaction, where these two
substituents also had spontaneous fluoride elimination. For mon-MeEst, the
second transition state could not even be located.
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Figure 5.10. Gibbs free energy profiles of the propagation reaction of the SuFEx-
based chain-growth polymerization in presence of NH4*, with mon-H (black), mon-
MeEst (green), mon-OMe (red) and mon-F (blue) monomers. The polymer chain
is represented by ((3-fluorosulfonyl)oxy)-5-substituted phenyl hydrogen sulfate.

5.2.5 Self-polymerization

By experimentally demonstrating that no polymerization occurred in absence of
the initiator, Sharpless and Wu* excluded step-growth polymerization as
plausible alternative for their proposed chain-growth polymerizations. Most
monomers, among which were mon-MeEst and mon-F, did not undergo self-
polymerization under regular SUFEx conditions and in the presence of 20 mol%
DBU. However, mon-OMe was found to form considerable polymers under
these conditions. This was attributed to the electron-donating nature of the
methoxy group, as quantified through the Hammett parameter. Although our
mon-H was not investigated experimentally, based on the Hammett parameters
of the various meta-substituents (Table 5.2), self-polymerization is to be
expected.
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Table 5.2. Hammett parameters*® of various substituents on the meta-position as
investigated experimentally by Sharpless and Wu.3¢

Meta-substituent Hammett parameter Observed self-polymerization?

H 0.00 (defined) -
OMe 0.12 Yes
F 0.34 No
MeEst 0.37 No
Acetyl 0.38 No
Cyano 0.56 -

We calculated the self-polymerization of the four monomers in presence of
NHs*. In the SuFEx reaction between two mon-H monomers (Figure 5.11, in
black), the addition of the phenolate required 15.5 kcal/mol and lead to a stable
intermediate at 11.8 kcal/mol. In agreement with the initiation and propagation
reaction, NH," is already interacting with the leaving F~ in the intermediate. The
elimination of the fluorine atom required an additional 1.8 kcal/mol, which is
marginally higher than in the propagation reaction and in contrast to the
initiation reaction, where elimination occurred spontaneously for mon-H.
Similar to the initiation and propagation reaction, products were found
at -21.2 kcal/mol. With a total barrier of 15.5 kcal/mol, self-polymerization of
mon-H at room temperature is thus deemed feasible.

The other three monomers displayed very similar pathways, with the first and
second transition state and intermediate close in energy. The product of mon-F
is 4.3 kcal/mol higher, presumably the absence of one hydrogen bond with the
solvent. Similarly, with one hydrogen bond extra, the product of mon-MeEst is
4.8 kcal/mol lower.

In stark contrast to experimental findings, our results thus indicated no
significant difference in reactivity between the four monomers, allowing self-
polymerization in all cases. Although the paper®® suggests that differences
between monomers are due to their electron-withdrawing capability, our
results do not indicate this.
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Figure 5.11. Gibbs free energy profile of the self-polymerization of mon-H (black),

mon-MeEst (green), mon-OMe (red) and mon-F (blue) monomers, in presence of
NHa*.

5.3 Discussion

It appears we are missing an essential aspect in our simulation of the
experimental set-up. We should thus closer inspect our computational method.
Given the significant size of our basis set (6-311G(2d,2p)) that includes ample
polarization options, we highly doubt that the basis set is at fault. If the basis set
would be insufficient, the electron-withdrawal of the methyl ester would be
incorrectly accounted for, which would result in significantly different energy
values. Similarly, our functional wB97XD is expected for this type of interactions

to be close to the current benchmark*® and we would thus estimate that this
combination is more than sufficient for our system.
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However, we might have oversimplified our description in other directions.
Misrepresentation of the solvent interactions is the most likely cause of the
discrepancy between experiments and computations. In the initiation reaction,
we observed a 2 kcal/mol increase for all structures for mon-F as compared to
mon-H, which we ascribed both to the favorability of hydrogen bond formation
with the solvent in the substrates. Furthermore, in the self-polymerization
reaction, we observed a 4.3 kcal/mol increase for the product energy for mon-F
as compared to mon-H and a 4.8 kcal/mol decrease for mon-MeEst, which we
ascribed to hydrogen bond formation with the solvent as well. As we have
indicated that the interaction with the solvent is relevant, our calculations would
benefit from explicit solvent modelling. Such modelling should involve multiple
explicit solvent molecules near the sulfur hub and near the substituents, to
properly account for all solvent interactions that will likely change over the
course of the SuFEx reaction. While this was beyond the scope of this chapter,
it will need to be incorporated in future research.

Additionally, the experimental procedures could be repeated with alternative
solvents. Our calculations seem to exclude electronic effects as the primary
reason for the lack of self-polymerization for mon-F and mon-MeEst monomers.
If this were true, the absence of self-polymerization for those two monomers is
probably due to interactions with the solvent which stabilize the starting
materials, such as hydrogen bonding. This hydrogen bonding increases the
activation barriers and hinders self-polymerization. A less polar solvent, such as
toluene, would not be able to form hydrogen bonds with the starting materials
and could thus facilitate self-polymerization. Of course, the solvent must be
polar enough to allow solvation and TBS abstraction by the DBU, in order for any
SuFEx reaction to take place. Furthermore, as self-polymerization is undesired
for chain-growth polymerization, these non-polar solvents would not be suitable
for chain-growth polymerizations. They would help to clarify the mechanistic
details that are currently out of view.

5.4 Conclusions

According to high-level DFT calculations, all investigated SuFEx reactions with
the four chosen monomers are feasible in the presence of protonated ammonia.
Both the initiation and propagation reaction showed slight substituent effects
on the activation energies, which were attributed to conformational differences
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and hydrogen bond formation of the substrates with the solvent. The feasibility
of the initiation and propagation SuFEx reactions is in agreement with the
experimental findings of Sharpless and Wu,* who described rapid
polymerization for all substituents in the presence of initiator. In our
calculations, however, the self-polymerization reaction is likely as well for all
substituents and displayed less than 2 kcal/mol difference in activation energy
between the various substituents. These results are remarkable, as they
contradict experimental findings where no self-polymerization occurred for the
mon-MeEst and mon-F monomers, while the mon-OMe does self-polymerize.
More calculations are thus required, including explicit solvent interactions.

5.5 Supporting Information

5.5.1 Energy of the fluoride ion
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Figure 5.12. Reaction scheme of a TBS-group from mon-H to a fluoride anion.

In order to calculate the energy of an F~ in a similar environment as in our SUFEx
reactions (Figure 5.12), we calculated the Gibbs free energy values of TBS-
protected ((3-fluorosulfonyl)oxy)phenolate, non-protected ((3-fluorosulfo-
nyl)oxy)phenolate and TBS-fluoride. By subtracting the TBS-protected ((3-
fluorosulfonyl)oxy)phenolate from ((3-fluorosulfonyl)oxy)phenolate and TBS-
fluoride, we obtained the Gibbs free energy of a ‘naked’ F~ (Table 5.3). Hence
for F, G=-100.0054 Hartree.

Table 5.3. Gibbs free energy values for the calculation of a ‘naked’ F-.

Compound EE+Gcorr (in Hartree)
TBS-F —626.982777
(3-fluorosulfonyl)phenolate —1029.982763
TBS-(3-fluorosulfonyl)phenolate —1556.960182
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5.5.2 Propagation with full polymer chain and with —-SOsH

In presence of NH,4*, the substitution of hydrogen sulfate by (4-nitrobenzene)
sulfate slightly lowers the activation energy of the first transition state (Figure
5.5, in black and deep red respectively). However, the 2.2 kcal/mol difference is
small enough to justify simplification of the polymer representation by hydrogen
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Figure 5.13. Reaction scheme of the propagation reaction between ((3-
fluorosulfonyl)oxy)phenolate and ((3-fluorosulfonyl)oxy)phenyl (4-nitrophenyl)
sulfate, and the total energy (without Gibbs free energy corrections) as function
of the reaction coordinate (S—O distance) of this reaction.

In absence of NH,*, substitution of hydrogen sulfate by (4-nitrobenzene) sulfate
rendered the reaction impossible. A scan of the reaction coordinate decreasing
the S-0O distance (between the sulfur hub and the phenolate) showed a
continuous increasing energy, yielding no transition states or intermediate
(Figure 5.13). Only by calculating the separate components of the product, did
we obtain an energy value. This value was in agreement with the energy for the
hydrogen sulfate pathway, supporting our claim that the simplification was
justified. Furthermore, it indicates once more that the presence of an
electrophile for the capture of F~ is essential for proper representation of the
SuUFEx reaction.
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5.5.3 Gibbs Free energy and enthalpy values
Table 5.4: Gibbs free energy and enthalpy of the initiation reaction including NH,*
for (a) mon-H, (b) mon-MeEst, (c) mon-OMe, and (d) mon-F.

(a)
Reactants
TS-1
Intermediate
TS-2
Products

(b)
Reactants
TS-1
Intermediate
TS-2
Products

(c)

Reactants
TS-1
Intermediate
TS-2
Products

(d)
Reactants
TS-1
Intermediate
TS-2
Products

EE+Gcorr
0.00

7.30

3.88

1.54
-22.92

EE+Gcorr
0.00

6.62

3.85

2.53
-19.30

EE+Gcorr
0.00
10.35
141

0.02
-24.41

EE+Gcorr
0.00

9.12

6.57

3.23
—-20.16

EE+Hcorr
0.00
-13.47
-17.66
-21.39
-32.88

EE+Hcorr
0.00
-18.50
-19.89
-22.30
-32.36

EE+Hcorr
0.00
-15.90
-20.61
-22.67
-35.40

EE+Hcorr
0.00
-12.87
-14.93
-18.59
—-29.54
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Abstract

Over the past years, laccase/mediator systems (LMS) have received a lot of
attention as potential sustainable tools for biocatalytic lignin degradation.
Nevertheless, it has often been reported that C,-oxidation, rather than ether
bond cleavage, is the main result of LMS treatments, which limits the overall
efficiency and effectiveness. Remarkably few studies have attempted to
influence this product profile and thereby enhance the effectivity of LMS-
catalyzed lignin degradation. In the research described in this chapter, we
studied the influence of buffer properties on the product profile of a 6-0-4’
linked lignin model dimer upon conversion by a laccase/hydroxybenzotriazole
system. We show that the ratio between 8-0-4' ether cleavage and C,-oxidation
can be substantially increased by using unconventional buffer properties (i.e.,
highly concentrated buffers at near-neutral pH). Whereas <10% ether cleavage
was obtained in a conventional buffer (i.e., weak buffer at pH 4), as much as 80%
ether cleavage was obtained in highly concentrated buffers at pH 6. In addition,
this alteration of buffer properties was found to improve the stability of both
laccase and mediator. The underlying reactions were further studied by
experimental and computational (density functional theory, DFT) approaches.
Based on the outcomes, we propose detailed reaction mechanisms for the
reactions underlying ether cleavage and C,-oxidation. We propose that
increasing buffer pH or increasing buffer strength enhances hydrogen bonding
between the lignin model and buffer anions, which drives the overall reaction
outcome toward ether cleavage. These insights may pave the way for more
efficient and effective biocatalytic lignin degradation.
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6.1 Introduction

Lignin is a highly abundant aromatic polymer in plant cell walls, and its selective
degradation is a major challenge in biorefinery. Lignin mainly consists of syringy|
(S), guaiacyl (G), and p-hydroxyphenyl (H) units, coupled via a variety of interunit
linkages, of which the 8-0O-4’ linkage is most abundant (45-94% of the total
interunit linkages).! The polymer consists of phenolic subunits (10-30%), mainly
being the end-caps of the polymer, and nonphenolic subunits (70-90%), forming
the backbone.? Although lignin can be degraded by using thermochemical
treatments, green alternatives are preferred and are receiving increasing
attention.

A potential green approach for selective lignin degradation is the use of
laccase/mediator systems (LMS). Laccases (EC 1.10.3.2) are oxidases with redox
potentials of <800 mV! that use molecular oxygen to perform one-electron
oxidations of aromatic substrates. Laccases can oxidize the phenolic lignin
subunits, which have sufficiently low redox potentials, but oxidation of the
nonphenolic subunits, having redox potentials up to 1500 Mv, is hampered.? To
overcome the inertness of nonphenolic subunits, a mediator can be added to
form a LMS. In such a system, laccase oxidizes the mediator, which subsequently
oxidizes the nonphenolic lignin structure. The most widely used mediator is 1-
hydroxybenzotriazole (HBT). Other commonly used mediators are TEMPO
((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) and ABTS (2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid)).

These mediators oxidize lignin substructures via different mechanisms. For
TEMPO, an ionic mechanism has been proposed.* ABTS has been suggested to
operate via electron transfer (ET), although this has not been unambiguously
demonstrated.> HBT is generally assumed to oxidize nonphenolic lignin
structures via hydrogen atom transfer (HAT),>® although it has been suggested
that electron transfer (ET) may also occur in the case of relatively electron-rich
lignin substructures.” Oxidation of lignin substructures via HAT and ET results in
the formation of benzylic radicals and radical cations, respectively. These
radicals react further (nonenzymatically) via several routes, depending on the
structure of the substrate.®*2 Studies on LMS treatments of nonphenolic 8-0-4'
linked lignin model compounds mainly report C,-oxidation'® and bond cleavage
811121415 and it has been suggested that their formation occurs via
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competing routes.>® Typically, C,-oxidation is the major reaction outcome,
whereas cleavage products are only formed in minor amounts.>%% Qbviously,
when LMS treatments are performed with the aim to degrade lignin, this
product distribution is undesirable and should be shifted in favor of bond
cleavage.

In principle, to increase the efficiency of LMS-catalyzed lignin degradation, two
strategies could be followed: (i) maximizing the total extent of oxidation by
increasing the catalytic performance of the LMS or (ii) steering the
nonenzymatic follow-up reactions toward bond cleavage (at the cost of Cu-
oxidation). Whereas multiple studies have been published related to the
catalytic performance of different laccases and mediators (in line with the first
approach),’®?° to the best of our knowledge, no studies have been published
that follow the second approach. In addition, as LMS treatments are often
performed at those conditions under which the laccase is optimally active, it is
largely unknown whether and how reaction conditions can affect the reaction
product profile. In this chapter, we show that altering buffer pH and buffer
strength can dramatically enhance degradation of a nonphenolic lignin model,
veratrylglycerol-8-guaiacyl ether (VBG), by a laccase/HBT system (Figure 6.1).
Furthermore, based on additional experiments and a computational (DFT)
study, we provide new insights into the competition between Cy-oxidation and
ether bond cleavage and the underlying mechanisms.

HO y HO.
B
HO ; 0,
a O OH

OCHj Laccase OCH;
HBT
OCHjy OCHjy OCHj3 ‘OCHj3
OCH, OCH, OCH; OCH;
VBG VBG,, cLp CLP 1l

Figure 6.1. Reaction products of VBG formed upon incubation with the
laccase/HBT system, as described in section 6.2.1.
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6.2 Results and discussion

6.2.1 Conversion of VBG by the Laccase/HBT System
Incubations of VBG with laccase/HBT were performed in citrate/phosphate
buffers at pH 3-7. In all cases, three reaction products were detected: The Cu-
ketone analogue of VBG (VBG.y) and two ether cleavage products (CLP and CLP
II; Figures 6.1 and 6.2; see Table S6.1 and Figure S6.1-6.3 of the online
Supporting Information for UHPLCMS and NMR based identification). VBG.x was
found to be the major product, which is in line with previous findings in the
literature. !>2415

During the incubation, HBT was partly converted to benzotriazole (BT) (23-86%
based on UV peak ratio, Table S6.2). It should be noted that, upon formation of
CLP and CLP I, other cleavage products should have been formed as well (i.e.,
products containing the other aromatic ring of VBG). These products were not
detected, most likely because they reacted further to other products.

4E4 a
VBG

0
4E*|  |HBT b
BT cten o

o K/ A A

2 4 6 8 10 12 14 16 18 20 22 24 26
Time (min)

A280 (')

VBG

ox

Figure 6.2. RP-UHPLC-UV;,g0 chromatograms of VBG (a) and VBG incubated for 48
h with laccase/HBT in a 20/40 mM citrate/phosphate buffer at pH 6 (b). BT =
benzotriazole. Other chromatograms and data used for product identification can
be found in the online Supporting Information.

6.2.2 Effect of pH and Buffer Strength on Product
Distribution

Laccase/HBT incubations performed at pH 3-7 in 20/40 mM citrate/phosphate
buffers were followed over time (Figure S6.4). Regarding the extent of VBG
conversion, pH 4 and 5 were found to be the optimum pH values, showing 45
and 54% conversion, respectively, after 48 h (Figure 6.3).
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S1e] 32% 45% 54% 27% 6%
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Figure 6.3. Concentration of the reaction products VBGyy (blue), CLP (green), and
CLP 1l (dark green) after incubation with laccase/HBT for 48 h in 20/40 mM
citrate/phosphate buffers. Percentages refer to the conversion of VBG. The error

bars represent the standard deviation of two independent incubations.

The relatively high conversion may justify why most lignin and lignin model
compound incubations in literature are performed at these, for the laccase more
optimal, pH values.!1221-2> Nevertheless, the pH was shown to strongly affect
the product distribution. At pH 3 and 4, mainly VBGox was formed and the
cleavage products were only formed to a minor extent (i.e., both <6% of the
reaction products). At higher pH values, the product distribution shifted in favor
of the cleavage products, mainly due to an increased formation of CLP (Figure
6.3). At pH 6 and 7, the cleavage products together accounted for 38% of the
reaction products. The product ratios did not show a strong dependence on
incubation time (data not shown). Regarding absolute amounts, the optimal pH
for cleavage of VBG was pH 6, due to a higher laccase activity at pH 6 than at pH
7. The formation of CLP Il was highest at low pH values, but rather low yields
(£1%) were found in all incubations, indicating that cleavage of the O-4' bond
occurs only to a very limited extent. Therefore, in further investigations, we
focused on the formation of VBGox and CLP.

Although it seemed that the pH influenced the reaction product profile, it is
important to note that by increasing the buffer pH, also the phosphate/citrate
ratio and the dissociation of citrate and phosphate increased. Therefore, we
investigated whether the observed differences in product ratios (see Figure 6.3)
were effects of pH or (also) of the concentration of specific ions. To this end, the
incubations of VBG were repeated in 5/10 mM, 40/80 mM and 80/160 mM

citrate/phosphate buffers. Interestingly, the molar ratio CLP/VBG.x was found
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to increase not only with increasing pH but also with increasing buffer strength
(Figure 6.4). In absence of a buffer, a pH effect was still observed, although the
ratio CLP/VBG.x was significantly lower than in buffered incubations. These
results indicate that the product ratio is not determined by a “simple” pH
dependence but that the ratio CLP/VBG is considerably affected by the
presence of buffer ions.

1 7 so/160 mm
2 08 {5040 mm
S o6 |5/10mm
,_':' % No buffer
5 0.4

0.2
0 T
3 4 5 6 7
pH

Figure 6.4. Molar ratios between CLP and VBGox after incubation of VBG for 48 h
with laccase/HBT in buffers prepared from 5/10 mM (red), 20/40 mM (purple),
40/80 mM (blue), and 80/160 mM citrate/phosphate (black) or nonbuffered
solutions of which the pH was adjusted using NaOH and HCI (yellow). The error
bars represent the standard deviation of two independent incubations.

W1 41% 26% 34% 40%
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Figure 6.5. Concentrations of the reactions products VBGox (blue) and CLP (green)
after incubation of VBG with laccase/HBT in 20/40 mM citrate/phosphate or 2 M
citrate buffers for 48 h. Percentages refer to the conversion of VBG. The error
bars represent the standard deviation of two independent incubations.
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Based on the insights described above, we attempted to further enhance ether
cleavage of VBG by performing incubations in highly concentrated (2 M) citrate
buffers at pH 4 and 6. After 48 h, 34-40% of the VBG was converted, and
CLP/VBGox ratios as high as 0.9 and 3.9 were obtained at pH 4 and 6,
respectively (Figure 6.5).

The latter ratio is 138 times higher than that obtained in the control experiment
(20/40 mM citrate/phosphate buffer at pH 4), and demonstrates the enormous
impact of the buffer properties on the reaction outcome. Interestingly, after 48
h of incubation, the residual laccase activity was larger in the concentrated
citrate buffers than in the weak citrate/phosphate buffers, and substantially less
HBT was degraded to BT (Table S6.2). Hence, the increased extent of ether bond
cleavage does not occur at the cost of enzyme stability.

6.2.3 Experimental Insights into the Effect of Reaction
Conditions on Product Distribution

Competing or Sequential Formation of VBG,x and CLP?

Our next step was to understand in more detail how the buffer properties affect
the product distribution in laccase/HBT incubations. First, we verified that the
two dominant reaction products (i.e., VBGox and CLP) are true end products of
the incubation, and that they are formed through competing, rather than
sequential reactions. To this aim, purified VBGox and CLP were incubated with
laccase/HBT at pH 4 and 6. After 24 h, no conversion was found for both
products, confirming that both VBGox and CLP are end products of the
laccase/HBT treatment, formed via competing reaction pathways (Figure S6.5).

Role of Laccase Activity
As the results shown in Figure 6.3 were obtained from incubations with the
same amount (and not activity) of laccase at all pH values, we checked whether

the observed pH effects were caused indirectly by the effect of pH on laccase
activity toward HBT. Although laccase loading slightly affected the ratio
CLP/VBGox (Figure S6.6), the differences were too small to explain the results
shown in Figure 6.3. Based on these verifications, it was concluded that CLP and
VBG.x should be formed from laccase-independent, competing reactions.
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Buffer or Salt Effects in the Competing Reactions?

The ratio CLP/VBG.x was found to increase with increasing pH and buffer
strength. As both buffer strength and pH are positively correlated with ionic
strength, due to increased concentration and dissociation of ions, respectively,
we investigated whether the ratio CLP/VBG. could also be enhanced by
increasing the ionic strength with a non-buffer salt (i.e., KNOs). As can be
observed from Figure 6.6, the addition of 0.5 M KNOs did not significantly affect
the product ratio. From this, it can be inferred that the product ratio is not
affected by the ionic strength of the reaction medium but rather by the
concentration of specific buffer ions.

0.8 -
52% 32% 29% 22%

pH4 pH 6

e
[<)]
1

[CLP]/ [VBG,,]
[=]
L]

0.2 4
0 4
pH4 pH6
+0.5M +05M
KNO;3 KNO;

Figure 6.6. Molar product ratios (CLP/VBG,y) after incubation of VBG for 48 h with
laccase/HBT in buffers at pH 4 and 6 prepared from 20/40 mM citrate/phosphate,
and in the same buffers supplemented with 0.5 M KNOs. The error bars represent
the standard deviation of two independent incubations. The percentages refer to
the conversion of VBG.

Do Buffer pH and Strength Affect the Oxidation Mechanism?
To define the exact starting point of the observed competition reactions, we

investigated whether oxidation of VBG by the HBT radical would result in the
formation of benzylic radicals (via HAT) and/or radical cations (via ET). Although
it is generally assumed that the laccase/HBT system operates via a HAT
mechanism, evidence for this has only been obtained by using monomeric lignin
model substrates and only at pH 5.%2° In another study, in which a dimeric lignin
model was used, it has been suggested that laccase/HBT can operate via both
HAT and ET.” We, therefore, investigated whether a HAT or an ET mechanism
would be more plausible in the case of VBG oxidation and whether a shift in
oxidation mechanism could occur when changing the buffer pH. To this end, we
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determined the kinetic isotope effect (KIE) of VBG and its C,-deuterated
analogue (VBGce-p) in intermolecular competition experiments in 20/40 mM
citrate/phosphate buffers at pH 3, 4, 5, and 6 (see Figure 6.7).

OCH3 * _laccase/HBT High resolution
2333}5’,2'.24";&“2*2 RP-UHPLC-MS
OCH30CH3 equimolar ocn; 24h o In(1-Fyg6)
VBG.p In(2-Fyacean)

Figure 6.7. Schematic overview of the kinetic isotope effect (KIE) determination.
The KIE was determined by comparing conversion rates of VBG and its Cq-
deuterated analogue VBGcq-p in an intermolecular competition experiment. The
KIE was then determined by using the formula shown in the figure, wherein F =
fraction of substrate converted.??

In case of a HAT mechanism, a substantial primary KIE can be expected, as
cleavage of the Co-H/D bond occurs at the rate-limiting step. In contrast, no
substantial KIE is expected in the case of ET, as the C,-H/D bond is not involved
in the rate limiting step.> Relatively large KIEs (4.1-6.3) were found for all pH
values (Table 6.1).

As these KIE values clearly point into the direction of a HAT mechanism, and as
no clear increasing or decreasing trend in KIE was observed with increasing pH,
a shift in oxidation mechanism seems implausible. Thus, we concluded that the
competition between CLP and VBG,x formation starts after formation of a VBG
benzylic radical.

Table 6.1. Kinetic Isotope Effects Obtained from an Intermolecular Competition
between Oxidation of VBG and C,-Deuterated VBG (VBGcq-p) upon Incubation with
Laccase/HBT for 48 h.?

pH  KIE (H/D)
3  51+07
4 51+03
5 63

6 41+05

aAverages and standard deviations of two independent incubations are shown.
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6.2.4 Computational Insights

To gain further insights into the competing reactions of the VBG benzylic radical,
we zoomed in on the reaction mechanisms underlying C,-oxidation and Cs-O’
ether cleavage. Mechanisms have been suggested for both reactions, although
few efforts have been made to provide evidence for these mechanisms.”?® To
check the plausibility of the suggested mechanisms and to obtain more insights
into the structures of the transition states (TS) and intermediates, we performed
a Density Functional Theory (DFT) study to determine the relative enthalpies of
all structures involved.

Cq-Oxidation

For Co-oxidation, a mechanism has been suggested in literature that involves
addition of O, to the benzylic radical, after which the Cy,-ketone is formed by
splitting off a hydroperoxyl radical (Figure 6.8, pathway A).”?® As the energy-
minimized starting point of this step (i.e., structure 1 + O,) has quartet spin,
while the resulting peroxyl radical intermediate (structure 3) has doublet spin,
TS 2 is likely to have a blended spin state. Therefore, we started out by potential
energy scans assuming either quartet spin (coming from structure 1 and O,) or
doublet spin (coming from structure 3). The quartet-state trajectory yielded a
clear TS upon specific geometric restrictions (Figure 6.9), while the doublet
trajectory did not yield a TS. Since the quartet trajectory was higher in energy
than the doublet one, this was analyzed in detail, so as to obtain an upper limit
to the TS energy. The resulting (quartet) TS structure (Figure 6.9) has a relative
energy of 29.7 kcal/mol compared to the starting materials. As O»-addition is
overall exothermic by 52.6 kcal/mol, it was concluded that O,-addition is
irreversible.

The second step of pathway A involves splitting off a hydroperoxyl radical. For
this step, a clear transition state (structure 4) containing a five-membered ring
was found, indicating that the hydroperoxyl radical leaving group is formed
through intramolecular hydrogen transfer. The activation energy of this second
step equals 17.5 kcal/mol. Thus, depending on how much doublet spin character
is involved in TS 2, the activation energy of pathway A is predicted to be in the
range of 17.5-29.7 kcal/mol. Although the calculated enthalpy gain of splitting
of a hydroperoxyl radical is essentially zero, the reaction is probably driven
forward by entropy gain and/or further reactions of the hydroperoxyl radical.
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Figure 6.8. Reaction mechanisms (top) for Cs-oxidation (pathway A) and Cg-O’

cleavage (pathways B and C) of the VBG benzylic radical, with calculated relative
enthalpies of intermediates, transition states, and products (bottom). As
structure 6b and 6c rapidly react further, the final relative enthalpies of the
cleavage pathways (B and C) are expected to be significantly lower than the

presented values. *This enthalpy should be interpreted as an upper limit.
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Figure 6.9. Optimized geometry of the transition state (TS) of O2 addition to the
VBG benzylic radical, assuming quartet spin (TS 2 in Figure 6.8). The quartet spin
trajectory yielded a clear TS only if the O-O bond length in the incoming 02
molecule was restricted at 1.57 A and the H-O bond of the secondary hydroxyl
group was restricted at 0.97 A. Without doing so, TS 4 instead of TS 2 was found
(Figure 6.8).

Cs-O’ Ether Cleavage
For Cs-O' ether cleavage, two different mechanisms have been reported in

literature. The first mechanism involves a homolytic cleavage of the Cs-O' bond
directly from the benzylic radical (Figure 6.8, pathway B), whereas the second
mechanism involves O, addition followed by heterolytic cleavage of the Cs-O’
bond (Figure 6.8, pathway C).”%®

In pathway B, the relative enthalpy of the TS for the Cs-O’ bond cleavage was
calculated to be 25.5 kcal/mol (structure 5). As the subsequent keto-enol
tautomerization is expected to be very fast, and thus not rate-limiting,”® no
further TS was calculated. The overall activation energy of pathway B, thus,
equals 25.5 kcal/mol. Although the calculated enthalpy gain of pathway B only
equals 14.0 kcal/mol, it should be noted that the formed guaiacol radical
(structure 6b) rapidly reacts further, which is expected to further decrease the
relative enthalpy of its products. Based on the overall energy gain, and a
surmountable activation energy, pathway B seems to be a plausible route.

Pathway C has a slightly higher overall energy gain than pathway B. However,
the intermediate after splitting off the superoxide (structure 6c) lies 51.5
kcal/mol higher than its precursor (structure 3), making this pathway unlikely to
occur.
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Toward an Explanation for the Buffer-Dependent Competition

Based on the DFT study, a competition between pathway A and pathway B
seems possible. However, based on the reactions shown in Figure 6.8, it is not
directly clear how this competition would be influenced by the buffer pH and/or
strength. Theoretically, as O, solubility decreases at high salt levels,*® pathway
A could be slowed down at increased buffer strength and pH. Nevertheless, no
significant effects of buffer salts on O, solubility are expected in weak buffers,
nor did we find any significant differences in O, concentrations between buffers
at pH 3 and 7 using Oxygraph measurements (data not shown). In addition, if
the O3 solubility would have been the main reason underlying the observed
buffer effects, it would be expected that also high concentrations of other salts
would affect the product profile. As can be clearly observed from Figure 6.6, this
was not the case.

Since it was found that only buffer ions, and not KNOs, affected the product
ratio, a more plausible scenario is that specific buffer ions interact with the lignin
model during the course of the reaction, and thereby influence the competition
between ether cleavage and C,-oxidation. The pKa equalization principle 3! states
that hydrogen bond donors and acceptors of similar pK, form stronger bonds
than donors and acceptors with a large difference in pK,. Based on this principle,
strong hydrogen bonding can be expected between the secondary alcohol
proton in structure 1 and 3 (Figure 6.8) and the citrate trianion or phosphate
dianion. As the concentrations of these anions increase with increasing pH (in
the used pH range) and buffer strength, it is plausible that these anions are
indeed involved in the observed buffer effect.

Furthermore, we investigated whether hydrogen bonding between the VBG
benzylic radical (structure 1) and citrate would be more favorable for the citrate
trianion than for the dianion. Although in both cases such intermolecular
hydrogen bonding would require disruption of the intramolecular hydrogen
bond between the C,-OH and C,-OH groups of structure 1, we found that
hydrogen bonding between structure 1 and the citrate trianion is favorable by
3.9 kcal/mol (Figure 6.10, left). In contrast, bonding to the citrate dianion would
require an additional 1.9 kcal/mol as compared to intramolecular hydrogen
bonding (Figure 6.10, right). This finding strengthens our suggestion that only
specific anions are involved in hydrogen bonding to the lignin model. Two
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scenarios can be described via which such hydrogen bonding between anions
and lignin could affect the observed competition (Figure 6.11).

o,

1.819A .
\/ b_1678A
9

9

Figure 6.10. (left) Optimized geometry of the VBG benzylic radical (structure 1)
and the citrate3-. The molecules are linked via two H-bonds: one between the Cq-
OH proton of the VBG radical and a citrate carboxylate group (bond length =1.678
A), and one between the C,~OH oxygen and the tertiary alcohol proton of citrate
(bond length = 1.819 A). It should be noted that the O atom of the aryl-ether is
present but largely hidden behind the C,-atom. (right) Optimized geometry of the
VBG benzylic radical (structure 1) and the citrate?-.

First, it has been shown that the rate of O,-addition to (benzylic) radicals can be
substantially diminished by, e.g., steric or electronic stabilization of the
radical.3*3 As hydrogen bonding of buffer anions to the secondary alcohol
proton brings the anions in close proximity of the radical-bearing carbon atom
(Figure 6.9), and this it is not inconceivable that such hydrogen bonding
somehow increases the stability of the radical and thereby decreases the rate of
O,-addition. A lower O;-addition rate would slow down pathway A but not
pathway B, resulting in relatively more ether cleavage (Figure 6.11, top). As
there is currently no good model to predict O;-addition rates to radicals, it
remains to be investigated whether hydrogen bonding between buffer anions
and lignin radicals indeed slows down O,-addition. afy
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Figure 6.11. Two possible scenarios for the effect of hydrogen bonding on the

competition between Cg-O' ether cleavage and C,-oxidation.

The second possibility is that the competition between Cs-O’ ether cleavage and

C,-oxidation

takes place after the addition of O,. Although our chosen pathway

Cwas shown to be implausible, it could be speculated that there is an alternative

and more favorable ether cleavage pathway, starting from the peroxyl

intermediate (structure 3 in Figure 6.8). If that is the case, it is highly conceivable
that hydrogen bonding between buffer anions and structure 3 would affect the

competition,

involves an
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hydrogen bonding of the secondary alcohol proton to buffer anions would slow
down this reaction step by impairing the formation of TS 4 (Figure 6.11, bottom).
Valgimigli et al. reported previously that the rate of a comparable reaction is
indeed decreased by hydrogen bond formation between substrate and
solvent.3* Whether an alternative and favorable ether cleavage pathway exists
after O, addition remains to be investigated.

6.3 Conclusions

In conclusion, we have shown that the competition between ether cleavage and
Cq-oxidation of a nonphenolic 8-0-4' linked lignin model in LMS incubations is
highly dependent on the reaction conditions. Both the relative and absolute
extent of ether cleavage can be dramatically enhanced by increasing buffer pH
and buffer strength. Furthermore, based on both experimental and
computational efforts, we have provided new insights into the reaction
mechanisms underlying C,-oxidation and ether cleavage, and proposed that
increased hydrogen bonding between buffer anions and the C,-OH group of the
lignin model structure drives the outcome of LMS treatment toward ether bond
cleavage. We expect that these insights will be useful in further studies and
optimizations of oxidative lignin degradation in industrial settings. Our results
showed that laccase-induced degradation of HBT was substantially lower at
increased buffer strength and pH. Nonetheless, as still a significant portion of
HBT was degraded, future research should focus on finding more stable
mediating compounds that can be used at lower concentrations.

6.4 Supporting Information
Further supporting information, materials and methods are available online at:
https://doi.org/10.1021/acscatal.0c02154.

Computational Analysis

All quantum chemical calculations were performed with the B97D functional
and 6-311+G(d,p) basis set, as implemented in Gaussian 16 (version B1).%®
(natural population) charges and Wiberg bond orders were calculated using the
NBO 3.1 program as implemented in Gaussian 16. Generic solvent effects were
incorporated by using the universal solvation model based on density (SMD),
with water as the model solvent.3® Enthalpic energies are reported in a standard
state: at 298 K and 1 bar pressure.

167



Chapter 6

References

(1)
()
(3)
(4)

(5)

(14)
(15)
(16)
(17)
(18)
(19)

(20)
(21)

(22)
(23)
(24)
(25)
(26)
(27)

(28)
(29)

(30)
168

Munk, L.; Sitarz, A. K.; Kalyani, D. C.; Mikkelsen, J. D.; Meyer, A. S. Biotechnol. Adv. 2015,
33(1), 13-24.

Lundquist, K.; Parkas, J. Bioresources 2011, 6 (2), 920-926.

Rodriguez Couto, S.; Toca Herrera, J. L. Biotechnol. Adv. 2006, 24 (5), 500-513.
D’Acunzo, F.; Baiocco, P.; Fabbrini, M.; Galli, C.; Gentili, P. European J. Org. Chem. 2002,
24, 4195-4201.

Baiocco, P.; Barreca, A. M.; Fabbrini, M.; Galli, C.; Gentili, P. Org. Biomol. Chem. 2003, 1
(1), 191-197.

D’Acunzo, F.; Baiocco, P.; Galli, C. New Journal of Chemistry 2003, 27 (2), 329-332.
Kawai, S.; Nakagawa, M.; Ohashi, H. Enzyme Microb. Technol. 2002, 30, 482—-489.
Kawai, S.; Umezawa, T.; Higuchi, T. Arch. Biochem. Biophys. 1988, 262 (1), 99-110.
Kawai, S.; Nakagawa, M.; Ohashi, H. FEBS Letters 1999, 446 (2-3), 355-358.

Kawai, S.; Umezawa, T.; Shimada, M.; Higuchi, T. FEBS Letters 1988, 236 (2), 309-311.
Kawai, S.; Asukai, M.; Ohya, N.; Okita, K.; Ito, T.; Ohashi, H. FEMS Microbiology Letters
1999, 170 (1), 51-57.

Srebotnik, E.; Hammel, K. E. J. Biotechnol. 2000, 81 (2-3), 179-188.

Although ether cleavage may eventually also result in the formation of ketone groups
at the C4-position, in this paper the term Cy-oxidation is used to describe the conversion
of Co-OH to a Co=0 without concomitant ether cleavage.

Heap, L.; Green, A.; Brown, D.; Van Dongen, B.; Turner, N. Catal. Sci. Technol. 2014, 4
(8), 2251-2259.

Hilgers, R.; Twentyman-Jones, M.; van Dam, A.; Gruppen, H.; Zuilhof, H.; Kabel, M. A,;
Vincken, J.-P. Catal. Sci. Technol. 2019, 9 (6), 1535-1542.

Fabbrini, M.; Galli, C.; Gentili, P. J. Mol. Catal. B. Enzym. 2002, 16 (5-6), 231-240.
Moldes, D.; Diaz, M.; Tzanov, T.; Vidal, T. Bioresour. Technol. 2008, 99 (17), 7959-7965.
Ibarra, D.; Romero, J.; Martinez, M. J.; Martinez, A. T.; Camarero, S. Enzyme Microb.
Technol. 2006, 39 (6), 1319-1327.

Barreca, A. M.; Fabbrini, M.; Galli, C.; Gentili, P.; Ljunggren, S. J. Mol. Catal. B. Enzym.
2003, 26 (1-2), 105-110.

Li, K.; Xu, F.; Eriksson, K.-E. L. Appl. Environ. Microb. 1999; 65 (6), 2654—2660.

Shleev, S.; Persson, P.; Shumakovich, G.; Mazhugo, Y.; Yaropolov, A.; Ruzgas, T.; Gorton,
L. Enzyme Microb. Technol. 2006, 39 (4), 841-847.

Camarero, S.; Ibarra, D.; Martinez, A. T.; Romero, J.; Gutiérrez, A.; del Rio, J. C. Enzyme
Microb. Technol. 2007, 40 (5), 1264-1271.

Gutiérrez, A.; Rencoret, J.; Cadena, E. M.; Rico, A.; Barth, D.; del Rio, J. C.; Martinez, A.
T. Bioresour. Technol. 2012, 119, 114-122.

Rencoret, J.; Pereira, A.; del Rio, J. C.; Martinez, A. T.; Gutiérrez, A. Bioenergy Res. 2016,
9(3), 917-930.

Kawai, S.; Iwatsuki, M.; Nakagawa, M.; Inagaki, M.; Hamabe, A.; Ohashi, H. Enzyme
Microb. Technol. 2004, 35 (2-3), 154-160.

D’Acunzo, F.; Baiocco, P.; Fabbrini, M.; Galli, C.; Gentili, P. New Journal of Chemistry
2002, 26 (12), 1791-1794.

Mel; er, L. C. S.; Saunders, W. H. Reaction Rates of Isotopic Molecules R.E. Krieger Pub.
Co., 1987.

Ten Have, R.; Teunissen, P. J. M. Chem. Rev.2001,101,3397-3413.

Clayden, J.; Greeves, N.; Warren, S.; Wothers, P. Organic Chemistry, 2nd ed. Oxford
University Press, 2012.

Geng, M.; Duan, Z. Geochim. Cosmochim. Acta 2010, 74 (19), 5631-5640.



Controlling the Competition: Boosting Laccase/HBT-Catalyzed Cleavage of a
B 0-4’ Linked Lignin Model

(31) Gilli, P.; Pretto, L.; Bertolasi, V.; Gilli, G. Acc. Chem. Res. 2009, 42 (1), 33-44.

(32) Bejan, E. V.; Font-Sanchis, E.; Scaiano, J. C. Org. Lett. 2001, 3 (25), 4059-4062.

(33) Wright, J. S.; Shadnia, H.; Chepeley, L. L. J. Comput. Chem. 2009, 30 (7), 1016-1026

(34) Valgimigli, L.; Amorati, R.; Fumo, M. G.; DiLabio, G. A.; Pedulli, G. F.; Ingold, K. U.; Pratt,
D. A. J. Org. Chem. 2008, 73 (5), 1830-1841.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E. ; Robb, M. A.; Cheeseman, J.
R.; Scalmani, G.; Barone, V. ; P.; G. A.; Nakatsuiji, H.; Li, X.; Caricato, M.; Marenich, A. V.;
Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.; V.;
Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, F.;
Goings, J.; Peng, B.; Petrone, A. ; H.; T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega,
N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J. ;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.;
Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F. ; Bearpark, M. J.; Heyd, J. J.; Brothers, E.
N.; Kudin, K. N.; S.; V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K. ;
Rendell, A. P.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M. ; Millam, J. M.; Klene, M.;
Adamo, C.; Cammi, R.; Ochterski, J. W.;; Martin, R. L.; Morokuma, K.; Farkas, O.;
Foresman, J. B.; Fox, D. J. Gaussian 16, Revision B.01: Gaussian, Inc.: Wallingford CT,
2016.

(36) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Journal of Physical Chemistry B 2009, 113
(18), 6378-6396.

169



Chapter 6

170



Chapter 7
General Discussion



Chapter 7

7.1 A general discussion...

The coatings industry and bulk polymer industry rely heavily on polluting
methods and toxic chemicals. The main motivation to perform the research
described in this thesis, is to deepen molecular insights in these current
practices in an effort to help reduce the environmental impact® of these
industries. The research described in chapters 2 and 3 on self-healing antifouling
polymer brushes was performed to find alternatives for heavily fluorinated
antifouling coatings, as they are toxic and persistent chemicals.? Dynamic
covalent networks, for example those hinging on the versatile reactivity of the
imine bond described in chapter 4, form potential recyclable alternatives® to
thermoset polymers that currently have no sustainable end-of-life-plan. Novel
chemical reactions, such as the SuFEx reaction modelled in chapter 5, can
potentially replace* industrially complicated processes. Polymers coming from a
natural source, like lignin, have limited environmental impact upon production.
They are thus perfect candidate resources for basic chemicals, if their
depolymerization can be controlled and optimized, as has been reported in
chapter 6. The chapters describe in detail the content of the research and its
contribution to the reduction of environmental impact. Nonetheless, a few
principal remarks can be made and suggestions for future research can be given.

7.2 ... on the applicability of polymer brushes,

In chapters 2 and 3 of this thesis, polymer brushes were reported that could be
grafted from a surface using Surface Initiated Atom Transfer Radical
Polymerization (SI-ATRP). In this polymerization technique (Figure 7.1), typically
a copper(l) catalyst abstracts a halogen from the end of a polymer chain or
initiator group, generating a radical on the polymer chain end and thereby
activating it. A monomer with a suitable double bond will react with that radical,
opening its double bond to propagate the polymer chain. Return of the halogen
from the catalyst caps the polymer and temporarily deactivates it, until the next
time a copper catalyst abstracts the halogen and polymerization (with the same
or another type of monomer) can continue. As this polymerization technique
gives precise control over the grow speed and composition of the polymer, it is
one of the more popular techniques in academic research.””’
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Activation R-Br + Cu(lBr — R * Cu(I)Br,
Propagation R + M — R-M

Deactivation R-M  + Cu(I)Br, —> R-M-Br + Cu(l)Br

Termination Cu(ll)Bry+ O, — Cu(h)Br *+ O,
. +
R-M + 02 - R—-M + 02

Figure 7.1: Activation, polymerization, deactivation and termination mechanism
of Atom Transfer Radical Polymerization (ATRP) in which R is the polymer chain
and M a monomer.

However, standard ATRP requires an oxygen-free environment.® Oxygen could
oxidize the catalyst, rendering it inactive. Less frequently, oxygen can take up a
radical from a growing polymer chain, thereby ending the polymerization and
poisoning the catalyst, which cannot return the halogen and thus cannot
activate another polymer chain (Figure 7.1). Either way, the oxygen halts
polymerization. Absence of oxygen is thus essential, hence most ATRP are
performed in Schlenk glassware or in glovebox. While this is acceptable in
research, scalability and thereby industrial applicability is limited.

Various approaches have been taken by the group of Matyjaszewski to allow
oxygen in an ATRP reaction. With ARGET-ATRP, trace amounts of oxygen are
tolerated, as reducing agents regenerate the catalyst when it is oxidized.®
Alternatively, enzymes such as glucose oxidase and horseradish peroxidase can
deoxygenate reaction mixtures in open reaction vessels with the use of a
mediator, preventing oxidation of the catalyst or polymer.’%!! Most recently,
they discovered that the mediator sodium pyruvate triggers polymerization
under UV irradiation in the presence of oxygen, without the need for enzymes
or other reducing agents.'? This is the first oxygen-tolerant small molecule-
based photoinduced ATRP.

For industrial relevance, not only oxygen tolerance is convenient, but also the
absence of expensive or toxic metals as copper. A wide range of transition
metals has been tested for ATRP and indeed some suitable alternatives have
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been found, such as iron.r®> Metal-free light-triggered SI-ATRP has also been
reported,’* as well as microliter-scale ATRP,*> which reduces the amount of
required catalyst simply by reducing the reaction scale. Unfortunately, the
combination of a cheap and benign ATRP catalyst with high oxygen-tolerance
has not been found. As a result, few industrial applications of SI-ATRP exist.

Some initial attempts at industrializing SI-ATRP have been made. For 2-
(dimethylamino)ethyl methacrylate (DMAEMA), AGRET-ATRP allowed “paint
on” polymer brushes, using low monomer concentrations in a water-based
reaction mixture to create hydrophilic, oleophobic coatings that only cost $17
per m21® However, these results have not been reproduced with any
hydrophobic  monomers. Furthermore,  thermoresponsive  poly(N-
isopropylacrylamide) polymer brushes have been applied by SI-ATRP on
glassware, which was then used to grow cell cultures.” By changing the
temperature, the affinity of the polymer to the cells was reduced, cleaving the
cells from the glassware without the common invasive treatments. This is very
effective for a small group of cell lines, however specific (expensive) adaptations
must be made to accommodate other cell lines, hampering widespread use of
the technique.’® Therefore, although these examples are promising, further
research is required for large-scale industrialization of SI-ATRP.

For reversible addition fragmentation chain-transfer polymerization (RAFT), the
combination of a cheap catalyst with high oxygen-tolerance is the norm. While
RAFT has the same control over the radical polymerization by capping the
polymer chain with a RAFT agent, this group contains no metal but typically only
sulfur, carbon, oxygen and hydrogen.' It is thus less expensive to produce.
Additionally, RAFT is much more oxygen-tolerant and can be applied in water.?°
When using a photo-initiator as in SI-PET-RAFT,? the polymerization can be
minutely controlled, resulting in even better defined polymer brushes suitable
for industrial applications.?? If the RAFT moiety is not removed,
depolymerization is possible as well,”® a highly desirable property from a
sustainability point of view. However, as an external radical initiator is needed
to start the polymerization, RAFT has a higher chance of uncontrolled free
radical polymerization as side reaction.?* Furthermore, the practical challenges
of growing polymer brushes from large scale or non-flat surfaces remain. Thus,
the industrial applicability of SI-RAFT is no further developed than SI-ATRP.
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A more scalable method of polymer brush application is grafting-to
polymerization. In this procedure, the polymer brush is produced in solution,
after which it is attached onto the surface. Scalability issues and oxygen-
sensitivity are hereby circumvented, as the polymer can be grown on a different
location than where it needed to be applied. However, steric hindrance and
poor solubility generally result in thin coatings (5 to 8 nm)?® with low grafting
densities.?*™?°

The polymer brushes described in chapters 2 and 3 of this thesis are potentially
relevant for industry. For example in inkjet printing, perfluorinated silanes are
currently used as antiwetting and antifouling coating.3>32 We have shown in
chapter 2 that the antifouling performance of our non-fluorinated polymer
brushes is not less than the fully fluorinated ones, hence they would form a
suitable fluorine-free alternative. In chapter 3 we have further explored the
capabilities of these fluorine-free polymer brushes and confirmed their
antiwetting property. They even have the added feature of self-healing upon
heating. With industrially applicable polymerization processes such as SI-PET-
RAFT? or uL-ATRP,® these coatings could form a more environmentally friendly
alternative to the perfluorinated silanes that are soon to be banned.** By
grafting the polymer brushes onto the surface, the process could be made
industrially feasible.

7.3 ... on the reduction of fluorine,

The need for fluorine reduction is clear. Where PTFE-coated non-stick pans were
proudly advertised in the 1960s (Figure 7.2), we have learned since then the
negative effects of producing products with such “forever chemicals”, as
Perfluorinated Alkyl Substances (PFAS) have been branded. They are toxic,
carcinogenic and disrupting the reproductive system.>3*3> Health and safety
guidelines have been sharpened, yet alarming levels of PFAS have been found
in, for example, Western Scheldt fish,3 mother milk®” and brains.®

As the current safety guidelines of PFAS use are clearly providing insufficient
protection to the environment of industrial plants where PFAS is used, the
European Union is contemplating a full ban on all PFAS substances.®® According
to the current definition of this EU legislation, almost any compound containing
a —CF; or a—CF, group is a PFAS substance and may not be used in any lab in the
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Figure 7.2: Advertisements from Dupont in 1960 (left) and 1965 (right) for non-
stick cookware with Teflon (PTFE) coating.

EU. This undoubtedly will lead to production problems of many small drugs
containing a trifluoride,® as precursors may not be produced or imported.
Additionally, as the ban also involves (precursors of) common solvents, all
chemical labs will need to adapt, including the academic labs. A cry from
European academic chemists to stop this generic PFAS ban is thus the result.*

(@) (b)
\ \_F N F
F

Figure 7.3: (a) Halogenated benzene rings as supramolecular bridges between
imine-based macromolecules, and (b) perfluorocubane, voted favorite molecule
of the year 2022 by readers of C&EN.

Although significant research is done to reduce negative effects of PFAS,*
outcries like this can make one wonder how sincere the chemical academic
world is in its claims to work towards a more sustainable future.*> Recently, a
heavily fluorinated linker (Figure 7.3a) was presented as ‘excellent method to
post-modify imine-based materials’.** Although the presented chemistry is
certainly novel, the applicability and desirability is questionable in light of the
toxicity and environmental impact of fluorinated compounds. A popular vote
from Chemical & Engineering News showed perfluorocubane (Figure 7.3b) as
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the favorite molecule of 2022,* demonstrating once more that environmental
impact was not taken into consideration when the chemical engineers voted for
this structurally intriguing compound. A distance from chemical academia to
society can be observed, which is highly undesirable in light of the current
environmental crises that are unfolding. Scientists should lead by example,
making educated choices in their research that place the needs of the world
above scientific curiosity.

7.3.1 SuFEx and SuPhenEx

The rapid development of SUuFEx click chemistry is another example where a
fluorinated compound is lauded by academia, yet its environmental impact is
overlooked. In the last decade, SUFEx has gained tremendous attention®® and
has frequently been claimed to be one of the most promising reaction of the
future, perhaps even better than the copper click reaction due to its oxygen-
tolerance. However, production of the sulfur hubs for the starting materials is
often dangerous, with highly reactive and polluting reagents (e.g., sulfuryl
fluoride*®*” (SO,F,), thiazyl trifluoride® (NSFs), and ethenesulfonyl fluoride*
(CH,=CH-SOF)). The sulfur hubs are generally harmful as well and have been
used for decades as insecticides and as protein inhibitors in biochemistry.>® One
can thus wonder whether the SuFEx system as a whole is actually sustainable,
and if it would in fact be a an improvement upon the CuAAC reaction.

% NO- + /N? @) NO;
g RFR ———— g R
o) CH3CN, rt AN NaO

O 1
© R = linear alkyl R

R'= alkyl, linear alkyl, aryl

Figure 7.4: Schematic representation of the SuPhenEx reaction as presented by
Van den Boom et al.>!

Fortunately, an alternative has been found. In Sulfur Phenolate Exchange
(SuPhenEx),*! a fluoride-free counterpart of the SuFEx reaction, the leaving
group, F~, of SUFEx has been replaced by a phenol (Figure 7.4). Herein, the
dangerous sulfur-fluorinated precursors of SuFEx are circumvented, and no
fluorinated side products are formed. The reaction proceeds in a similar fashion
as SUFEx, with the added feature of reversibility.> As such, it is a feasible
alternative to SUFEx, worthy of more investigation. The research performed in

chapter 5 of this thesis can be translated to SuPhenEx, as the reaction
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mechanism is similar. Both reactions were found be addition-elimination

245354 or NH4*>%), with activation energies

reactions involving a cation (Na*,** Ca
depending on the entering phenolate. SuPhenEx is thus certainly a candidate for
chain-growth polymerization similar to the SuFEx system described by Sharpless

and Wu.>®

7.3.2 Reducing PFAS
More research is performed on the reduction of environmental PFAS amounts.®’
Various waste removal treatments have been developed such as removal by

%859 adsorption on carbon nanomaterials,® and adsorption on air by

coagulation,
foam fractionation.®? Preliminary work of our own group shows selective
capture of perfluorooctyl carboxylic acid over non-fluorinated carboxylic acid by

pillar-[5]-arenes.®?

Degradation of the removed PFAS has been attempted in various ways.’
Bacterial degradation is effective, but slow.%** Singly-fluorinated benzene can
be defluorinated by a ruthenium catalyst under mild conditions.®> Dichtel and
co-workers recently mineralized perfluoro carboxylic acids with sodium
hydroxide into to fluoride, sodium trifluoroacetate, and nonfluorinated carbon-
containing products.®® Although these methods (and many others) are
successful, either their scope is too small or their applicability too limited (either
in time or in acceptable chemical environments) to be of significant industrial
relevance.

The most sustainable way to prevent PFAS pollution is by simply not using it.
Instead of a pan with a PFAS coating, one could use a ceramic or cast-iron pan.
Fluorine-containing flame retardants and cooling agents are replaced by
halogen-free alternatives.®” In cases where hydrophobicity is required, physical
instead of chemical water repulsion is investigated, creating hydrophobicity
through an increase in surface roughness instead of the fluorophobic effect.%®
Chapters 2 and 3 of this thesis show that fluorine-free polymer brushes with side
chains of seven or more carbons in the side chain are hydrophobic, and have the
same self-healing ability as those used by Wang et al.%® Use of our fluorine-free
polymer brushes would thus be an ecofriendly improvement without loss of
functionality.
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7.4 ... and on the use of DFT in chemical research.

Another way to make chemical research itself more sustainable is by replacing
some of the experimental work by calculations. This costs electricity and
computer components, but requires no solvents or catalysts. In toxicology,
computational predictions are already common practice as replacement for
animal testing,’® and also in small chemical production, calculations like DFT are
frequently used to support experimental searches. For example, prediction of
which cycloadditions with fluorinated compounds lead to which products allows
us to only follow those procedures that lead to the desired pharmaceutical.”
This greatly reduces the use of fluorinated starting materials.

In polymer chemistry, the use of DFT is still limited. A major drawback of DFT is
the long calculation time, as a DFT calculation scales at least quadratically with
the number of atoms involved. Drastic measures, such as electron localization,”?
can reduce it to linear scaling, yet for polymers this still rapidly surmounts
practicality. Other calculation methods that do not consider single atoms but
instead consider larger scale physical interactions between subunits, for
example molecular dynamics (MD)”® or dissipative particle dynamics (DPD),”*
are thus more appropriate for studying a polymer as a whole. However, the
small-scale interactions between individual atoms are hereby ignored.

DFT calculations could play a much larger role in materials science, for example
in imine chemistry. Imine chemistry is old and well-established, with many

experimental’’® and computational studies”’~"°

confirming its robustness. Yet
when imines are applied in larger structures, forming porous networks, cages or
polymers, computational support is missing. The oldest report of an imine
coordinated to a metal is 63 years old,® yet chapter 4 of this thesis is the first
theoretical paper published on the effect of this metal coordination on the
reactivity of the imine. In contrast, the more novel field of materials for energy
storage already incorporates DFT.®! In the early stages of the design process,
possible materials are calculated with DFT to predict their energy storing ability,
after which the most promising materials are selected and produced. Specifically

with carbon-nitride based materials, this strategy has proven fruitful .22
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7.4.1 Reporting of DFT results

For efficient use of DFT in other fields, proper reporting of the DFT results is
crucial. Most chemists know how to translate an activation energy in kcal/mol
or kJ/mol to experimental settings, but an activation energy reported in Hartree
will raise eyebrows. It is thus up to the computational chemist to translate the
raw DFT results into widely accepted units. Similarly, an energy profile reported
with the zero-point energies of a reaction might be most trustworthy and thus
preferred by a computational chemist, yet translating it into experimental
conditions is less than straight-forward. Incorporation of enthalpy corrections
or free energy corrections is thus preferred, even though these corrections
significantly increase the error margins of the calculations.

Especially when solvent interactions are expected, as with hydrogen bonding in
protic solvents, but only implicit solvent interactions are modelled, the Gibbs
free energy can stray multiple hydrogen bonds (each with an expected 3.3-4.9
kcal/mol energy loss).2® The inclusion of explicit solvent molecules could reduce
this error, but is computationally not always feasible. Figure 7.5 clearly displays
the inconsistency between the electronic energy, enthalpy and Gibbs free
energy of a SuFEx propagation reaction from chapter 5. Where the DFT
calculation minimized the electronic energy to find the intermediate, addition
of the zero-point, enthalpy and free energy corrections place its energy above
that of TS1, making it a false intermediate. Additionally, as the Gibbs free energy
corrections falsely exclude three hydrogen bonds in the implicit solvent
interactions, the total energy gain of the reaction is 11 kcal/mol lower than in
the other energy models.

Presentation of such DFT results should thus always come with a proper
explanation, warning the experimental chemist of the flaws of the chosen
model. Furthermore, the appropriate energy must be communicated. For
example, for the lignin degradation in water of chapter 6, we decided to avoid
misrepresentation of the many hydrogen bonds between solvent and lignin, and
provided enthalpy values instead.
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Figure 7.5: Electronic energy (black), zero-point energy (grey), enthalpy (blue)
and Gibbs free energy (green) profile of a SUFEx reaction, calculated as in chapter
5 of this thesis. Implicit solvent interactions in butanonitrile are included. See
chapter 5 for all computational details. For discussion purposes, an extra decimal
is included for TS1 and Intermediate.

7.4.2 DFT parameters

In conversations between theoretical chemists, a reappearing question is ‘what
functional and basis set did you use?’. Similar to solvents for a synthetic chemist,
the choice of functional and basis set has a large impact on the result of the
endeavor. They must be able to accommodate all atoms under investigation,
and take the relevant electronic interactions into account. They should
preferably do so within an acceptable time frame. As with solvent choice, there
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is not a single correct option. There are many obvious wrong options, plenty
acceptable options, and a few preferred options, of which most are out of reach
as they would be too time-expensive or are not included in the available
software packages. Next to suitability, the compatibility with literature is
relevant as well. It would be preferred if the results of the calculations could be
compared to existing literature. Therefore, one prefers to use benchmark
parameters. However, as computers are becoming faster and computational
costs are rapidly decreasing, more elaborate basis sets become accessible and
replace the old basis sets, while more intricate functionals allow for better
simulation of the available orbitals. The benchmark is thus constantly changed,
further complicating the choice of parameters. Especially when a project spans
a few years, the relevancy of the chosen functional and basis set must be
evaluated.

The project described in chapter 4 was initially calculated with B97D% and 6-
311+G(d,p). As they included empirical dispersion corrections and diffuse
functions, they accommodated the transition metal interactions of interest.
However, as the range-separated hybrid functional wB97XD® is superior in
simulating the long-range behavior to the semi-local GGA B97D, we updated our
functional to wB97XD. Simultaneously, the basis set was improved to 6-
311G(2d,2p), as we saw that we could better accommodate the ionic
interactions with an extra set of polarization functions than with the inclusion
of diffuse functions. Increased computer power allowed these changes.

A recent comparison of 91 functionals® indicated that wB97M-V® or
wB97M(2)® would provide marginally more accurate values for barrier heights
and reaction energies than wB97XD. By applying machine learning and large
data sets, these 12- and 14-parameter functionals were optimized to be at the
top of their field. Unfortunately, wB97M-V and wB97M(2) are not included in
Gaussian 16 yet, and were therefore not available to us. Furthermore, for proton
transfer, as investigated in chapter 4, and halogen atom transfer, as reported in
chapter 5, their performance is similar to wB97XD.% Recalculation with wB97M-
V or wB97M(2) is therefore not required at the moment.
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7.5 The end?

Although this thesis is completed, the research described within is not. IR
measurements of the coatings described in chapter 3 could support the
hypothesis of acid resistance by tight packing of the side chains. Explicit solvent
molecules might be added to the calculations of chapter 5 to support the
hypothesis of solvent interactions hindering self-polymerization in selected
monomers. The optimized pH and buffer concentrations from chapter 6 were
applied in further research for efficient grass delignification.®®

On a larger scale, the applicability of the investigated polymer brushes should
be investigated. By changing the polymerization method to SI-PET-RAFT,
industrial applicability can be greatly increased. Evolving the method into a
grafting-to approach would ease industrialization even more.

Furthermore, to increase sustainability and productivity of the materials
industry, the incorporation of DFT in materials chemistry should be enhanced.
This can be promoted by the organization of multidisciplinary conferences, like
CHAINS, where various topics are presented at a level that is understandable to
chemists from other topics. Additionally, a DFT course could be added to the
curriculum of the studies Applied Chemistry and Materials Science, to provide
future material chemists with a basic knowledge of DFT, which will ease
collaborations. Theoretical chemists, on their part, should acquaint themselves
with common terminology of materials chemistry.

We have full confidence that the various topics brushed upon in this thesis will
continue to develop, growing from hypothesis via proof of principle to industrial
application, using this thesis as one of the monomers in their intellectual chains.
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