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ABSTRACT

In recent decades, 3D printing has emerged as a promising manufacturing technique and
has thus gained increasing research interest. Noticeably, the development of functional
materials broadened the abilities of 3D printing technologies. Out of the large variety of 3D
printing technologies, light-induced techniques , which rely on the curing or crosslinking of
reactive molecules by light irradiation, are highly attractive. Taking advantage of photoinks
being a formulation of molecular material precursors, light-triggered 3D printing techniques

enjoy an unmatched freedom for the inclusion of functional components.

The 3D printing of porous materials allows for the fabrication of complex objects while
retaining the unique properties of porous materials for absorption, adsorption, catalysis or
affinity, among others. The shape-defined microfabrication of porous architectures is therefore
desirable for many applications. Thanks to its microscale definition and its versatility, two-
photon laser printing is a technique of a choice for the 3D prototyping of porous materials. In
this work, | explore the use of this technology for the manufacturing of functional porous
materials, within two different projects: i) the microprinting of porous structures based on
columnar liquid crystals for selective adsorption, and ii) the micropatterning of amorphous

porous polymeric compounds for the fabrication of multi-material structures.

In the first part of this dissertation, I focus on the fabrication of nanoporous
microstructures via the manufacturing of columnar liquid crystalline photoresists by two-
photon laser printing. The discotic liquid crystalline molecules contain nine terminal acrylate
groups to support their crosslinking by light-triggered microprinting via free-radical
polymerisation, which induces locking of the ordered liquid crystalline arrangement. By
design of the discotic liquid crystalline molecule based on the hydrogen bonded self-assembly
of three peripheral acids around a centre templating core, the crosslinked polymeric material can
ultimately be given a nanoporosity by the chemical removal of the templating core. The pores
thus have dimensions and arrangement intrinsic to the previously locked liquid crystalline phase.
Owing to the high definition of the size and disposition of the nanopores, the crosslinked

material is capable of a size-selective adsorption of small molecules. Furthermore, the
XV



carboxylic acid moieties, which initially sustain the self-assembly of the peripheral acids
with the templating core are deprotonated or protonated through simple chemical treatment.
The so-obtained controlled polarisation of the nanopores allows for an additional charge-
selectivity. In this work, |1 demonstrate the selective adsorptive properties of the printed
structures using two small cationic dyes, methylene blue and thioflavin T, which
successfully penetrate the printed structures. As well as using a big cationic dye, rhodamine
B, and a small anionic dye, methylene orange, which cannot be adsorbed due to size and

charge inadequacy, respectively.

In a second part, a superhydrophobic nanoporous material is applied to two-photon laser
printing, for material-independent functionalisation. The initial nanoporous structures are
manufactured by digital light processing. Their nanoporosity relies on a polymerisation-
induced phase separation process, using 1-decanol as a porogen. The engendered porous
printed objects exhibit superhydrophobic properties. By photografting of hydrophilic
monomers, aided by two-photon laser patterning, hydrophilic patterns are fabricated in three
dimensions, with high definition and design freedom. Discontinous dewetting of aqueous
solutions or suspensions is then used to functionalise the structures in a material-independent
manner. | first evidence the addition of hydroxyethyl moieties in the drawn patterns and
visualise the achieved patterns quality by the deposition of rhodamine B as an easily
traceable compound. After having proven its performance, | investigate the versatility of the
method using polydopamine and polypyrrole. Then, I demonstrate that the method can also
be used for the micropatterned deposition of nanoparticles using a suspension silica
nanoparticles. Based on this result, | investigate the possibility to fabricate conductive

structures via functionalisation with silver nanoparticles.
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ZUSAMMENFASSUNG

In den zurlckliegenden Jahrzenten hat sich der 3D Druck als vielversprechende
Fertigungsmethode entwickelt und daher verstarktes Forschungsinteresse ausgeldst. Die
Entwicklung funktionaler Materialien hat dabei die Mdglichkeiten der 3D Drucktechnologie
stark erweitert. Aus dem grolRen Fundus verschiedener 3D Drucktechnologien sind
lichtinduzierte Methoden, die auf das Aushdrten oder Quervernetzen von reaktiven
Molekdiilen mittels Bestrahlung mit Licht basieren besonders attraktiv. Weil es sich bei den
photochemisch aushartbaren Tinten oft um Formulierungen aus molekularen Bausteinen
handelt, gibt es nahezu unbegrenzte Mdoglichkeiten fir den Zusatz funktionaler

Komponenten.

Der 3D-Druck von porésen Materialien ermdglicht die Herstellung von komplexen
Objekten unter Beibehaltung der durch die Porositat bedingten besonderen Eigenschaften
ebendieser Materialien wie z.B. Absorptivitat, Adsorptivitat, katalytische Aktivitat, Affinitat
und viel mehr. Die Fertigung von mikrostrukturierten porésen Architekturen erscheint daher
als besonders attraktiv fiir verschiedenste Anwendungen. Das Zwei-Photonen-Laserdrucken
ist aufgrund seiner Nano-Prézision bei gleichzeitiger Flexibilitat das bevorzugte Verfahren
um pordse 3D Prototypen zu generieren. In der vorliegenden Arbeit wird die Nutzung dieses
Verfahrens im Rahmen zweier verschiedener Projekte untersucht: i) Das Zwei-Photonen-
Laserdrucken pordser Strukturen basierend auf kolumnaren Flussigkristallen zur selektiven
Adsorption; ii) Die Mikrostrukturierung amorpher poréser Polymere flr die Herstellung von
heterogenen Oberflachen.

Im ersten Teil der vorliegenden Dissertation liegt der Fokus auf der Herstellung
nanoporoser Mikrostrukturen mittels Zwei-Photonen-Laserdrucken beziehungsweise der
Formulierung von kolumnaren Fliussigkristall-Fotolacken fur diesen Zweck. Die
scheibchenformigen Flissigkristallverbindungen enthalten neun terminale Acrylatgruppen
die das Ausharten durch Licht beim Laserdrucken durch freie radikalische Polymerisation
ermdoglichen, und so die geordnete Flussigkristallstruktur konservieren. Durch das Design

der scheibchenférmigen Flussigkristallverbindungen, das auf der
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Wasserstoffbrickenbindung von drei peripheren Carbonsduren um eine im Zentrum
liegendes Templat basiert, ist es moglich das quervernetzte polymere Material in ein
nanopordses Material umzuwandeln, indem das im Zentrum liegende Templat anschlieRend
entfernt wird. Die dabei gebildeten Poren spiegeln dabei die Dimensionen und Anordnung
der zuvor konservierten Flussigkristallphase wider. Durch die so erreichte Prézision
hinsichtlich der GroRenverteilung und Anordnung der Poren ist eine grofienselektive
Adsorption kleiner Molekdle durch das quervernetzte Material méglich. AufRerdem ist durch
die Carboxylatgruppen, die zundchst fiir die Selbstorganisation der peripheren Carbonsauren
um das im Zentrum liegendes Templat bendtigt werden, eine Protonierung oder
Deprotonierung moglich. Daraus ergibt sich die Moglichkeit die Polarisation der Poren zu
kontrollieren und damit eine zusétzliche Ladungsselektivitdt zu realisieren. In der
vorliegenden Arbeit werden die selektiven Adsorptionseigenschaften der gedruckten
Objekte unter Beweis gestellt: zwei kleine kationische Farbstoffe, Methylenblau und
Thioflavin T, kénnen die in die Objekte eindringen wéahrend Rhodamin B aufgrund der

GroRe und Methylorange aufgrund positiven Ladung nicht adsorbiert werden.

Im zweiten Teil der Arbeit wird ein superhydrophobes nanoportses Material mittels
Zwei-Photonen-Laserdrucken flr eine materialunabhé&ngige Funktionalisierung modifiziert.
Die nanopordsen Objekte werden zundchst mittels Digital Light Processing hergestellt. lhre
Nanopordsitat wird durch polymerisationsinduzierte Phasenseparation unter Zuhilfenahme
des porenbildenden Additivs 1-Decanol erzeugt. Die so fabrizierten porgsen Objekte haben
superhydrophobe Eigenschaften. Durch photochemisch induzierte Pfropfpolymerisation
hydrophiler Monomere — realisiert durch Zwei-Photonen-Laserdrucken — kénnen hydrophile
3-dimensionale Muster erzeugt werden. Diskontinuierliches Entnetzen wassriger Losungen
oder Suspensionen wird im Anschluss dazu genutzt die zuvor erzeugten Strukturen mit
unterschiedlichsten Materialien zu funktionalisieren. Das Verfahren wird zunachst mithilfe
der Adsorption des Farbstoffes Rhodamin B hinsichtlich der Qualitét der erzeugten Muster
evaluiert. Anschlieend wird die Flexibilitat des Verfahrens durch Funktionalisierung mit
Polydopamin und Polypyrrol aus wassriger Losung gezeigt. Sogar die mikrostrukturierte
Abscheidung von Nanopartikeln aus einer Suspension von Silica-Nanopartikeln konnte
gezeigt werden. Basierend auf den vorherigen Ergebnissen wurde zuletzt die Herstellung

leitfahiger Strukturen mittels Funktionalisierung mit Silber-Nanopartikeln untersucht.
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Chapter 1 INTRODUCTION & THEORETICAL

BACKGROUND

3D printing, or more generally “additive manufacturing (AM)” or “rapid prototyping”, is
a manufacturing concept that retained incredible attention in the past decades in various field
such as bio- and tissue-engineering,'® optics and photonics,®1° (micro)robotics,**°
microfluidics,'® and many more.}”2° To date, numerous 3D printing techniques are available
and allow the manufacturing of metallic, composite or polymeric materials. In particular,
light-triggered 3D printing techniques allow the fabrication of polymeric objects via the
light-induced polymerisation of monomers contained in inks (photoresists). Thanks to their
fundement on photoresists which are a formulation of reactive molecular spiecies, functional
additives can be introduced to the printed materials in a relatively simple manner.? In this
purpose, functional additives can be added to a printable photoresist, or chemically
substituted with polymerisable moieties, which results in their covalent incorporation in the

final polymeric material.?2

The development of new functional materials for 3D printing openned new oportunities
toward the further popularity of the technique. For example, the introduction of
strengthening fibres,??° carbon nanotubes®-® or cellulose nanocrystals®? 3 % allowed the
fabrication of objects of increased mechanical properties. The manipulation of glass
transition temperature (Tg) allowed the fabrication of shape memory polymers.®® %" The use
of porogens allowed the fabrication of porous superhydrophobic materials by
polymerisation-induced phase separation.®®-4% And the printing of nematic liquid crystalline
materials allowed the fabrication of stimuli responsive materials.*> > Out of other, such
photoresists demonstrated the potential of 3D printing for the manufacturing of high
performance highly specific materials. In spite of the great efforts readily invested on the
broadening of the variety of materials that can be fabricated using additive manufacturing
technologies, the arise of the techniques is still young and a lot remains unexplored.*?
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In this chapter, I will introduce the main fields covered in the scope of this
interdisciplinary dissertation and present the necessary theoretical background for the
following. I will in particular present 3D printing generally and light-triggered 3D printing
in detail, explore the field of liquid crystals and their current implication in 3D and 4D
printing, and describe superhydrophobic materials and how they can be implemented to

additive manufacturing.
3D printing

3D printing is a bottom-up computer-aided manufacturing technique in which a 3D design
is reconstructed as a solid object from a stock material.** Material extrusion or, more
precisely, fused deposition modelling (FDM) is, by far, the most popular 3D printing
technique nowadays. The main reason for this popularity is its user-friendliness as well as
its costs, which currently makes the technique accessible for in-house application.*® FDM is
based on the melting of a filament that is deposited at the desired location, and quickly cools
down to regenerate a solid material, allowing the reconstruction of 3D objects.*®-8 In spite
of the common first thought of 3D printing being based on FDM, it is important to note that
it is only one of the numerous different techniques that have been developed over the years,
as depicted in Figure 1.1. As | will later only focus on vat photopolymerisation techniques,
and as a matter of the clarity of this chapter, I will not present all the techniques presented
in Figure 1.1. For readers interested in further details, the following review articles can be

consulted.*?: 0

Figure 1.1. Schematic table of the main 3D printing technologies and of the materials that can
be conventionally fabricated with each technique. Reproduced from HUBS 2022, accessed on
the 4™ of April 2022, <https://www.hubs.com/guides/3d-printing/>.
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Additive manufacturing is especially versatile and user-friendly in the sense that printing
paths can be easily computed by dedicated softwares (“‘computer-aided design”) from a
digital 3D shape of the user’s choice,® * and that a single printing instrument can be used
to fabricate really diverse designs without the need of specific tooling. As a consequence,
additive manufacturing is particularly well-adapted for prototyping, or for small scale
production.®® > Additionally, the fact that pieces are constructed through a bottom-up
process allows a control of the geometry and architecture of the inner volume of the
manufactured pieces. By the optimisation of the inner structural architectures of hollow
parts, one can fabricate very light-weight objects of optimal mechanical properties for a
given application.>® Hollow structures can be used for material or weight saving, making 3D
printing of great interest for fields where performance to weight ratio is of great importance,

such as medicine® * or vehicle’s industry,>-%° for example.

The bottom-up construction of 3D objects used in additive manufacturing comes with
specific challenges and can be optimised by the development of adapted fabrication
strategies. An attention should be put on the orientation of the part during printing, which
can influence the post-processing of the parts, the amount of stock material used as well as
the final performances of the parts.®! First, an approach of fabrication along one-direction
(slide by slide in some cases) individably comes with regions potentially floating over the
course of the printing. In that regard, softwares automatically include supporting structures
to allow the fabrication of the desired design. With an adaptation of the orientation of the
part during printing, one can minimise the amount of supporting structures required, hence
reducing the fabrication time and facilitating the post-processing of the piece. During post-
processing, the piece is treated to have its mechanical properties enhanced (by heat or UV-
curing, for example), the supporting structures are removed and the surfaces are manually
smoothend. Secondly, it should be taken into account that the fabricated objects will have
anisotropic mechanical properties. Indeed, a decreased sturdiness of the objects is observed
across the links in-between the printing paths.*® 2 An optimisation of the orientation of the
piece during printing, with respect to the its expected usage and to the mechanical stresses it

will endure when functioning or the use of strengthening additives is preferable.®

To put it in perspective with other manufacturing techniques, 3D printing can be
compared to moulding and computer numerical control (CNC) machining, as representative

of conventional manufacturing. Of the three methods, additive moulding is the best suited

3
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technique for large scale manufacturing as it can rapidly produce pieces with homogeneous
mechanical properties.5* ® However, it requires initial expenses for the building of moulds
and facilities, hence requires an intensive primary optimisation of the piece’s shape. A useful
comparison can be done in-between 3D printing and CNC machining, which nicely
represents conventional manufacturing in the sense in which it uses methods such as drilling
or routing. CNC machining is also a computer-aided technique, but conceptually opposite to
3D printing as it relies on material removal (“top-down” process). The top-down nature of
CNC machining engenders material losses, however, unlike 3D printing, CNC has the
advantage to produces objects of homogeneuous mechanical properties what can be
beneficial for the fabrication of pieces enduring high stresses. Also, a big variety of different
materials can theoretically be fabricated with the same CNC machine, even though each
device is usually optimised for one type of material. The cost per part trends for all the three

methods can be visualised as depicted in Figure 1.2.

Finally, the fabrication cost is usually deterministic toward a choice for a particular
manufacturing technique. In Figure 1.2, it can be seen that the fabrication by 3D printing
remains contained for a single part or for small amount of parts, however the cost per part is
not significantly reduced by an upscaling of the production.®® For CNC machining, it can be
seen that the initial pricing is higher than for 3D printing but is rapidly reduced with the
increasing scale of the production. This can be related to the facts that, upon upscaling, pieces
can be smartly arranged to minimise material loss and that a recycling of the shavings can
be setup. Finally, as mentioned in the entrance of this comparative part, moulding is specified
for big-scale productions. Other considerations such as energy consumption, production

time, etc. can be taken into account.5®



3D printing

Cost per part

Additive
3D printing

Subtractive
CNC machining

Formative
Injection molding

100 Quantity 1000

Figure 1.2. Schematic plot of the cost per part for manufacturing by 3D printing, injection
molding and CNC machining. Adapted from HUBS 2022, accessed on the 4" of April 2022,
<https://www.hubs.com/guides/3d-printing/>.

Chemistry for light-triggered 3D printing

As advanced before, the present thesis will be focussed on light-triggered additive
manufacturing techniques, which are assembled under the general designation of “vat
photopolymerisation” 3D printing. These processes utilise photo-triggered chemical
reactions to modify a liquid ink (“photoresist”) at a position being irradiated by light, which
induces the formation of an isoluble solid phase. 3D models are then reconstructed through
the sequencial printing of 2D slides, which spacing is denoted as “slicing distance”, from an
photoresist stored in a vat.** In some cases, the 2D slides are themselves produced by the
printing of lines, which spacing is denoted as “hatching distance”. Upon completion of the
desired object, the residual unreacted photoresist can be washed away using a good solvent.
The crosslinking of the photoresists used for vat photopolymerisation is supported by the
use of reactive molecules which often represent the majority of the photoresist.
Polymerisation reactions are the most common, but other strategies based on dimerisation
reactions were also reported.®”-"® Finally, a post-processing by UV-irradiation can be used

to increase the crosslinking density of the material, hence its mechanical properties.

The two main techniques representatives of vat photopolymerisation 3D printing are
stereolithography (SLA), that was first described by Hull et al. in 1986,%° and is
acknowledged to be the initial 3D-printing technique. And digital light processing (DLP)

which is conceptually similar to SLA and differs from the latter by the method used to
5
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fabricate a 2D slide. Upon laser irradiation, a photoinitiator is used to convert the photonic
energy into chemical energy. The reactive intermediates generated (radicals or acids) can be
utilised for the polymerisation of vinyl containing monomers (acrylates, methacrylates,
ethylenes, styrenes, etc.) by free-radical polymerisation or of epoxides by cationic ring-
opening polymerisation. Also, other reactions such as thiol-ene coupling, photodimerisation
or photo-induced reversible addition-fragmentation chain transfer (RAFT) polymerisation®!
have been successfully used for 3D printing purposes.

Typical formulations of inks (photoresists) for SLA and DLP consist in a photonitiator
and a mxiture of monomers and crosslinker. The monomers and the crosslinker, which is a
branched compound that carries several reactive groups, sustain the formation of a solid
polymeric phase upon polymerisation. A photoinintiator is used to induce the polymerisation
reaction under light-irradiation. Alternatively, solvent and additives can be used to adjust the
viscosity of the ink, as well as the mechanical properties and functionality of the printed

material.

I will later present the technical aspects of vat photopolymerisation techniques in more
details. Before doing so, the following sections will be dedicated to describing the chemical

and physical phenomena involved in vat photopolymerisation 3D printing.

Photoinitiators

The monomers used in vat photopolymerisation are in general not capable of a
satisfactory light-induced self-initiation. Photoinitiators are therefore added to the
formulation of the photoprintable photoresists and are responsible for light absorption and
for the transformation of the irradiative energy into usable chemical energy, generating
radicals or acidic species.®? Although the photoinitiators only briefly take part in the
polymerisation reaction, and represent a minor fraction of the structure of the final material,

they can strongly influence its final properties and performances.®? &

Radical photoinitiators are designed around an aryl acyl core that has the advantage to
have a high extinction coefficient.®* Radicals are generated by the photo-triggered scission
of covalent bonds, that leads to the formation of one or several radicals via two main
mechanisms, Norrish type | or Norrish type I1. Norrish type | photoinitiators produce at least
two radicals through the intramolecular cleavage of a covalent bond. This reactivity is

observed for a-hydroxyketones®® 8 (Scheme 1.1) and a-aminoketones,®” where a cleavage

6
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of the acylcarbonyl—C bond leads to the formation of two primary radicals; for
diacylphosphanes®® 8 where a potential cleavage of two acylcarbonyl—P bonds leads to four
radicals; and for diacylgermanes®-°2 where a cleavage of the acylcarbonyl—Ge bonds leads

again to potentially four radicals.

9 ;
hv .
©)* > @) QK
OH OH

(initiating species)

Scheme 1.1. Example of 2-Hydroxy-2-methylpropiophenone as a Norrish type | radical
photoinitiator, and light-trigerred activation by Norrish type | reaction.

Examples of Norrish type Il photoinitiators are benzophenones or thioxanones. In this
case, photo-excitation does not lead to a homolytic bond cleavage. Instead, the excited
photoinitiator undergoes an intermolecular excited state proton exchange with a co-initiator
(e.g. amino compounds). Through the process, the benzophenone is reduced to the
corresponding diphenylmethanol and one radical is formed on the a-position of the co-

initiating amine (Scheme 1.2).82 93,94

0 H_R OH R

Lo, |
O O + R "R, O O * R "R,
(initiating species)

Scheme 1.2. Example of benzonephenone as a Norrish type Il radical photoinitiator and light-
trigerred activation by Norrish type Il reaction.

A wide variety of photoinitiating species, having specific advantages, shortcomings and
purposes are available for purchase today. Non-exhaustive lists of Norrish type | radical
photoinitiators (Figure 1.3), as well as of Norrish type Il photoinitiators and co-initiating

species (Figure 1.4) are proposed below.
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Figure 1.3. Example, chemical structure and commercial name of some Norrish type |
photoinitiators.
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Figure 1.4. Example and chemical structures of some Norrish type Il radical photoinitiators
and co-initiators.

Cationic photointitiator have historically been based on the observation that
aryldiazonium salts can generate an electrophilic BFs molecule via N2 elimination.®> %
Nevertheless, their low temperature stability makes them poor cationic photoinitiators, as
they can already react in the dark. A more optimised system relies on iodonium salts, which
undergo a bond cleavage similar to that seen before for Norrish type | photoinitiators. The
formed radicals can later react with a proton donor, generating a highly acidic metallic
hydride, which can efficiently activate the monomers for cationic polymerisations reactions
(Scheme 1.3).97: %8
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© © ©
MtX,, MtX,, MtX,, HMtX,, (initiating species)

SO O OO Y, O,

Scheme 1.3. Activation of a iodonium salt upon light-irradiation.

Some photoinitiators have been specifically designed for their use in two-photon
polymerisation. Their photochemical reactivity is similar to that of the photoinitiators seen
before. However, the alteration of the side groups of the photoinitiator can significantly
increase their two-photon cross-section, thus their absorption in this regime.% In spite of the
development of new photoinitiator being of great interest, and because | will, in my work,
solely make use of the commercial photoinitiators presented before. | will not describe

photonitiators optimised for two-photon processes in this dissertation.>: 100101

Chemistry for vat photopolymerisation

The free-radical polymerisation of molecules containing vinyl-groups is the most
commonly used method for light-triggered 3D printing.1% Out of the possible monomeric
species, (meth)acrylates are prominent. Their popularity is noticeably justified by their high
lability, that facilitate the formation of densely crosslinked polymeric materials. The free-
radical polymerisation of acrylates proceeds by the propagation of a free radical,
preferentially carried by the secondary carbon of the vinyl moiety, following a Markovnikov
addition (Scheme 1.4). Despite this representation of a single chain growth being usually
used, the complete understanding of the free-radical polymerisation of acrylates is not trivial
and required consequent efforts over the years.!®® The free-radical polymerisation of
acrylates depicts an increased probability of “backbiting” events to happen compared to
other vinyl containing monomers. During “backbiting”, a proton transfer (intramolecular or
intermolecular) occurs from an a-position in the backbone to the propagating radical
position, which transfers the free radical to a tertiary carbon of the backbone. Although the
tertiary radicals are less labile than their secondary equivalent (which slows down the
reaction at first), their likely occurrence engenders a high density of crosslinks by further
propagation or recombination, which is of great interest for 3D printing purposes.'® The
chemical structures of well-known (meth)acrylate species used in this context are shown in
Figure 1.5.%
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Scheme 1.4. Mechanism of the free-radical polymerisation of acrylates.

Rll\rro\/\oﬁN@‘NﬁooﬁN’@Nio’\/OthR
o H H H H o
RnfLo/\(l;\oo,\o/H\oJo’\”R R = MeorH

o
Moy /ﬁg°%“°w

v
o
o O, (o] O, o
\\_Q 09_// \\_QO y_// WOV\NJLN/\’OTA
(o} [0}

X e oHy o
(o}
o)’_\\ ﬁo o)’_\\ LI/%

Figure 1.5. Example of (meth)acrylate containing compounds for 3D printing.>

A first main shortcoming of the free-radical polymerisation of (meth)acrylates for 3D

printing is the shrinkage that it engenders.1% Another important feature of the free-radical
polymerisation of acrylates lies in the ability of oxygen to quench the reaction. Via the
attachement of oxygen on the propagating radical, a peroxy radicals of relatively low

reactivity is formed, which desables further propagation.’®® As will be seen later, this
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reactivity is fundamental for techniques such as continuous liquid interface production
(CLIP). For printing in oxygen-rich media, this quenching could be a drawback, in which

case, other less oxygen-sensitive reactions would be preferred.

The thiol-ene(yne) polymerisation is an example of such a platform.1%” The thiol-ene(yne)
polymerisation is a step-growth polymerisation reaction that involves two different
compounds, a species that contains one or several thiol groups, and a compound having an
insaturation such as alkenyls or alkynyls. The polymerisation is initiated by the proton
transfer from the thiol to the radical initiating species, resulting in a thiolyl radical. The
thiolyl radical thereafter attacks the insaturation, forming a secondary radical, similar to the
radicals observed in the free-radical polymerisation of acrylates (Scheme 1.5).198110 The
preferred propagation occurs via a proton exchange with an new thiol group. The thiol-ene
free-radical polymerisation results in materials of low crosslinking density, which is, for
example, of interest for the fabrication of hydrogels. Moreover, this system can be designed
to be non-cytotoxic, making it relevant for biomedical applications.® 111114 Nonetheless, the
crosslinking density can be tuned, with formulations including branched compounds
including several functional groups (Figure 1.6), or by using alkynes in place of alkenes. In
the latter, a first coupling affords an alkene which can undergo the same reaction again.'%-
112, 115-118 The thiol-ene polymerisation also shows a reduced oxygen sensitivity and lower

polymerisation-caused shrinking when compared to the free-radical polymerisation of

acrylates.
L]
initiation Pl + R-SH —— R-Ss°
propagation R-s" + R _>R~S/\.’R1
R. R4 .
chain transfer R'S/\./R1 + R-SH —>» 5/\( + R-S
H

R. R
termination R-S® + R'S/\.’R1 —_— S/\r
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Scheme 1.5. Mechanism of the free-radical thiol-ene polymerisation.
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Figure 1.6. Structures of thiol-ene compounds in commercial inks.*°

Recently, controlled polymerisation reactions, noticeably RAFT polymerisation (Scheme
1.6), were successfully implemented for 3D printing.11%-22 The use of RAFT for 3D printing
allows a “living additive manufacturing” of polymeric materials. In their works, the authors
took into account the ability to chemically alter the “parent network™ obtained after the
printing step. In contrast to free polymerisation reactions, where the parent network is said
to be chemically “dead”, RAFT-based 3D printing allows a chemical modification of the
polymeric material after printing. Indeed, the presence of RAFT agents in the parent network
allows a secondary polymerisation reactions to be peformed, leading to a “daughter network”

that can contain several types of materials.

initiation / propagation PP+ M — P; M, Pm
S8S. S S. S¢S
chain transfer to RAFT agent P% + Y R == P& Y R = P ¥ + p
M z 4
s . M K
reinitiation / propagation R = P"DM

degenerative chain transfer / equilibria during propagation

S&.S. s_S. sS
P, 4+ Y Pn = PS Y P = PSP 4+ p
(w) z z

termination Py

Pm Pn R
Scheme 1.6. Mechanism of RAFT polymerisation.

The cationic ring-opening polymerisation of epoxides in another important reactivity used
for vat photopolymerisation 3D printing, with famous resists such as SU-8.1% 124 The
initiation of the cationic ring-opening polymerisation occurs by the attachment of an
initiating acid to the ether, which activates the neighbouring carbons, with respect to the
conventional reactivity of epoxides (Scheme 1.7). The propagation thereafter proceeds via
a classical ring-opening polymerisation mechanism. Epoxides have several advantages over
acrylates as the oxygen insensitivity of the cationic photopolymerisation, the lower

shrinkage of the parts upon crosslinking or the greater strength of the final materials.*?51?7
12
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However, the greater versatility and ease of use make acrylate preferable in many cases, for

practical reasons.!?

® ©
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Scheme 1.7. Cationic ring-opening of epoxides.

Some photodimerisation reactions have the particularity to being self-induced, as the
photodimerisation of coumarines (Amax = 340 nm) for example. In this case , the coumarine
group serves both as sensitizer and crosslinking moiety.®””"* In other cases, a separated
sentiziser can be used. The oxygen promoted dimerisation of amino acid residues have
allowed the crosslinking and printing of proteins. In this case, the sensitization of oxygen by
an additive dye (such as methylene blue or rhodamine B) can allow the photo-induced
oxidation of tryptophan, histidine, tyrosine, cysteine and methionine. A coupling of the
amino acid residues with their oxidised analogue can then occur via a condensation

reaction.’2-7

Physics for light-triggered 3D printing

Light-matter interaction is fundamental for light-triggered 3D printing techniques. On one
hand, understanding the mechanisms by which molecules are photo-activated permits the
designing of advanced photoinitiators. On the other hand, an understanding of how laser
beams evolve in different media permits the optimisation of the methods and procedures for

3D printing.

As seen before, the light-harvesting properties of photoinitiator is supported by highly
absorbing molecules built around aromatic moieties. Upon light-irradiation, valence
electrons of the highest occupied molecular orbital (HOMO) are promoted into the lowest
unoccupied molecular orbital (LUMO). While HOMOs are bonding molecular orbitals,
LUMOs have an anti-bonding nature, leading to a decrease in bond order by one-photo
excitation (1PE).34 However, the so-generated energy can solely be exploited if the activated
state of the light-harvester lives for a time long enough to allow it to undergo a chemical
reaction, that would lead to stable species of higher energy. In that regard, the recombination
of the electrons, regenerating a filled HOMO by radiative or non-radiative decay, is the main

limiting factor. One does then describe the formation of photointiating species to occur from
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atriplet excited state, for which recombinaison is disfavoured with respect to the multiplicity
selection rule, hence increasing the lifetime of the excited state.!?® This sequence of
phenomena is usually simplified and summarised in a Jablonski diagram that represents the
overall energy levels of the ground state (So), the first singlet excited state (S1), the second
singlet excited state (Sz) and first triplet excited state (T1) of the molecule, together with their
associated vibrational levels. The transition phenomena in-between the states: absorption,
vibrational relaxations (VR), internal conversion (IC), inter-system crossing (ISC),

fluorescence and phosphorescence can then be simply visualised (Figure 1.7).

E
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Figure 1.7. Example of Jablonski diagram. VR: vibrational relaxation; IC: internal conversion;
ISC: inter-system crossing.

First theoretically described by Maria Goeppert-Mayer,*° two-photon excitation (2PE)
refers to the excitation of a molecule by the absorption of two distinct low-energy photons,
through a virtual intermediate energy state. Due to this virtual state having no
thermodynamic stability, it has a very short life-time in the femtosecond order which
requires high light intensities. Practicallly, a focussed laser beam is used to generate a high
light intensity at the focal point. This leads to the formation of a “voxel”, contraction of
“volume” and “pixel”, that is the volume element in which the light intensity is high enough
to allow 2PE to take place. In Figure 1.8, two examples of the indirect visualisation of 1PE
and 2PE is shown for fluoresceine and fluorine 3.33! The use of such high energies densities
is however not possible if using continuous beam, as the heat at voxel could noticeably

degrade the material being irradiated. To circumvent this, pulsed beams are used that allow
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for a temperature management by relaxation within the resist. Considering the lifetime of
the virtual intermediate state, pulsings in the femtosecond range are required. Two-photon
laser printers are thus equiped with femtosecond pulsed IR lasers.

Figure 1.8. One-photon and two-photon excitation of fluorescein (left) and fluorine 3 (right).
Reproduced from,*! Copyright 2018, John Wiley & Sons.

For a focussed laser, the intensities along the x-, y- and z-directions follow Gaussian
distributions. Given the corresponding standard deviations along x or y, oy, and along z, o,

one can note the later as,
I; ~ N(Uz 02y?)
Ly ~ N(tixy, 0,%)
where y; is the mean value along the direction i.

What can noticeably be observed practically, is a significantly bigger standard deviation

along x and y than along z, leading to an ellipsoidal voxel.}*

Technologies for vat photopolymerisation 3D printing

In the last parts, | described the fundamental phenomena involved in vat
photopolymerisation techniques for the solidifaction of negative photoresists upon laser
exposure. In this part, | will adress the technical aspects in more details in order to understand
how instrumentations are equiped and what parameters can be adjusted for printing

optimisation.
Techniques based on one-photon adsorption

SLA and DLP make use of continuous UV-vis laser light sources, and therefore operate
based on one-photon excitation. An important factor for the successful operating of SLA and
DLP relies in the irradiating energy that will be applied to the photoresist. The wavelength

[nm] of the irradiating beam naturally has an effect on the latter, but remains technically
15



| Introduction & theoretical background

fixed for generic devices. Thereafter, the irrading energy will depend on the intensity [mW]
of the laser beam as well as the printing speed (for SLA) or irradiation time (for DLP). When
using a higher power and a longer exposure time, more energy is transferred to the resist
thus an increased extent of polymerisation and crosslinking occurs, leading to a stronger
material. On the other hand, high energies also generate a local temperature increase in the
irradiated part of the photoresist which can result in a deterioration of the material.}3* A
systematic screening of the printing parameters then allows the determination of the optimal
printing parameters for a given photoresist. In parallel, a “curing depth” under the tested
parameters is also determined, and should be considered during the construction of the

printing jobs and noticeably when setting the slicing distance.***

When constructing the printing jobs the slide thickness naturally influences the surface
smoothness as well as the time efficiency of the printing of a part. By the increasing of the
slide thickness, a “staircase effect” is observed, limiting the surface smoothness of the final
part. It also important to notice that the straight laser beam will deplete when impinging the
photoresist, caused by refraction and absorption (Figure 1.8). Upon increasing the slide
thickness, the depletion of the laser beam in the photoresist can lead to the formation of weak

points or voids that can alter the mechanical properties of the final part.5® 133

SLA uses a scanning of the laser beam in the xy-plane to construct a slide of the material.
After the completion of a slide, the layer of photoresist is renewed by the displacement of
the supporting stage along the z-axis. As it is proposed in the patent from Hull et. al.,®
several configurations of the printer can be used. In its easiest configuration, the stage can
be fully immersed in the vat and the part can be progressively printed by lowering the stage
in the vat. In this case, the light beam comes from the top of the vat and the
photopolymerisation occurs at the surface of the photoresist. Though being technically
simple, this design suffers major performances drawbacks. Most importantly, the size of the
printable parts is limited by the size of the vat, which is a problem for the fabrication of big
objects. Instead, modern SLAs are based on the third “upside-down” configuration proposed
in the patent. In this configuration, the vat is equipped with a transparent window at its
bottom, and the laser beam comes from the lower part of the instrument. The
photopolymerisation hence occurs at the bottom of the vat rather that at the surface of the

photoresist. The printed part is slowly pulled out of the vat, which allows the production of
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parts of variable sizes with the same instruments, and limits the size of the vat, thus of the

initial volume of photoresist necessary to fill it.3*

Build platform

Liquid photopolymer

Support structure

UV laser

Figure 1.9. Schematic representation of a SLA printer. Adapted from HUBS 2022, accessed

on the 12" of Mai 2022, < https://www.hubs.com/knowledge-base/how-design-parts-sla-3d-

printing/>.

In modern SLA, the most adapted way to achieve a fast and controlled targeting of pixels
in the xy-plane, for the fabrication of a 2D slide, relies on a xy-scanning mirror or on
galvanometer scanners. Galvanometer scanners are composed of two mirrors placed
orthogonally one to another, and that can rotate along their axis. This setup allows the

scanning of a stationery laser beam throughout any point of a xy-surface.**®

Figure 1.10. Schematic representation of a galvanometer scanner. Precision lasers scanning,
2022 accessed on the 4" of April 2022, <https://precisionlaserscanning.com>.

The light source and reflecting/scanning devices utilised is the main difference in-
between SLA and DLP. As just seen, in SLA, one creates a slide pixel by pixel through the
fast scanning of a punctual laser beam. Instead, DLP uses the irradiation of an entire slide at

once from a stationery light source. This is achieved using a digital mirror device (DMD)
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composed of an array of micromirrors which can independently be oriented in three
positions: on, off or neutral (Figure 1.11). In this way, each micromirror corresponds to a
pixel and enables the reconstruction of the targeted shape upon reflection of the light

Sourcel136-138

Digital Micromirror Device Array of micromirrors
(DMD)

Figure 1.11. Picture and close-up view of a digital mirror device. Ibsen photonics 2022,
accessed on the 4™ of April 2022, <https://ibsen.com/resources/spectrometer-resources/dmd-
spectrometers/>.

SLA and DLP are based on an iterative processes that fabricate parts slide by slide. This
operating principle, as mentioned, leads to an anisotropic mechanical behaviour of the
fabricated parts and also limits the speed of printing. Continuous liquid interface production
(CLIP) (or continuous digital light processing (CDLP)) addresses this issue by proposing a
strategy for the continuous printing of parts.'*® 14° The technology is based on the quenching
of the free-radical polymerisation of acrylates by oxygen. In CLIP, the bottom window of
the vat is designed to be permeable to oxygen, creating a gradient of oxygen concentration
in the deep part of the photoresist. The photopolymerisation thus only takes place at a height
at which the oxygen concentration becomes low enough to allow the proceeding of the free-
radical polymerisation. In this way, a layer of non-solidified photoresist is constantly present

and renewed at the bottom of the vat, allowing a continuous printing.

Two-photon 3D laser printing

Pioneered by Maruo in 1997,**! two-photon 3D laser printing makes use of the two-
photon excitation phenomenon to segregate the happening of photopolymerisation and
crosslinking phenomena within the characteristic voxel of two-photon excitation. The
technique is based on the idea that one can constructs 3D objects by the three-dimensional
scanning of the voxel. Thanks to the reduced size of the voxel, a microscale fabrication of
3D objects and resolutions of about 100 nm can be achieved.%® 142143 |n the context of 3D

printing, the resolution is given by the minimal spacing that allows the distinction of two
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parallel single lines, based on this same system, the definition corresponds to the minimal

achievable line width.

For 2PE based processes, the intensity I of the irradiating beam follows a normal

distribution of mean u and standard deviation o2.
I~N(uo?)

Below a threshold intensity, the crosslinking density of the irradiated parts is not
sufficient to obtain a solid and insoluble network. This minimal threshold will then be the
minimal intensity for which printing can be achieved. The width of the intensity distribution
at the threshold intensity corresponds to the voxel size, hence to the achievable definition. A
second threshold corresponds to the overexposure of the photoresist (Figure 1.12). Above
this threshold, undesired side reactions can occur and the photoresist is deteriorated. In the
most extreme cases, the most volatile components of the photoresist can undergo a phase
transition, resulting in the formation of bubbles and/or “explosions”. Optimal printing

parameters thus consist in a balance of crosslinking extend and thermal deterioration.4*

Laser intensity

Explosion

Polymerisation

No polymerisation

Voxel size

Figure 1.12. Representation of the intensity distribution for various laser powers. The two
minimal and maximal thresholds as well as the voxel size for each laser power are shown.

The printing of two distinct lines in close proximity can be pictured using the two
associated Gaussian curves of the intensities, and the effective irradiation dose should be
given by the summed intensities of the neighbouring voxel positions. The susquent
“proximity effect” can lead to two main issues. If the two distributions are far enough so that
they are separated at the threshold intensity, the proximity effect can lead to a filling of the
gap, hence to a reduced resolution (Figure 1.13a). In the case in which the proximity effect

leads to a dramatically increased intensity in-between the closeby voxels, the second
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threshold for the formation of bubbles and explosion can be reached, leading to a degradation
of the photoresist (Figure 1.13b).14 14 The latter phenomena should be accounted for when
setting the slicing and hatching distance used in the printing jobs and most often require

them to be optimised.

d Summed intensity b

Summed intensity

explosion

polymerisation

Voxel 1 Voxel 2

polymerisation

Voxel 2

Figure 1.13. Representation of the proximity effect provoquing a) a loss of resolution and b)
a degradation of the photoresist.

Two-photon 3D printers have progressively been made commercially available in the past
decade which allowed an acceleration in the development of the technique. With respect to
the size of the structures that are produced by the technique, a single drop of photoresist can
used as stock material. Technically, the samples containing the photoresists can be mounted
on a microscope stage that moves in xy-plane, and the objective is mounted on second stage
that moves along the z-axis. Though such a setup allows the fabrication of 3D objects, the
precision and velocity of the stage limits the quality of the achievable printing and the
printing speed.'*® Instead, two-photon 3D laser printers use galvanometer scanners to
achieve the xy-scanning of the voxel and piezoelectric elements for the scanning along the
z-direction. In this case, the sample holder is primarily linked to the microscope stage by
piezoelectric elements, enabling the holder to be very precisely and rapidly displaced along
the z-axis.'*® Nevertheless, the available displacement amplitude of piezoelectric elements
and the window reachable by galvonometer scanners have limitations that have to be
considered for the printing of big objects. In this case, the targeted objects are split into

smaller parts that can be fabricated separately.

One distinguishes two main operation methods for two-photon 3D laser printing. In
“immersion-oil” configuration, the structures are printed on the glass substrate and in their
intended z-orientation. The objective is then located across the substrate and is separated

from the latter by oil. Immersion oil configuration is the easiest approach for two-photon 3D
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laser printing but suffers the limitation that the maximal reachable structure height is dictated
by the working distance of the objective used. This shortcoming can be addressed by using
a “Dip-in” approach where the photoresist is included in-between the objective and the glass
substrate. The Dip-in approach removes the barrier of height limitation and allows the

printing of big structures.

At the end of the process, the printed objects can be isolated by the “development” of the
remaining non-crosslinked photoresist, by solubilisation in a good solvent. The non-
crosslinked photoresist is then washed out, while the insoluble crosslinked parts remain on
the substrate. During development, capillary forces or miscelleneous external stresses may
provoke a detachment of the structures from the substrate. In that regard, the glass substrates
can be functionalised with reactive groups such as methacrylates that allow a covalent

anchoring of the structures on the substrate.

Functional materials for 3D printing

Specific functionalities can be provided to the polymeric objects 3D printed by light-
triggered techniques. This can be achieved by a smart formulation of the photoresists, either
by embedding functional materials as additives or by using components that would generate

a functionality during polymerisation. In our perspective review,*’

we have, for example,
presented fibre reinforced photoresists, -2 photoresists including cellulose nanocrystals,?*
3. 35 photoresists with embedded carbon nanotubes,®-2* nematic liquid crystalline
photoresists'*®1% or photoresists with embedded metal-organic frameworks.'> Which
allowed the printing of polymeric materials of increased material properties, as well as
conductive, stimuli-responsive or gas absorptive polymeric materials. In this section, | will
focus on the two classes of functional materials explored in the current dissertation, liquid
crystalline and porous materials, with special emphasis on their use and potential in the field

of 3D printing.
Liquid crystalline materials

The liquid crystalline (LC) state is a specific state of matter in which the molecules
arrange in a systematic way, such as is the case for a crystalline solid, but in which the
molecules enjoy a mobility that makes the LC state comparable to a liquid.*>® The first
description of the LC state is currently reasonably unanimously attributed to Friedrich
Reinitzer and his work published in 1888.1° In the latter, the author was studying some
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derivatives of cholesterol, and noticeably cholesteryl benzoate, when he observed the
formation of a singular purple coloration upon slow cooling of an isotropic melt of the
compound (described as “splendid” in the translation of the original work). The purple
coloration later vanished upon further cooling, and a crystal state was observed. Upon
heating from the crystaline state, the author observed the reciprocal behaviour; a first melting
into a cloudy fluid material, followed by a clarification upon further heating. With the current
understanding of LCs, these observations can easily be rationalised, | will dedicate the

following part to present the current understanding of LCs.

Thermotropic LC materials are characterised by a double melting. At low temperatures,
the so-designed “mesogens” (LC molecules) form a crystalline phase. Upon heating, a first
transition is observed where the material gain fluidity, but where the mesogens remain
constrained to an overall arrangement driven by weak intermolecular interactions (Table
1.1).7 The study and understanding of the inner arrangement of the mesogens in this
mesophase (LC phase) is the challenge the field of LC is addressing. Upon further heating
from the LC state, the weak interactions that support the mesophase are disrupted and the
material behaves as an amorphous fluid. The associated temperature to second melting is
referred to as “clearing point” or “clearing temperature”.

Table 1.1. Strength of important soft intermolecular interactions. Adapted from,*” Copyright
2009, American Chemical Society.

Interaction Strength [kJ mol]

ion—ion 100—300
ion—dipole 20—200
dipole—dipole 5-50
hydrogen bonding 4-120
cation—n 5-80

T 0-50

Van der Waals less than 5

Lyotropic LC form mesophases based on their concentration in a solvent. As for
thermotropic LC, many systems were found to behave as lyotropic and a lot of efforts have
been put into their understanding and manipulation.'>® The present part will however be

focussed on thermotropic LC materials.
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The nematic mesophase

Different level of mesophase organisation can be obtained from each individual type of
thermotropic mesogens. The mesogens are usually classified with respect to their molecular
shape; rod-shaped (calamitic), discotic, bent-shaped or cholesteric. The first important
consideration is hence that mesogens rely on molecular structures of high stiffness for which
their shape is clearly identified. The central mesogenic skeleton is thereafter substituted with
fluid side chain providing the final mesogens with the necessary fluidity to prevent

crystallation and to allow the formation of a LC mesophase. % 1%

=
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Figure 1.14. Representation of calamitic and discotic mesogens, together with their associated
mesophases.

The nematic liquid crystalline (NLC) mesophase is the mesophase of lowest ordering. In
the nematic phase, the mesogens are in average aligned with their axis of highest symmetry
(main symmetry axis) parallel to a “director vector”, n, that is defined as an attribute to the
mesophase. Within a nematic phase, solely an averaged alignement of the mesogens along
the director vector is observed, and no arrangement along the other spatial dimensions are
observed.!®! The main advantage of the nematic phase resides in this relative simplicity and
in its corresponding facilitated handling. Nematic LCs possess, for example, unique optical
refraction properties that are currently used for display applications.'%? Using NLCs allows

an access to the unique properties of LCs through a relatively simple alignment along a single
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direction hence limits the complexity of the associated methods and processes. This supports
the popularity of NLCs when compared to other LC materials. For practical reasons, mainly
NLCs formed by calamitic mesogens are used, but nematic phases nonetheless also defined
for discotic or bent-shaped mesogens.®® In calamitic mesogens, the long symmetry axis
contains covalent bonds, enabling the manipulation of the mesophase by the introduction of
functional groups at this position. For example, the introduction of cyano groups having a
strong dipole moment, is a conventional design and allows the alignment of the mesophase

through the application of an external electric field,164 16°

In the field of the 3D printing of polymeric materials, the manufactured materials are
solidified during the croslinking process. As a result, the arrangement of the mesophase will
get locked to some extend, and the shape sensitivity of the fabricated materials toward phase
transition can be exploited. When found in a nematic phase, the mesogens occupy a maximal
length along the director vector and a minimal length across the director vector. If heated,
the LC material will be provided the necessary mobility to arrange randomly, as a result,
both a constriction along the initial director vector and an elongation across the initial
director vector will be obtained. Importantly, the original nematic arrangement
spontaneously re-establishes from the isotropic material, driven by forces applied by the
matrix on the mesogens and by the formation of intermolecular interactions, which allows
the repeated manifestation of the shape modification. This controlled anisotropic shape
responsiveness is fundamental for the 3D printing of stimuli-responsive structures (“4D
”).166, 167

printing

i ="TH=N

Figure 1.15. Representation of a nematic phase of calamitic mesogens (ellipses) and of the
shape modification of a polymeric LC elastomer induced by phase transition.

Appart from the thermal disruption of the NLC phase, an similar response can be obtained
if the arrangement is randomised by a shape modification of the mesogens. Noticeably, the
light induced Z/E-isomerisation of azobenzene (Amax = 330 nm) has been widely used. While

the Z-azobenzene is calamitic and can be included in a NLC phase, the E-isomer creates
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voids in the arrangement and forces a randomisation of the arrangement.’®® If the
photoswitch is included within an elastomer, the Z/E-isomerisation induces the formation of
loops and helps the randomisation further.6®

The first step of 4D printing of NLCs is to obtain an aligned mesophase. For 3D printing
techniques based on material deposition, it has been shown that an alignment can be achieved
from the shearing force applied by the nozzle on the being-deposited molten material 170173
3D printed structures of NLC elastomers were shown to be capable of applying a mechanical
work onto weights upon phase transition.!”® "> Also, NLC elastomers can be used to
fabricate structures that bend upon exposure to an external stimulus when printed either on
a flexible and inert substrate, or on a second layer of the LC polymer such as the respective
alignments of the two layers are perpendicular to each other. The obtained bending can be
used to prove the stimulus-responsiveness of a NLC material and used for the fabrication of

functional structures, such as actuators.'’% 172

The application of nematic LCs to SLA and DLP remained challenging for a long time.
Indeed, due to the fluid nature of the photoresist for SLA and DLP, the alignement of the
entire resist has to be maintained for the total duration of the printing task. However,
considering the scale at which these techniques are operated, such an alignment of a large
volume of the photoresist is not trivial. In their works Ullett et. al.*’* 1> and Tabrizi et. al.1"®
made use of permanent magnets located around the vat to induce an alignment of a nematic
mesophase. In both cases, the authors observed the successful locking of the nematic phase
and printing. However, a miniature vat had as well as a consequent magnetic setup had to be
used, which limits the achievable size of the printed structures. Later, Li et al.}’” achieved a
shear-driven alignment of a nematic phase, applying a shearing force on the photoresist by

the displacement of the photoresist tray.

Thanks to the smaller scale at which two-photon 3D laser printing is operated, the use
and the control of nematic LCs and of their alignment is facilitated. Noticeably, the
alignment can be triggered and controlled using electric fields,'®* polarised light'"® or surface
segregation.t’%-181 Wiersma and coworkers provided several examples of light-responsive
3D printed structures.'>® 18218 |n 20158 the group fabricated a microscopic walker
(Figure 1.16). The design was based on the printing of a light responsive polymeric block
which elongates upon irradiation at 532 nm, and relaxes back to its original shape when the
irradiation is stopped. In this case, the disruption of the nematic phase is caused by the light-
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induced Z/E-isomerisation of the azobenzene photoswitch.!81% By adding a leg on each
corner with a 45° angle, the microscopic walker can freely displace on a rough substrate
upon repeated irradiation-dark circles. In 2017, the group reported a design in which a 3D
printed NLC pincer that can selectively fold and grab a presented object under light
irradiation, with respect to the colour of the object presented. In this case, the folding is
triggered by the local temperature increase resulting from the light absorption of the object
presented. Other examples proved the incredible potential of two-photon 3D laser printed

NLC elastomers for the fabrication of stimuli-responsive structures, 2 150-152, 165, 168, 192-194
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Figure 1.16. Microscopic walker fabricated by two-photon laser printing. a) Composition of
the photoresist. b) Microscope image of the main block in the dark and c¢) under light-
irradiation. Scanning electron microscopy of the microscopic walker with legs added in d)
bottom view and e) side view. f) Microscope image of the microscopic walker in the dark and
under light irradiation. g) Recorded displacement under pulsed light irradiation. Adapted
from,*8” Copyright 2015, John Wiley & Sons.

Columnar liquid crystals

In 1977, Chandrasekhar et al.’*® pioneered modern research on columnar LCs.
Knowledge prior to this work made use of the “graphitisation” of complex organic materials
upon carbonisation at elevated temperatures.’®® %7 Indeed, graphite is known to be
composed of two-dimensional sp? carbon sheets (graphene sheets), that are weakly bound
together in the z-direction, by van der Waals interaction. Early investigations of columnar
stacked molecules were based on this model directly, and used the pyrolysis of organic
compounds at a temperature in the order of 500 °C to obtain graphite-like materials

composed of polyaromatic hydrocarbon sheets of a molecular weight of about 1500 Da. The
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particular graphite-like configuration of these materials can be studied by X-ray diffraction

and lead to a specific birefringence of the materials.

In their work, Chandrasekhar et. al. studied the arrangement of benzene-hexa-[n]-
alkanoates into a Coln mesophase an evidenced the ability of relatively simple organic
molecules to form columnar LCs under mild conditions, as the mesogens depicted a clearing
point at about 86 °C, and the LC phase was formed from about 82 °C in the cooling step.
With their approach for the design of discotic LCs mesogens, the authors paved the way

toward a wide diversity of molecular structures for discotic LCs mesogens.

Columnar mesophases and their characterisation

Similar to the arrangement of calamitic mesogens, discotic mesogens can self-assemble
into a “nematic discotic” phase, where the main symmetry axis of the discotic mesogens are
in average aligned along a director vector. Also, thanks to their ability to self-assemble into
columnar stacks, a second “nematic columnar” phase is the nematic arangement of columnar
stacks of discotic mesogens (Figure 1.17). Nonetheless, nematic phases of discotic

mesogens are rarely observed. 1%

Director

Figure 1.17. Nematic phases of discotic mesogens: a) nematic discotic and b) nematic
columnar phases. Reproduced from,%® Copyright 2010, the Royal Society of Chemistry.

More common columnar mesophases are engendered by the piling of discotic, conic or
bent-shaped molecules into columns and by the arrangement of these columnar stacks into
regular two-dimensional pavement. The most important patterns are hexagonal (Coly),
tetragonal (Colt), oblique (Cols) and rectangular (Coly) (Figure 1.18).2% In a Coln
mesophase, the columns are arranged in a hexagonal pattern similar to a honeycomb pattern.
In a Colwtr mesophases, the columns draw a compact squared pavement. Finally, the Colop
and Col, consist in a squared and rectangular pavement, respectively, with an additional

centre column. Of the latter, the Coln mesophase is the most widely observed, in the
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following, a general columnar mesophase appellation will thus refer to the Coln mesophase.

When applicable, other symmetries will be mentioned explicitely.

a

SRR TR

Figure 1.18. Examples of 2D pavements of columnar mesophases and their associated lattice
parameters and 3D representation. The cross section of columns is drawn as circles; ellipses
indicate a tilt of the mesogens. a) Hexagonal, b) tetragonal ¢) oblique and d) rectangular
columnar mesophases. Adapted from,**® Copyright 2011, the Royal Society of Chemistry.

In “randomly arranged” columnar mesophases, distinct liquid crystalline domains are
formed and do not show a homogeneous long-range orientation. In aligned mesophases, a
long-range alignement is obtained, the alignment is “planar” if the director vector of the
mesophase is parallel to the substrate or “homeotropic” if the director vector is perpendicular
to the substrate. A first improvement of the long-range alignment can be achieved by
adjusting the cooling rate applied, which results in a widening of the domain size. Slower
cooling rate, the mesogens are given more time to finely arrange with respect to each other,
while faster cooling rates would force the formation of weak intermolecular interactions,
restricting the mesogens” mobility, hence their fine arrangement. A manipulation of the
cooling rate may be sufficient to obtaining good long-range alignment. However, an external

driving force for the alignment of the mesophase should be applied in most of the cases.?*

A first approach consists in the tuning of the mesogen-substrate affinity. Toward a planar
alignment, the side chain should have a strong affinity for the substrate while the inner core
should be repulsed away from it (Figure 1.19a). If the inner core has a great affinity for the
substrate while the side chains are repulsed away from it, a planar alignment is expected
from the second layer of mesogens (Figure 1.19b). Finally a homeotropic alignment should
be favoured by both the side chains and the inner core having a good affinity for the substrate,
allowing them to spread on the surface and initiate the growing of columnar stacks (Figure
1.19c¢).201
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Figure 1.19. Representation of the alignment induced by a surface having a strong affinity for

a) the side chains, b) the inner core and c) a similar affinity for the either the inner core and
the side chains. Reproduced from,?°* Copyright 2018 American Chemical Society.

The application of an external magnetic field was shown to induce an alignment of the
director vector perpendicular to the field. A stationary sample being exposed to a
homogeneous magnetic field would hence be aligned within a plane normal to the field. In
order to restrict the alignment further to a one-dimensional direction, a rotation of either the
field or the sample along a secondary axis perpendicular to the field should be applied,
inducing an alignment of the director vector along this secondary axis.??? The alignment
under an external magnetic field is pretty powerful, but requires advanced equipment and
setups for the generation of a strong magnetic field, in the order of 5 T, as well as to generate
the secondary rotation axis. Other alignement methodologies under an external electric
fields, by surface patterning or by shearing are also possible but have not been as extensively
reported.?®

Randomly aligned Col, mesophase Under stationary magnetic field

Planar Col, mesophase Homeotropic Col, mesophase

Rotation B'

Figure 1.20. Representation of a randomly aligned Col, and its alignment by the application
of an external magnetic field and rotation toward planar or homeotropic alignment. Adapted
from, %2 Copyright 2014 American Chemical Society.
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The unique birefringence of columnar LCs allows a first instinct of the LC properties of
the compound to be accessed by microscope imaging under crosspolarisers. By polarised
optical microscopy (POM), conic fan-shaped or focal conic LC textures are in particular
incative of the formation of a columnar mesophase (Figure 1.21). Other rarer features such
as spherulitic textures or “straight line defects” are attributed to a columnar mesophase and
a high degree of order, respectively.?%* 2% While the appearance of the mesophase by POM
is indicative of the nature of the material, the domain size is related to the long-range
ordering of the mesophase. For the analysis of thermotropic LCs, the samples are placed in
a heating stage and POM allows a direct visualisation of the phase transitions. Nevertheless,
POM analysis does not allow to complete characterisation of columnar LCs. To obtain a
qualitative and quantitative determination of the mesophase, X-ray diffraction techniques

should be used.

The expected POM of aligned columnar mesophases are particular as their appearance by
POM depends on the angle at which they are observed. When imaged from a direction
perpendicular to the director vector, a colourful and homogeneous appearance is expected.
If imaged along the director vector, no LC texture should be observed, which is similar to
the appearance of an isotropic phase.29% 203 206. 207 The jnterpretation of the results hence
requires an advanced preliminary understanding of the LCs properties of the material.

Figure 1.21. Example of LC textures characteristic of Col, mesophases. a) Conic fan-shaped
texture, b) focal conic texture, c) spherulitic texture with maltese crosses and d) straight line
defects. Reproduced from,2% Copyright 2007, John Wiley & Sons.

The XRD analysis of columnar mesophase, the reflections peaks always depict a certain
broadness, indicative of the fluidity of the phase. As stated previously, the mesogens within
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a LC phase enjoy some mobility, which results in an uncertainty in their spatial location,
thus of the intermolecular spacings. On the other hand, crystalline phases lead to an
observation of really sharp peaks that transcript their high ordering.

For Bragg's planes with Miller indices h, k and [, a constructive interference will result
in a signal depending on the scattering angle 26 of the X-ray beam with respect to the

Bragg’s law

20
nil = Zdhkl sin (7) (1)

where d is the scattering distance and A is the wavelength of the X-ray source source (for

CuKa, A = 1.5406 A). To each distance can then be associated a scattering vector g by

2T
- = 2
qhki At )

And the value of the scattering vector can be expressed as a function of the scattering
angle by

4n 20
Ankil 1 Sln( 2 ) ( )

Therefore, the wide-angle region of the spectrum will contain information about small
features, while the small angle region will contain information about symmetry elements

with wider spacing.

For columnar LCs, the wide-angle region contains a very broad reflection that
corresponds to the corelation of the aliphatic chain as well as a sharper, yet broad, (001)
reflection for the n-x stacking of the aromatic core. The broadness of the (001) reflection
indicates a large irregularity of the spacing between the discotic mesogens along the director
vector. The small-angle region shows the long-range two-dimensional arrangement of the
columns; and are sharper, indicative of a regular pavement in the xy-plane. The small-angle
reflections contain information about the symmetry of the pavement as well as about the
spacing in-between the columns. An interpretattion of the small-angle reflection is achieve

via the analysis of the relative distances of each signal, most often the scattering vectors are

used in that purpose. For a Col, mesophase, a 1:v/3: v/4: /7 ratio of the g-values is expected

with respect to the symmetry of the pavement (Figure 1.22). For other columnar

meshophases, this ratio will warry, as for example for a Colietr mesophase, 1: v2:2:/5:4/8:3.
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The indexing of the significantly rarer Colo, and Colr mesophases are not as simple due to

the several lattice constants.?%®

Figure 1.22. Representation of the hexagonal arrangement within a (001) slice of a Coly
mesophase.

For a hexagonal packing, the lattice constant a corresponds to the diameter of an
elementary circular element within a (001) slide. The radius r of the circular elements of the
the hexagonal arrangement corresponds to the diffraction d,,,, and the diameter can be
expressed as a function of d,;,. In accordance to the relative distances for a hexagonal

arrangement, d;;, can be expressed as a function of d,,, hence

(4)

a= 2T= 2d110=

NG d100

For a better approximation, a was calculated using the averaged d,o, using the
corresponding value of d,,, from the respective distance d; of each exploitable diffraction
peak. The lattice constant a of a hexagonal packing can therefore be expressed as

()

a =

2 1 = 2 <d100 + V3dy10 + VA dygo + V7 dyyo + )
73 G0 = 73

More generally, for a hexagonal arrangement, the distance d;, corresponding to the

ndiffractions

(hkO) reflection can be calculated as a function of the lattice constant a by?%®

1 4 h® + hk + k? ©)
dZro 3 a?
Hence,
1 4 2
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and

dZo = !
"0 hZ 4 hk + k2
Randomly aligned columnar mesophases result in circular reflections, corresponding to

d?00 (8)

the random orientation of the director vectors of the LCs domains. On the other hand, long-
range alignment of the LCs domains is characterised by the observations of focal points in
the 2D diffractogram. They are due to the coherence of the Bragg’s planes in aligned samples
and their distribution is related to the symmetry of the sample at the orientation considered.
If we consider a polymeric film of an aligned mesophase that is analysed by XRD in
transmission. For a Coln mesophase with a planar alignment, one observes a line alignment
of the small-angle reflections, as well as a line alignment of the wide-angle reflection 90°
appart. In the case of a homeotropic alignement, the small-angle reflection will have a
hexagonal distribution that is caused equivalent Bragg’s planes. With respect to equation
(6), it can be seen that several different Miller indices will yield the same distance value, for
example, the (1,0), (0,1), (1,0), (0,1), (1,1) and (1, 1) planes will yield the same distance

value.

Design of discotic mesogens

A classical design of the aromatic core consists in an aromatic or polyaromatic core. Big
polyaromatic molecules such as coronene for example, are known to form columnar
crystalline phases.?®® For big polyaromatics, such an arrangement is favourable with respect
to other arrangements such as herringbone packing?'® or sandwich herringbone packing of
dimers,?!! that can be observed for benzene or pyrene, respectively. This preference it caused
by the maximised n-m interractions and packing density. It is then natural to make use of
such core for the design of discotic mesogen.?'2-2* As mentioned previously, the rigid self-
aggregating polyaromatic cores are substituted with fluid side chains to prevent the
formation of a crystalline phase and increase the mobility of the discotic mesogens.*® An

example of a discotic mesogen is proposed in Scheme 1.8.2%5
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Scheme 1.8. Example structure of a discotic mesogen based on a triphenylene core.?%®

However, polyaromatic molecules are only one example of cores around which columnar
mesogens can be built. Dendritic species received interest in the LC community and allowed
the systematic study of the arrangement with respect to the core’s size. As dendrimers are
built by the successive addition of a defined group (each addition is denoted as a
“generation”), the study of their arrangement helps a deep understanding of the aggregation
process. The iterative addition of a specific motif by which dendrimers are synthesised is not
without remembering biological processes. Their study is then additionally used for the
understanding of the impact of the primary structure (with repect to the nomenclature used
for proteins) on aggregation in natural systems.*®’ In the context of LCs, it can be concluded
that the arrangement in columnar mesophases will be favoured for compounds having only
a few generations. For bigger dendrons, the molecular fluidity becomes prevalent and there
are no longer likely to be found in a flat discotic configuration. Functional cores can be used,
in which case, their functionality can be forwarded to the mesophase. For example, using
discotic mesogens built around a crown-ether?*6-8 or a porphyrin?'® core, or columnar LCs

of metallomesogens.??% 22

Vinayakumara et. al.??2 used a dual donor-acceptor maleimide moiety to fabricate H-
bonded discotic mesogens. The authors obtained the mesogen monomer via the Wittig
reaction of gallaldehyde with triphenylphosphoranylidenyl succinimide and characterised
the formation of a Col, mesophase of H-bonded assemblies of three molecules. In the case
in which a spacing phenyl ring is included, the molecule preferentially self-assemble into a

dimeric assembly which behaves as a calamitic mesogen, forming a smectic mesophase.

In my work, | studied the making of nanoporous materials by using H-bonded discotic

mesogens. It was shown that H-bonded multi-component discotic mesogens can effectively
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being formed and that the resulting supramolecular assemblies behave as discotic

mesogens.?23-226

Pioneered by Lee et. al.,??” terminal crosslinkable groups can be introduced on the
aliphatic chains of H-bonded discotic mesogens that are built around template core. This
allows a solidification of the material by the crosslinking of these groups which locks the
LC arrangement and makes the obtained polymeric substance further exploitable as
functional material. Noticeably, removing the centre core, provides the materials with a high
porosity by the freeing of the volume previously occupied by the template core, resulting in
the formation of pores. Previous studies on LC based based porous materials were
consistently using lyotropic LCs of amphiphilic molecules.?28232 Driven by their experience
with thermotropic columnar LCs, the authors proposed H-bonded self-assembled discotic
mesogens as an alternative pathway for the preparation of porous materials mimicking
natural membranic channels. Such porous materials have potential application in
recognition, separation, catalysis and synthesis of nanocomposites. Further studies have
provided a deeper understanding of crosslinkable discotic mesogens, proposed various

designs and investigated their practical utilisation.

From then, the works initially inspired by Lee at al., have widen the variety of possible
designs of thermotropic self-assembled discotic mesogens for the fabrication of porous
materials. Some systems were, for example, based on melamine derivative,%2¥ triazines,?*
1,3,5-tris(1H-benzo[d]imidazol-2-yl) benzene,?° chiral amines,?*° or triazoles.?*! Reversing
the position of the donor and acceptor groups, similar assemblies can be designed around

cores containing carboxylic acid moities and pyridine terminated peripheral molecules.?**-
246

Osuji and coworkers reported several nice example of the homeotropic alignement of
Coly mesophases and their further crosslinking into polymeric films. The group noticeably
used systems using fatty acids as peripheral acids,?*’ studied the tilt of the discotic mesogens
within the homeotropic Coln mesophase,?*’ or utilised the porous homeotropic Coln
polymeric films as actual mebranes.?*® In many cases, the homeotropic alignment could be
directly imaged by transmission electron microscopy (TEM).202% 206, 207, 247 TEM results
nicely demonstrates the high ordering and regularity of nanopores when based on a LC

phase.
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Figure 1.23. TEM images, schematic representation of the cut imaged and associated WAXS
diffractograms of an aligned Col, mesophase. The specimen was cut a) perpendicular or b)
parallel to the secondary rotation axis. Reproduced from,®2 Copyright 2014 American
Chemical Society.

Porous superhydrophobic materials

Superhydrophobic materials are defined by a high water repulsiveness and are
characterised by contact angle, the contact angle of water being above 150°. For a droplet
being deposited on a flat surface, the contact angle depends on the affinity of the solvent
with the material the surface it is deposited on. Thus, it depends of the hydrophobicity of the
material in the case of the deposition of a water droplet. The contact angle 6,, is determined
at the triple point solid-liquid-vapour, and can be expressed as a function of the
corersponding solid-vapour, ysy, solid-liquid, y;, and liquid-vapour, y,, surface tensions

with respect to the Yound-Dupre equation.?*°

Ysv — VsL

©9)

cos BY =
YLv

However, the contact angle is never practically greater than 125°—130° for flat surfaces.
Superhydrophobicity can then only be accessed via rough surfaces. A droplet deposited on
a rough hydrophobic surface wets the surface in two ways described by the Wenzel
equation®® and Cassie-Baxter equation (Figure 1.24).25% 252 |n the Wenzel state, the water

fully contacts the rough surface and the contact angle evolves with respect to the ratio, r, of
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the specific surface area (liquid-solid contact area) with the projected surface area (footprint
of the droplet) by

cos O =rcos 6 (10)
As a result, the contact angle of water with hydrophilic materials (8Y < 90°) will

decrease and that with hydrophobic materials (6Y > 90°) will increase.

Figure 1.24. Schematic representation of a water droplet deposited on a rough surface in the
Wenzel state (left) and Cassie-Baxter state (right).

In the Cassie-Baxter state, the droplet solely wets a fraction of the solid hydrophobic
material while the remaining of the contact area is in contact with the vapour phase. In this

state, the contact angle is expressed as

cosO = @g (cosOY +1) -1 (11)
where @ is the fraction of the liquid-solid contact and (1 — ;) the fraction of the liquid-
vapour contact. The relationship of the contact angle in both the Wenzel state and Cassie-
baxter states with respect to the Young-Dupre contact angle, as well as a representation of
both state of the wetting of rough surfaces in shown in Figure 1.25.253
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Figure 1.25. Relationship of cos 6 (cos 0,4y,4,) With cos 6 (cos Of4;) in a a) Wenzel state,

b) Cassie-Baxter state and c¢) metastable Cassie-Baxter state. In each case, a representation of
the wetting is shown. Reproduced from,?? Copyright 2007, American Chemical Society.
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Appart from an increased static contact angle, superhydrophibic materials should be
capable of low water retention. The dynamic contact angle is usually determined by the tilt-
drop method. By tilting a surface of the rough hydrophobic solid material with a deposited
water droplet, one can determine an hysteresis factor H, indicative of the force necessary to

remove the droplet from the surface, by

Hy, = 64y — Ory (12)
where 6, is the advanced contact angle and 6y the receding contact angle. 6, and 6, are
determined at the sliding angle (or tilting angle) @ at which the droplet flows or rolls away.
For a Wenzel state, H and & are high ,while those for a Cassie-Baxter state are very low
(< 10°). Superhydrophobic materials can then be defined as materials with a high contact

angle (6 > 150°) as well as a low tilt angle.?>*

Hy0 N H0 {

| Sur face \ | Surface |

Figure 1.26. Representation of a) the static contact angle 6 for a hydrophilic (left) and a
hydrophobic (right) surface. And b) of the advanced contact angle 6, and the receding
contact angle 6 upon tilting the surface with an angle @. Reproduced from,® Copyright
2021, Springer Nature.

Originally inspired by bio mimicking of lotus leaves, superhydrophobic materials can be
obtained by the fabrication of materials with a high specific surface area.?>® 25" Their high
water repellency provides supehydrophobic suface with self-cleaning,?*® low friction,?®°
anti-corrosion,?®® anti-icing,? or anti-biofouling®®! properties.?®? Surfaces depicting a high
specific surface area can be prepared by numerous ways including photolithgraphy,263 264
templating, plasma treatment and more.?%® Noticeably, porous materials and aerogels are

good examples of materials with a high specific area.3?: 266-268

In their work, Dong et. al.3% “? proposed a specific DLP ink formulation which contains a

hydrophobic acrylate monomer (butyl acrylate, BuA, 30 wt%), a methacrylated crosslinker
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(ethylene glycol dimethacrylate, EDMA, 20 wt%), a photoinitiator (1g819, 2 wt% with
respect to BUA+EDMA) and a porogen (1-decanol, 50 wt%). Upon photopolymerisation, a
phase separation occurs with the porogen diffusing out of the polymeric phase, what
engenders a biphasic system comparable to a porous material. Due to the rather fragile
polymeric scaffold and the capillary forces applied to it by the solvent during a conventional
drying, the retention of the porosity cannot be sustained this way. Therefore, specific cryo-
drying procedure is used in which the polymeric matrix is frozen and solidified at low
temperature, prior to solvent removal. With this procedure, the authors obtained a highly
porous material which exhibited superhydrophocity, as was confirmed by contact angle tests.
Moreover, as the superhydrophobicity arised from the porosity of the material, it was not
only provided to the external surfaces, but to the entire bulk of the printed objects. Contact
angle experiments for polymeric objects fabricated from photoresists including or excluding
a porogen showed contact angles of 155° and 74°, respectively, evidencing the prominent

importance of porosity for the superhydrophobicity of the 3D printed objects.

o o
\)l\ w e T ﬁ)l\o/\/o\“Jk
o
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Figure 1.27. Composition of the ink propsed by Dong et. al. toward porous superhydrophilic
polymeric object. Evidencing of the bulk porosity, hence superhydrophobicty for a DLP
printed cube. Example of DLP 3D printed superhydrophobic objects with complex geometries.
Reproduced from,*° Copyright 2021, John Wiley & Sons.
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Chapter 2 Aiwvs

In this dissertation, the use of two photon 3D laser printing as a versatile tool for the
creation as well as the post-modification of porous materials is proposed. The main goal is
to enlarge the span of functional porous materials which can be treated using the additive
manufacturing technique, and hopefully serve specific purposes for future manufacturing

challenges.

As already mentioned in the previous section, porous materials play an important role in
different areas such as catalysis, filtration, separation, or molecular recognition. In the first
part (chapter 3), | exploit the use of two-photon laser printing for the manufacturing of
porous microstructures. Therefore, | made use of columnar hexagonal liquid crystals (Colx
LCs), which have unique structural advantages and functional abilities. To date, some works
presented the use of Coln polymeric materials based on self-assembled discotic mesogens,
as selective adsorber or selective membranes for purification purposes. Nonetheless, and
despite the established procedures for the making of such materials by photocrosslinking,
the shaped-defined processing of Coln LCs was not described until date. The main goal of
this dissertation is to develop a new approach allowing for the creation of well-defined and
highly ordered porous microstructures based on Col, LCs, by employing two-photon laser

printing.

The fabrication of multi-material objects is of tremendous importance to access complex
functional devices. However, such fabrication remains highly challenging, and utilised
strategies often remain material-specific. The second main goal of the current thesis
(chapter 4) is the development of a versatile strategy for the functionalisation of porous
materials with high resolution and in three dimensions, by combining the advantages of two-
photon laser printing and discontinuous dewetting. In particular, the fabrication of
superhydrobic porous structures, that can be post-functionalised with a hydrophilic
monomer to exhibit patterned discontinuous water affinity, is selected as a promising
approach.
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Chapter 3  TwoO-PHOTON LASER PRINTING
OF HEXAGONAL COLUMNAR LIQUID

CRYSTALLINE MATERIALS

In this chapter, I will focus on the design and fabrication of highly ordered nanoporous
materials based on Coly LCs. For this purpose, | synthesised a library of different mesogenic
self-assemblies. These generally consisted on the H-bonded assemblage of three gallic acid
derivatives around a central templating core. A determination of the LC behaviour of the
discotic mesogens, by POM, as well as a precise characterisition of the Coly arrangement,
by WAXS, prior to the porosity generating step was critical. The nanoporosity being
engendered by the removal of the centre cores of the assemblies via H-bond breakage, a
precise determination of the Coln arrangement directly influenced the dimension and
arrangement of the nanopores of the final polymeric species, hence of their final
performances. Thus | selected the most promising compounds, based on POM and WAXS
results, for further investigation for two-photon laser printing. In addition to allowing the
formation of a porous material, a design based on the H-bonding helps to circumvent a
competitive light absorption from the core with respect to the photoinitiator. Typical
extended polyaromatic cores or conjugated m-systems were rejected as the absorption of the
laser energy by polyaromatic mesogens could lead to undesired side-reactions and would

significantly complicate the microprinting of the LCs materials or make it impossible.

Finally, porous microstructures were prepared by the removal of the templating cores
via H-bonds breakage and the selective adsorption of small dyes molecules by the porous

microstructures was successfully demonstrated.

In the first part of this chapter, I will present our work on 3:1 H-bonded assemblies. The

synthetic pathways and synthesis optimisation of the building blocks will be discussed.
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Then | will present our work on the characterisation and optimisation of the formation of
H-bonded assemblies with the desired 3:1 ratio of the peripheral acids and core as well as
the corresponding investigation on the LC properties of the H-bonded assemblies. Once
characterised, the LC mesophases will be printed by two-photon laser printing and the
corresponding nanoporous polymeric materials tested for their chemical adsorptive

capabilities using traceable dye molecules (Figure 3.1).

- Photoresist composition - Self-assembly mediated by - Hexagonal columnar
H-bonding mesophase
o .
- Sample preparation
ONAANAANAANAO
HO)K@C’\/\/\/\N\,(’& .
DV\/\/\/\/\‘ o o, N ox  TBIB:dA;
0,
dA o 52(
H o H
e RESS SN ,
N SN @ A )\q Hy ‘}‘ \‘: Ve
H )\9/: (:)N . D'OH~~N' T I )
NN 0. N\ p
19369 Roji;/k @ @[oa
@ (2 wt%) or 0
TBIB o LRSS e A e
o ; o’ |
Aoz )
Butyl acrylate ZBH; °
(25 wt%) (2 wt'%)
- Acrylate crosslinking - Core removal - Selective adsorption of
by two-photon laser dyes
printing

N o

S 20
& @ @e - \ ,,N—@—s\’e [}
e B Yvs

0 Na

Methylene blue Methylene orange

Aok
A8, S\ g R N
1,»,5(\\,,4”“\ See ®.e
o2 O COOH

Thioflavin T =
Rhodamine B

Figure 3.1. Overview of the project described in this chapter. (1) Chemical structures of the
building blocks (dA and TBIB) and additives (1g369, BHT and butyl acrylate) used in the
system. (2) Chemical structure and schematic representation of the H-bonded assembly
TBIB:dA; (3) Formation of a hexagonal columnar mesophase. (4) Two-photon laser
printing via photocrosslinking of the terminal acrylate groups. Upon crosslinking, the
arrangement of the Col, mesophase is locked. (5) Removal of the core from the developed
microstructures upon H-bonding breakage, with a retention of the Col, arrangement. (6) The
effective size and polarisation of the pores allow for selective adsorption of chemical species.

Chemical synthesis and optimisation

In order to be able to study the material behaviour of the target structures, the synthesis
of the building blocks, adapted from literature were optimised for yield, reproducibility and
simplicity. It should be noted that all the syntheses detailed in the following were performed
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under yellow light to avoid an undesired preliminary photopolymerisation of the light-

sensitive species.

| investigated three different cores, based on 1,3,5-tris(1H-benzo[d]imidazol-2-
yl)benzene (TBIB), tris(triazolyl)triazine (T) and melamine (M). TBIB was not
functionalised, T and M were included with aliphatic chains for better solubility, to prevent
crystallisation and favour molecular mobility. Those cores were chosen for their flatness,
rigidity and their ability to form several H-bonds when in contact with carboxylic acid
moieties. Two different peripheral acids based on gallic acid were synthesized, dA and
dBzA, where dBzA contains additional benzyl spacers. The respective chemical structures
of the building blocks are shown in Figure 3.2. The two cores were designed with undecyl
aliphatic side chains to allow a LC behaviour of the molecules, to which terminal acrylate
polymerisable groups were added. The introduction of a high number of polymerisable
groups enables the locking of the LC arrangement by photocrosslinking without the aid of
a secondary crosslinker. Moreover, a high number of polymerisable groups is essential for

the fabrication of polymeric microstructures by two-photon laser printing.
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Figure 3.2. Chemical structures of the bulding blocks used in the scope of this project. The
three templating cores TBIB, T and M, and the two pheripheral acids dA and dBzA.
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Synthesis of peripheral acid dA

dA was afforded in a three-step synthesis with an overall 62 % yield. Ethylgallate was
first substitute with three 1-oxyundecyl side chains using 11-bromoundecan-1-ol to afford
ethyl 3,4,5-tris((11-hydroxyundecyl)oxy)benzoate (1). The ethyl protection of 1 was
removed under basic conditions using NaOH, leading to 3,4,5-tris((11-
hydroxyundecyl)oxy)benzoic acid (2). Finally, 2 was decorated with terminal acrylate
groups by nucleophilic substitution with acryloyl chloride in basic conditions. The synthetic
route is summarised in Scheme 3.1 and the detailed synthetic procedure are available in
chapter 6.
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Scheme 3.1. Synthetic route for dA.

The addition of 11-bromoundecan-1-ol on ethylgallate was performed in anhydrous
DMF and afforded 1 in good vyields (81 %). To facilitate the synthetic step, it has been
attempted to perform the substitution in anhydrous THF using methyl gallate in place of
ethyl gallate.?®® Unfortunately, no conversion was observed for the latter. The catalytic
effect of DMF was determined to be primordial for the addition reaction to be efficient.
Despite its high boiling point, DMF can be completely removed under high vacuum and by
co-evaporation with water. The crude 1 was used for further removal of the ethyl protective
group of the carboxylic acid moiety. This synthetic step toward 2 worked with good (80 %)

yields without the need of further optimisation.
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The decoration of 2 with acrylate groups was carefully investigated. The synthesis of
dA has been reported with excellent yields by performing the reaction in 1,4-dioxane at
60 °C for 1 h, using N, N -dimethylaniline as a base.?*® Unfortunately, all my efforts in this
direction resulted in a crosslinked material, which was attributed to thermal polymerisation.
Procedures at room temperature, with an addition of acryloyl chloride at 0 °C, have
therefore been favoured. In further optimisation, | focussed on the determination of a good
solvent/base mixture. In particular, triethylamine/DCM and N,N -dimethylaniline/THF?™
mixtures were attempted. In spite of triethylamine/DCM being very popular for the
decoration of terminal alcohols with acrylate groups, using acryloyl chloride. | found that
these conditions (30 % yield after purification) were significantly outperformed by the
N,N’-dimethylaniline/THF mixture (82 % yield after purification). Moreover, the
performance of the reaction using N,N’-dimethylaniline and THF had little sensitivity to
ambient oxygen and moist. Considering this observation, the procedure can further be
simplified eliminating the need to work under a N2 atmosphere. The addition of acryloyl
chloride at 0 °C was observed to be primordial for an efficient conversion. The addition
being exothermal, the addition of acryloyl chloride at room temperature led to minor pre-
polymerisation that can significantly alter the performances of the materials using the so-

synthesised compounds.

The purification of the obtained acrylate-functionalised compound dA was initially
performed by flash silica gel column chromatography. However, major loss of material was
observed using this purification technique as the yield for the purification was solely in the
range of 30 %. This was attributed to the strong interaction of the acrylate groups with the
silica stationary phase. Even though it would be possible to minimise this effect by using
other stationary phases such as basic alumina or triethylamine-deactivated silica, |
determined that a simple recrystallisation from EtOH or EtOAc afforded satisfactorily pure
products with remarkably reduced material loss (final yield of 95 %, at best). To avoid
primary crosslinking and considering the efficiency of the purification method, | found that
the use of a slight excess of the solvent when compared to theoretically perfect
recrystallisation was preferable. This adaption allowed to reduce the heating needed to get
the crude dA in solution, and favoured purity over higher yields. Using this procedure, |
reproducibly obtained high purity dA in good yields. When stored, dA was shown to
undergo pre-polymerisation over time, even when storred at 4 °C. To circumvent this issue,

and regarding the ease of the optimised procedure, | preferred the synthesis of small batches
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that were directly used for further application. Being more inert and easily stored at room

temperature, 2 can be prepared in bigger scales and used progressively.

Synthesis of peripheral acid dBzA

Another targeted acrylated compound consisted in a structure similar to that of dA,
featuring additional aromatic moieties without leading to an extending of the aromatic core.
This adaptation was meant to favour the columnar stacking of the resulting mesogens by
increasing the number of intermolecular interactions. Therefore, benzyl spacers were
introduced between the central gallic acid moiety and the aliphatic spacers. The resulting
peripheral acid building block will be denoted as “dBzA”.

dBzA was synthesised through a seven-step synthesis with an overall yield of 24 %
(Scheme 3.2). 10-Undecen-1-ol was converted to 1-bromo-10-undecene (3) by Appel
reaction. Methyl 4-hydroxybenzoate was substituted with 3 resulting in methyl 4-(10-
undecenyloxy)benzoate (4). 4 was then reduced to 10- undecenyl-1-oxybenzyl alcohol (4)
using lithium aluminium hydride, and then to 1-(chloromethyl)-4-(undec-10-en-1-
yloxy)benzene (5) using thionyl chloride. 5 was used for the three-fold substitution of ethyl
gallate toward ethyl 3,4,5-tris((4-(undec-10-en-1-yloxy)benzyl)oxy)benzoate (6). The
double bonds of 6 were then oxidised to a terminal alcohol using 9-BBN. This step also
allowed the removal of the ethyl protection of the benzoic acid, affording 3,4,5-tris((4-((11-
hydroxyundecyl)oxy)benzyl)oxy)benzoic acid (7). 7 was finally decorated with acrylate
groups to obtain dBzA.
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The formation of 3 from 10-undecene-1-ol by Appel reaction was performed using

reported procedures and did not require further optimisation. A purification by flash column

chromatography was necessary and afforded 3 in quantitative yields. In spite of its excellent

conversion, the Appel reaction is not very mass-efficient and create a stoichiometric

amount of organic phosphine oxides.
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The addition of 3 on methyl 4-hydroxybenzoate toward 4 was attempted in various
solvents. Noticeably, reaction in acetone or acetonitrile did not allow yields greater than
41 % after purification. Based on the previous synthesis of 1, the reaction was performed

in DMF, improving the yield to 75 %.

The reported procedures of the reduction of 3 to 4 were performed overnight. With such
a reaction time, yields not greater than 14 % were obtained. An excessive reaction time
resulted in product degradation, the synthetic step was easily adjusted by greatly reducing
the reaction time. Following the reaction conversion over time by *H-NMR, | evidenced
that a quasi-complete conversion was achieved after 1 h, and that degradation was indeed
beeing observable after 3 h. Based on this result, a reaction time of 1.5 h was chosen, which
afforded 4 in 95 % yield.

The chlorination of 5 to form 6 was performed according to reported procedures.
Suspecting 6 to be fairly unstable and considering that all the side-products of the reaction
are volatile, I did not attempt any purification. The crude product was used for further
synthesis without purification. In order to obtain a brominated compound in place of the
chlorinated 6, it was also attempted to use the Appel reaction presented before. However, |
could not isolate the pure corresponding compound, most likely due to the instability of the

brominated compound and its possible decomposition on the stationary phase.

As mentioned, the three-fold addition of 6 on ethyl gallate was the most challenging step
of the synthesis of dBzA. The main parameter for optimisation was the stoichiometry of
the addition of 6, in that regard, a significant excess of 6 had to be used. By TLC, one can
observe that an input of 3.3 equivalents of 6 results in significant one-fold and two-fold
addition. The use of at least 3.5 equivalents of 6 favoured the three-fold addition of 6 on
ethyl gallate, thus increasing the overall yield and facilitating the isolation of 7. To improve
the efficiency of the reaction, 1.5 equivalents of potassium iodide was used as iodide source
for in-situ halogen exchange. When both increasing the stoichiometric loading of 6 and
using Kl (1.5 eq.), the yield toward 7 was significantly increased from 7 % yield to 45 %
yield. Even though a larger excess of 6 can be seen as contradiction of the previous efforts
to obtain the latter, it was not found to be worth trying to save starting material during this
step. Regarding the aim to study the materials formed from dBzA, | accepted the 45 %
yield obtained (that is in the range of the yields reported in literature?’*) and did not optimise
this step further. Nevertheless, in this synthetic step lies the most potential for future
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improvement of the overall yield of dBzA. An alternative could lie in the a Finkelstein
reaction of 6 towards the corresponding bromide or iodide, prior to its addition on
ethylgallate.

An oxidation preceded by a hydroboration was chosen to force the formation of primary
alcohols. As widely known, thanks to the anti-Markovnikov addition of boron on alkenes,
this procedure greatly favours an enantiopure product. The subsequent oxidation allows the
cleavage of both the boron-oxygen bonds and the ethyl ester, yielding terminal alcohols
and a carboxylic acid, respectively. The simultaneous oxidation of the terminal alkenes into
primary alcohols and deprotection of the carboxylic acid group was performed according
to a previously reported procedure.?’* The proposed procedure worked well, and the single
adaption of the procedure consisted in an increase of the borane equivalents from 4.5 eq to

6 eq.

The procedure for the decoration of 8 with acrylate groups forming dBzA was performed
in accordance to the optimisation described earlier for the synthesis of dA. For the synthesis
of dBzA, a procedure in THF, and using N,N -dimethylaniline as a base was again shown

to perform in a satisfactory manner.

As mentioned before, the chosen system relies on the self-assembly of the peripheral
acids around templating centre cores. We designed two peripheral acids containing
aromatic moieties that can extend the effective rigid core of the corresponding discotic
mesogens after self-assembly, hence take part in the aggregation of the mesogens while not
resulting in a species containing highly absorptive, extended n-systems. | presented dA that
contained a single phenyl unit as aromatic part, and dBzA that includes three additional
benzyl spacers near the aromatic core. | will now focus on the inner templating cores of the
targetted assemblies. The templating cores were chose to have a rigid flat structure,
including aromatic moieties to support the aimed z-x stacking of the assemblies. As well
as to have conveniently located hydrogen donating and accepting spots to support the H-
bonding driven self-assembly of the targeted mesogens. In that regard, | chose two
structures built around a rigid triazine skeleton and one that reliess on a

tri(imidazolyl)benzene.

51



| Two-photon laser printing of hexagonal columnar liquid crystalline materials

Synthesis of core TBIB

TBIB was synthesised by condensation reaction of trismesic acid with o-
diaminobenzene in hot polyphosphoric acid. The purification of TBIB appeared to be
challenging in the sense that specific instrumentation was required. Using conventional lab
equipment, | could not satisfactorily reproduce the purification by sublimation at 400 °C
proposed in literature.?*® 22 However, the use of high purity building blocks is of
tremendous importance for the well behaving of the H-bonded assemblies as LC mesogens.
Thankfully, the group of Prof. Chinedum Osuji (the University of Pennsylvania,
Philadelphia, PA, USA), agreed to provide the core, purified using their instrumentation.

HO O

HoN PPA Y
A O i
HO OH H,N 240 °C
o (o] N 1

Scheme 3.3. Snythetic route for TBIB.
Synthesis of core T

The core T was prepared in three main steps with an overall yield of 18 % (Scheme 3.4).
The synthesis is based on the combination of an azide, 1-azido-4-butoxybenzene (9), and a
tris-alkyne, 2,4,6-tris((trimethylsilyl)ethynyl)-1,3,5-triazine (10), by Click chemistry. 9
was prepared by diazotation of 4-butoxyaniline followed by reaction with sodium azide. 10
was prepared from trimethylsilylacetylene and trichlorotriazine. Trimethylsilylacetylene
was first converted to ((trimethylsilyl)ethynyl)zinc(Il) chloride which enables its cross-
coupling on trichlorotriazine using Pd(Phz)s as catalyst. A second approach based on the
direct nucleophilic addition of (trimethylsilyl)ethynyl lithium on trichlorotriazine did not
afford 9. The copper-catalysed alkyne-azide cycloaddition?”® (“Click reaction” as initially
proposed by Sharpless and coworkers?’) of 9 and 10 was performed according to literature

and afforded T in 39 % yield. No further optimisation was performed.
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Scheme 3.4. Snythetical route for T.
Synthesis of core M

Core M was synthesised by the addition of dodecylamine on 2-Chloro-4,6-diamino-
1,3,5-triazine. The reaction was performed in 1,4-dioxane using sodium
hydrogenocarbonate as base, according to a literature procedure.?*® The reaction performed

well and M was afforded in good yield (86 %) without further optimisation.

H,N _N__NH,
b X
5 P
Y
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HN N NH,
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E 1,4-dioxane
reflux
M
86%

Scheme 3.5. Synthetic route for M.
Preparation of the H-bonded complexes

In this dissertation, I will note Xx:Yy the assembly of y peripheral acids Y around x inner
cores X. Even though most of this chapter will focus on H-bonded assemblies, this notation
will similarly be used to identify a covalent or ionic interaction when presenting other

designs that were also investigated in the scope of this project.

Once the separated building blocks had been successfully synthesised and characterised,
the H-bonded assemblies were formed by mixing the corresponding core and acid with a
1:3.1 ratio in a CHCI3:MeOH (1:0.07 v/v) and DCM for TBIB-assemblies and M- and T-
assemblies, respectively. The assemblies consist in an inner template core which is

surrounded by three peripheral acrylated acids. The entire assembly is supported by the
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formation of six hydrogen bonds. In this thesis, I will be considering the following H-
bonded assemblies: TBIB:dAs3, M:dAs, T:dAs, TBIB:dBzA3, M:dBzAs3 and T:dBzAs.
The chemical structures of the assemblies are shown in Figure 3.3.

For the preparation of the H-bonded discotic mesogens, the use of building blocks of
high purity is essential to sustain the behaviour of the engendered complexes and materials.
Hence, | made sure to only use chemicals of high purity and filter any intermediate solutions
during the preparation of the assemblies. A slight excess of the peripheral acid was used to
favour the formation of 3:1 assemblies and therefore improve the final LC properties of the
materials. TBIB having a low solubility in CHCIs3, MeOH was used to bring the core in
solution while maintaining the concentration of the solution as high as possible. Also, the
least amount of MeOH was used to prevent the negative effect of the protic solvent on the
formation of the structural H-bonds. The anhydrous solutions were left in the dark overnight
to allow for the formation of the assemblies and prevent any light-caused preliminary
crosslinking. The solutions of the assemblies were then drop-casted onto a clean
microscope slide under a flux of N2 and dried under high vacuum for 3 days. A detailed
procedure is described in chapter 6. Maintaining anhydrous conditions greatly helps the
gathering of good-quality Coln LC materials, as moisture could alter the formation of the
H-bonding framework. A preliminary procedure for the formation of the H-bonded
assemblies by slow evaporation under vigorous stirring was attempted for the formation
M- and T-assemblies, for which a clear and concentrated solution in DCM can be obtained.
However, better results were obtained when using the procedure under anhydrous
conditions motivated my choice to focus on this method. Drying under high vacuum for
more than 3 days resulted in significant crosslinking of the LC material. This can be related
to the lack of oxygen, which influence on the quenching of free-radical polymerisation is

also manifested in the presence of a radical scavenger.?”
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Figure 3.3. Chemical structures of TBIB:dAsz, M:dAs, T:dAs, TBIB:dBzAs3;, M:dBzAs and
T:dBzAas. The peripheral acids are shown in black, the templating cores in blue and the H-

bonds with red dashed bonds.
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Characterisation of H-bonded assemblies

The formation of the assemblies can be followed and evidenced by NMR and FTIR
spectroscopy techniques. By *H-NMR, a shifting of the signals of the dendron’s protons in
close proximity to the H-bonded site was observed. For TBIB:dAs only the spectra of dA
and TBIB:dAs could have been compared due to the poor solubility of TBIB in CDCla.
For M- and T-assemblies, the shift of the signals from the protons of the cores are the main
indicator of the intermolecular interactions. Although *H-NMR supports the effective
formation of assemblies, the change in chemical shift, generally in the order of £0.1 ppm,
can be subjected to discussion in the absence of a calibration additive such as

tetramethylsilane.

L\K\x}w\
, ML\L N J(\d | TBIBwdA,

1|

| dA

10 9 8 7 6 5 4 3 2 1  ppm

Figure 3.4. 'H-NMR of dA (bottom) and TBIB:dA; (top). Upon self-assembly, the peaks
from the protons in close proximity to the H-bonds are shifted. The shifts are here highlighted
by red lines.
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Figure 3.5. 'H-NMR of dA, M and T as well as the corresponding H-bonded assemblies

M:dA; and T:dAs. Upon self-assembly, the peaks from the protons in close proximity to the
H-bonds are shifted. The shifts are here highlighted by red lines.
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Figure 3.6. tH-NMR of dBzA, M and T as well as the corresponding H-bonded assemblies,
M:dBzA; and T:dBzAs. Upon self-assembly, the peaks from the protons in close proximity
to the H-bonds are shifted. The shifts are here highlighted by red lines.

In addition, | attempted to detect the formation of the H-bonded assembly of T:dAs,
M:dBzAsz and T:dBzAs by diffusion ordered spectroscopy (DOSY)?’® using solutions of
the assemblies in CDCls. DOSY is a pseudo 2D NMR technique that allows the
differentiation of chemical compounds based on their diffusion (which is related to their
size). Although DOSY is usually most suited to large molecules which shape can be

approximated as a sphere (e.g. proteins), one can obtain informative results for smaller
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molecules as well. For spherical species, the Stokes-Einstein equation can be used to relate
the measured diffusion coefficient to an actual size of the molecule by

kyT

- 13
D ST (13)

where D is the diffusion coefficient, kg the Boltzmann constant, T the temperature, n

the viscosity of the medium and r the radius of the spherical molecule.

In the context of this project, | aimed to detect the change in size induced by the
formation of H-bonded complexes. Indeed, although the diffusion coefficient measured can
be directly used to approximate the size of the assemblies, the variation of the diffusion
coefficients for the assemblies compared to the pure compounds would be indicative of the
formation of bigger species. Moreover, upon the formation of assemblies, the proton signals
of both the core and peripheral acids are expected to have an associated diffusion coefficient
that is identical for all signals, which indicates that both species diffuse at the same speed,
so most likely together. The results did not a have a precision that could undoubtedly
support the formation of assemblies. | observed a difference in the diffusion coefficients
for the assemblies with respect to that of dA, dBzA, M or T (associated diffusion
coefficient are given in Table 3.1). However, the diffusion coefficients for all proton
signals within the assemblies could not be assigned to a single diffusion coefficient.
Moreover, the diffusion coefficient of the assemblies were in same case greater than the
diffusion coefficient of the corresponding peripheral acids. These results can be attributed
to a decomposition of the assemblies when dissolved in a moist solvent at low
concentration. Overall, DOSY did not appear to be adapted for the analysis of the formation

of self-assemblies in this case. DOSY spectra are shown in chapter 6.

Table 3.1. Diffusion coefficients of the H-bonded assemblies, dA, dBzA, M and T.

Compound Diffusion coefficient [m? s!]
Assemblies 3.75- 1010
dA 3.50 - 10710
dBzA 3.00- 1010
M 7.00 - 1010
T 4.25-10710
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Following the H-bonding process was more informative when monitored by FTIR. FTIR
is a common way to follow the formation of H-bonds.?’” Indeed, upon the formation of
hydrogen bonds, the chemical environment in its surrounding can be significantly altered.
The strength of H-bonds can be approximated to 4-120 kJ mol, which is a considerably
large range. Effectively, the strength of hydrogen bonds is strongly affected by the acidity
of the proton donor as well as the basicity of the acceptor and can have various forms.
While weak H-bonds are mostly of electrostatic nature, stronger H-bonds can induce a
sharing of the hydrogen atom in-between the donor and the acceptor sites.?’” Although more
noticeable for stronger interaction, the variation in bond strength and effective atomic
weight can be detected by FTIR.

By FTIR, the formation of TBIB:dAs induced a shift of the C=0 stretch bands
(1679 cm™ to 1673 cm®; 1272 cm™ to 1265 cm™) and of the O—H bend band (1333 cm™ to
1325 cm™) from the benzoic acid moiety of dA. The C=0 stretch band at 1729 cm™
corresponds to the acrylate moiety and was unchanged in the process. An ionic-like N*—H
band at 3254 cm™ corresponding to the H-bonding of the TBIB supported the assembly of
TBIB:dAs further (Figure 3.7).20

Similar studies were carried out for the other assemblies. The FTIR analysis of the
formation of TBIB:dBzAs (Figure 3.8), M-assemblies (Figure 3.9 and Figure 3.10) and
T-assemblies (Figure 3.11 and Figure 3.12) are shown thereafter. In these results, the main
vibration bands described before can again be used to support the formation of the 3:1
assemblies. The main bands are noticeably the C=0 stretch band at about 1680 cm™ as well
as the O—H bend band at around 1330 cm™.

The formation of TBIB:dBzAs is evidenced by the appearance of an ionic-like N*-H
band at 3244 cm™, similar to what was observed for TBIB:dAs. Also, a clear shift of the
C=0 stretch band from 1683 cm™ to 1677 cm™ and of the O—H bend band from 1331 cm™
to 1326 cm* further supports the effective self-assembly of the building blocks.
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Figure 3.7. FTIR spectra of the centre core TBIB, the peripheral acid dA and of H-bonded
assembly TBIB:dA.
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Figure 3.8. FTIR spectra of peripheral acid dBzA and of H-bonded assembly TBIB:dBzAs.
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In the FTIR study for the formation of M:dAs, the shifts of the characteristic bands are
less pronounced than the observation for TBIB:dAs. The C=0 stretch bands were shifted
from 1679 cm™ to 1682 cm™ and from 1272 cm™ to 1269 cmt, whilst the bending band of
the O—H bond was shifted from 1333 cm™ to 1332 cm™. Although these results indicate the
formation of new interactions, it can be argued that they are not sufficiently conclusive.
The FTIR analysis of the formation of M:dBzAs were more conclusive than the previous
for M:dAs. The C=0 stretch band was shifted from 1683 cm™ to 1677 cm™. In spite a
lowered intensity cannot be fully indicative of the formation of a H-bond, the fact that this
vibration band almost disappeared can be highlighted. The O—H bend band was shifted
from 1331 cm™ to 1327 cm™. In the case of M:dBzAs, the results supported the formation
of a H-bonded assembly.

100

80

Transmittance (%)

60 4

120

100 —
80 W
60

40+

Transmittance (%)

20+

N c-o 0-H Cc-0

T T T A T T . T T T T T T T - T 2 T
3400 3200 3000 1800 1750 1700 1650 1600 1560 1500 1450 1400 1350 1300 1250 1200
Wavenumber (cm™)

Figure 3.9. FTIR analysis of the formation of M:dAa.
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Figure 3.10. FTIR analysis of the formation of M:dBzAs.

The same analysis of T:dAs and T:dBzAs (Figure 3.11 and Figure 3.12) led to
conclusions identical to those proposed for M:dAs and M:dBzAs. Thus, the effective
assembly of T:dAs is indicated by the FTIR study, but can be subjected to discussion. On
the hand, the effective assembly of T:dBzAs was evidenced with certainty. An overview

of the main shifts of vibration bands observed is proposed in Table 3.2.
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Figure 3.11. FTIR analysis of the formation of T:dAas.
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Figure 3.12. FTIR analysis of the formation of T:dBzAs.
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Table 3.2. Assignement and wavenumber value of the main IR vibration bands for the
peripheral acids dA and dBzA as well as for their corresponding TBIB-, M- and T-

assemblies.

Vibration band C=0 stretch O—H bend C=0 stretch N*—H stretch
dA 1679 1333 1272 -
dBzA 1683 1331 - -
TBIB:dAs 1673 1325 1265 3254
TBIB:dBzAs 1677 1326 - 3244
M:dAs 1682 1332 1269 -
M:dBzAs 1677 1327 - -
T:dAs 1681 1333 1272 -
T:dBzAs3 1684 1327 - -

all wavenumbers are given in cm

Formulation of a printable Coln photoresist

The transfer of the H-bonded assemblies to microprinting requires the formulation of a

64

convenient photoresist. Thanks to the design of the Col, mesogens, photocrosslinkable
groups were already included in sufficient amount, thus the addition of a crosslinker was
not necessary. For two-photon laser printing, a relatively high loading of the photoinitiator
(generally around 2 wt% for Irgacure photoinitors) should be used. A radical scavenger was
used to prevent the photoresist to be prematurely crosslinked to a problematic extend during
thermal treatment and storing; as well as to widen the window of usable laser-powers and
writing speeds. In particular, I used Irgacure 369 (1g369) (2 wt%) as a photoinitiator and

BHT (2 wt%) as a radical scavenger. To ensure for an accurate and homogeneous loading



Formulation of a printable Colh photoresist

of the two additives, they were introduced in the material during the initial step of the

mixing of the building blocks.

| tested 19819, 1g369 and DETC as potential photoinitiators, each of which resulted in
satisfactory crosslinking of the material. DETC was not as well dispersed in the material
than the Irgacure photoinitiators, due on its tendency to aggregate in microcrystalline
domains. 1g369 and 19819 performed similarly well for inducing crosslinking under UV-
irradiation. However, 1g369 was determined a bigger window of laser powers, and
noticeably allowed the use of a lower laser power. The more promising performances of
19369 for two-photon irradiation-induced crosslinking motivated my choice to focus on it.
In regard to the radical scavenger, BHT gave by far the best results. Thanks to the two
isobutyl substituents of the hydroxytoluene core, BHT has a solubility in organic solvents
that is superior to other hydroxytoluene-based radical scavengers. Also, BHT provides a
good stability to the photoresist, while not interfering with the photoinitiator. Unlike other
scavenging species such as (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), BHT

permits high and variable loadings without critically altering the printing of the photoresist.

POM analyses exhibited TBIB-assemblies having a clearing point of about 170 °C. This
temperature regime is problematic in the sense that acrylate groups are known to be
thermally crosslinked at a similar temperature. As a matter of the LC arrangement of the
discotic mesogens, a preliminary crosslinking decreased the mesogens mobility and thus
altered the quality of the mesophase, or even locked the isotropic phase. Regarding the
printing process, the phenomenon affected the reproducibility of the printing and made the
development of the printed samples challenging or impossible. For these reasons, it was
highly desirable to retain the mesogens non-crosslinked over the thermal formation of the
Colh mesophase. Therefore, 25 wt% of butylacrylate (BuA) were incorporated to the
formulation of the photoresists based on TBIB-assemblies in order to lower their clearing
point.” In this way, the clearing point of the photoresist decreased from 170 °C to about

100 °C, which made them usable for further investigation.

M- and T-assemblies were found to have clearing temperatures that were not
problematic in regard of the thermal crosslinking of the acrylate functionalities. Clearing
points of 48 °C, 53 °C, 59 °C and 52 °C were found for M:dAs, T:dAs, M:dBzAs3 and

T:dBzAs, respectively. These temperature regimes allowed the eased thermal
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manipulation, printing and development of the photoresists without the aid of a

supplementary additive.

Characterisation of the Coln properties

As stated previously, the size and arrangement control of the the porosity which is aimed
in this project relies entirely on the structure of the Coln mesophase. Hence, the effective
formation of a mesophase, as well as its detailed characterisation, were fundamental initial
steps for the success of the concept developed in this chapter. Also, a detailed understanding
of the system helped for a better reproducibility in the sample preparation, as well as an

easier and faster troubleshooting.

The thermal properties of the photoresists were determined by POM. By slowly cooling
the LCs material from the isotropic state, the formation of mesophases was directly imaged.
POM analyses were performed by confining a sample of the LC photoresist in-between two
glass slides. Upon melting, the sandwich was pressed to ensure the formation of a
homogeneous film of a thickness defined by aluminium spacers. The functionalisation of
the glass slides was adapted to the intended use of the sample. Specifically, non-
functionalised glass was used for the fabrication of macroscopic films by UV-irradiation
(390—395 nm, 900 mW). This facilitated the separation of the sample after crosslinking,
allowing the isolation of free-standing films for associated characterisation. For
microprinting experiments, a functionalisation with methacrylates was used, as will be seen

later.

The characterisation of the thermal properties by differential scanning calorimetry
(DSC) unfortunately remained unfruitful, and a correlation with the POM finding for the
formation of mesophases could not be established. Most likely due the slowliness of the
formation of mesophases and the low associated heat release. Therefore, the thermal phase

transitions of the LC photoresists were determined based on POM results.?’

POM is powerful to get a fast and reasonably reliable indication of the LC phase.
However, a full characterisation of the mesophase can only be claimed with the support of
consistent WAXS analysis. Powder X-ray diffraction provides further information about
the mesophase and its dimensions. Information about the liquid crystalline nature and about
the arrangement can be extracted from the 1D projection of the diffractogram.
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1,3,5-Tris(1H-benzo[d]imidazol-2-yl) benzene (TBIB) assemblies

The POM analysis of TBIB-assemblies depicted the formation of conic fan-shaped LC
textures upon cooling from the isotropic sate, indicative of the mesogenic behaviour of
those assembliesn (Figure 3.13). A Col, mesophase was formed from 100 °C when using
a cooling rate of -1 °C min™. By using a cooling rate of -0.2 °C min‘, the mesophase was
formed from 95 °C. The Col, mesophase forming at a lower temperature when using a
slower cooling rate was not unexpected. Slow cooling rate would provide the system a
threshold thermal energy for a longer time. Faster cooling rates forced the phase transition
within clusters, transition that quickly propagates through the entire material. This
observation is also in agreement with long-range ordering being favoured by slower cooling
rates.?%® The formation of a clear and homogeneous isotropic melt was a challenging step
for the preparation of Coln mesophases, and persistent domains could eventually be
observed. The procedure used here allowed for great reproducibility and material economy,
but could be subjected to further improvement. Further optimisation of the viscosity of the
photoresists could allow a deposition by spin-coating which would improve the

homogeneous deposition of the substrates further.

Figure 3.13. POM images of LC textures obtained with photoresists based on a) TBIB:dAs;
and b) TBIB:dBzAs. a) Conic fan shaped LC textures were observed for 4—16 um thick
samples. b) Conic fan-shaped LC textures were observed for regions solely “wetted” by the
resists; for 4—16 pm thick regions, small domains were imaged.

WAXS data provided a more detailed characterisation of the Coly mesophase and of its
dimensions. For a photoresist based on TBIB:dAs, the material was analysed as a non-

crosslinked fluid photoresist; as a crosslinked polymeric LC film after UV-irradiation; and
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as a crosslinked LC film after chemical manipulation (as will be described later). A
characterisation of the material by WAXS at each step allowed to prove the retention of the

Coln arrangement throughout the fabrication.

First, I analysed the non-crosslinked photoresist by trapping a sample of the photoresist
between two polyacrylamide foils using a specific gel sample holder. The corresponding
WAXS data (Figure 3.14) showed a pattern of the small-angle reflections which supports
the formation of a Col, mesophase. A hexagonal arrangement was evidenced by sharp
reflections at g*, V3 q*, V4 ¢* and /7 g*, corresponding to the (100), (110), (200) and
(210) reflections. For the non-crosslinked photoresist, a lattice constant a = 3.96 nm was
calculated, which is in accordance with previous results.?° 248 In the wide-angle region,
one can observe a broad (001) reflection for the n-n stacking of the aromatic cores,
dooz = 0.35 nm, and a reflection from the liquid-like correlations of the aliphatic chains,
Jaiiphatic = 0.45 nm. As expected for a columnar liquid crystal, the broadness of these wide-
angle reflections indicates the irregular spacing of the mesogens in the z-directions and the
fluidity of the inter-columnar medium. The photoresist was analysed as obtained after the
incorporation of the BUA additive and prior to any thermal treatment; the not perfectly
smooth aspect of the wide-angle reflections can be attributed to a minor amount of

crystalline domains in the photoresist.
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Figure 3.14. 1D projection of the WAXS data for a non-crosslinked photoresist based on
TBIB:dAs. a) Complete range spectrum and b) small-angle region of the spectrum. For the
zoom in the small-angle region, the intensity is given in logarithmic scale for better

visualisation.

An important step is the ability to crosslink the Coln photoresist into a polymeric

material, whilst not altering the Coly arrangement. In this work, | will discuss two
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crosslinking methods based either on 1PE or on 2PE. By UV-irradiation, 16 um thick
macroscopic polymer film were fabricated from a layer of the Coln photoresist. This method
was readily reported several times and was here used as a control. The retention of the Colh
arrangement in polymeric films was determined by POM and WAXS. Thereafter,
microprinting by two-photon laser printing allowed the crosslinking of the photoresist with

spatial control.

It was critical for further functional properties that the crosslinking of the LC photoresist
is non-destructive with respect to the LC arrangement. For microstructures, POM allowed
us to observe the conservation of the LC textures through printing. Especially, conic-shaped
LC textures with big domain size were observed for 20 um thick microprinted structures.
As mentioned in chapter 1, columnar mesophases can be aligned by surface affinity. The
observation of the best LC textures in the close proximity of the glass substrate was
attributed to this affinity effect.

WAXS data showed the Colh arrangement to be conserved over crosslinking for films
of a photoresist based on TBIB:dAs. By the WAXS analysis of free-standing films, 1
observed again a ratio of the g-values in the small-angle region corresponding to a
hexagonal pavement, as well as broad reflections for the distances along the director vector
(Figure 3.15a). For crosslinked films, | calculated an inter-columnar spacing of
a =4.02 nm, thus very similar to the arrangement before crosslinking. The scale of the
microprinted structures does unfortunately not allow their analysis by WAXS. Therefore, |
assumed that the microprinted structures should exhibit similar behaviour than films made

of strictly identical photoresists.

In the case of the self-assemblies employing the bigger dBzA peripheral acid,
TBIB:dBzAs, the WAXS analysis of a photocrosslinked film revealed a more poorly
defined mesophase. The increased broadness of the (100) reflection is indicative of a
significantly more irregular two-dimensional arrangement. Also, it shadowed the (110),
(200) and (210) reflections in the small-angle regions. Although shoulders can be observed
and could be attributed to the (110) and (200) reflections, the inconsistency of the g-values

did not allow a proper characterisation of the mesophase (Figure 3.15b).
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Figure 3.15. 1D projection of WAXS data for polymeric films of photoresists based on a)
TBIB:dA; and b) TBIB:dBzAs. The entire spectrum (left) and zoom in the small-angle
region is depicted for both.

Melamine and tris(triazolyl)triazine assemblies

The POM analyses of M:dBzAs and T:dBzAs showed the formation of small
birefringent domains. When compared to the behaviour of the building blocks alone which
assembled in crystalline needles, this result indicates a LC behaviour of the discotic
assembly. On the other hand, the small size of the domains did not correspond to the
formation of a high quality Coln mesophase. The WAXS data for crosslinked films of
M:dBzAs displayed a very prominent (100) reflection, and reflections of much lower
intensities which could be assigned to the (110) and (220) reflections. However, the overall
roughness of the spectrum indicated the presence of microcrystalline domains. T:dBzAs
depicted similar features than the previously described TBIB:dBzAs. That is, the broadness
of the (100) reflection mostly hided the signals for the (110) (200) and (210) reflections by

superposition.
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Figure 3.16. POM and 1D projection of WAXS data for a) M:dBzA; and b) T:dBzAa.

The POM analyses of M:dAs and T:dAs resulted in the observation of needle-shaped
domains. This finding is indicative of a significant crystallisation of the photoresist. This

observation was later confirmed by WAXS data (Figure 3.17).
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Figure 3.17. POM and 1D projection of WAXS data for a) M:dAs and b) T:dAs.
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Alignment of the Coly mesophases

As presented in chapter 1, surface affinity is a common technique for the alignment of
columnar LC mesophases. Within this work, | tested various substrate functionalisation.
Functionalisation by silanisation allowed the preparation of methacrylate-, amino- and
octadecyl-functionalised glass substrates, using 3-(trimethoxysilyl)propyl methacrylate, (3-
AminopropyDtriethoxy silane and trichloro(octadecyl) silane, respectively. Also, the
coating of glass substrates with polyviynyl alcohol (PVA) or polystyrene sulfonate (PSS)
by spin-coating allowed the fabrication of alcohol-functionalised and highly polar
sulfonated substrates. Finally, using a polydimethylsiloxane (PDMS) block in place of one
of the glass substrate was also attempted.?®® Nonetheless, none of the attempts toward a

long-range homeotropic alignment of the mesophases was successful.

Also, an alignment using an electric field was pursued. Electric fields with an intensity
of 15V, 30 V and 60 V either parallel or perpendicular to the substrates were tested. Such
as for an alignement by surface affinity, no clear differentiation of the LC textures could
have been observed by POM, and the corresponding WAXS characterisations did
unfortunately not show any evidence of long-range alignment. Therefore, the printing was
carried out using polydomain Coln samples, which, with respect to the previously shown
WAXS data, have an ordering that can readily provide the corresopnding porous materials

with substantial adsorptive properties.

Microprinting of columnar LCs

The characterised Coln photoresists were investigated for their printability by two-
photon microprinting. In order to have a reproducible platform for potential further
investigation, the microprinting experiments were performed using a commercially
available two-photon laser printing instrument (Photonics Professional GT, Nanoscribe
GmbH). | focussed on the study of TBIB:dAs due to the better LC behaviour described
previously. Sandwich cells of the photoresists were prepared with at least one of the glass
slides functionalised with methacrylate groups to ensure the good adhesion of the
microprinted structures on the substrate and to avoid their desorption during development
or further manipulation. The thickness of the sandwich cells was set to 64 um (four 16 pum
spacers) in order to have the opportunity to explore various structure heights and facilitate

the development of the microprinted samples. | observed some limitation of the printing of
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the Coly photoresists caused by their birefringence and translucency. To limit this negative
effect, | used an 25x magnification objective with a numerical aperture of NA = 0.8. The
use of this objective allowed to prevent diffraction-caused shortcomings, while using a 63x,
NA = 1.4 objective could result in the formation of several foci. On the other hand, using a
25x magnification objective limited the possible achievable definition as it engenders a
voxel of a bigger size with respect to a 63x objective. Additionally, the printing was
performed in oil-immersion configuration in order to lessen the path length of the laser
beam in the Coln photoresist (Figure 3.18).

1 - Glass slide
2 2 - Col,, photoresist
3 3 — Printed structure
4 —_— 4 - Methacrylate functionalised glass slide
5 5-0il

6 - Objective
AR

Figure 3.18. Schematic representation of the setup used for the two-photo laser microprinting
of Col, photoresists.

With these adaptations, | could extend the height threshold up to about 30 um. Above
this threshold, the definition and the quality of the printing was observed to be decreased
(Figure 3.19). The interface finding was performed manually by adjusting the position of
the microscope stage in the z-direction. A focal point which was initially attributed to the
exact position of the interface, was later determined to be systematically located about 8 um
below the interface, by SEM analysis. The systemic nature of the offset allowed the
application of a correction in the printing programme directly, and the observed focal point

was still used as practical reference.
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Figure 3.19. SEM images (45° sample mount) of world map structures with a height of
20 um, 30 um, 40 um and 50 um. The structures were fabricated by two-photon laser
printing using a photoresist based on TBIB:dAs.

| optimised the printing parameters based on relatively high scanning speeds of
20 mm s and 25 mm s* to show the ability of the Coln photoresists to be fabricated into
large structures with contained printing times, what could facilitate their use for the
fabrication of elaborated microdevices. The optimisation was done by printing
100 x 100 x 20 pm?® cuboid microstructures at variable laser powers for each scanning
speed. It can be argued that an optimisation based on the printing of single lines instead of
microstructures can be imployed. However, the microstructures could here not be observed
during printing, but were solely visualised after the development of the samples. Also, the
optimisation geometries were chosen to reproducibly adhere to the substrate and be retained
through development. Here, the thickness of the test blocks provides an additional certainty
for the photoresists to be effectively treated even with a reference z-position below the

substrate-photoresist interface.

In each case, | retained the lowest possible laser power which resulted in a sufficient
crosslinking to ensure the shape integrity of the microprinted structures. A laser power of
20 mW and 25 mW was optimal when using a printing speed of 20 mm s and 25 mm s,
respectively. Lower intensities resulted in soft structures which were often deteriorated
during development. Too high intensities lead to local degradations of the Col, mesophase

or of the global resist by overexposure or microexplosion (Figure 3.20).
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Figure 3.20. An example of power sweep for TBIB:dAs using a constant scanning speed of
25 mm s*. Optical images without (left) and with (right) cross polarisers. The laser power
used for each cuboic structure is given in mW and shown in red.

The development of the printed structures was performed by submerging the cell in a
adequate solvent (CHCIs:MeOH for TBIB-assemblies) to dissolve the surplus of non-
crosslinked photoresist. After the complete removal of the unreacted photoresist, the cell
can easily be open and the printed structures were further washed in the same solvent
system. This mild development method preserved the printed structures from mechanical
stresses that could destroy them, favouring the isolation of good quality structures.
Alternatively, the sandwich cell could be open manually and the slide carrying the
structures washed alone. Although being more time-effective, this method led to increased

likeliness of the desorption or breakage of the microprinted structures.

After optimisation with the aid of simple cuboid structures, the photoresists were tested
for their ability to be processed into more complex “2.5D” geometries (a map of the world,
a hexagon with hole and a representation of the inner circle in Karlsruhe). These models
were designed to be right-prisms, but to contain more challenging features in the xy-plane
compared to simple blocks. Based on the SEM imaging of the printed structures, |
determined that 2.5D structures can be printed with great definition, smooth and straight

surfaces, sharp edges and low-shrinkage (Figure 3.21).
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Figure 3.21. Example of 2.5D geometries fabricated by two-photon laser printing of a
photoresist based on TBIB:dAs. For each structure, a model (top), a microscope image
(middle) and a SEM image (bottom) are shown.

Due to the height limitation discussed before, the design of suitable geometries including
3D feature such as void or overhanging parts was not trivial. Indeed, the birefringence of
the Coln photoresists and the use of a 25x magnification objective led to a fairly large
apparent voxel size. Thus, a significant proximity effect was observed in the z-direction.
Optimal designs would then consist of geometries not bigger than 30 um in height and with
a relatively large footprint to favour adhesion to the substrate. Also, interesting and
conveniently sized features should be included in both the xy-plane and the z-direction. As
such designs, | proposed a structure based on two intricated verticed cubes, a cubic pilling

of rods and of the 3D representation of the logo of our group.

From the SEM imaging of microstructures fabricated by two-photon laser printing
(Figure 3.22 to Figure 3.24), the following conclusions can be formulated. For the example
of the structure based on intricate cubes, the thin suspended parts on the edge of the
structure suffer from mechanical instability, hence often collapsed. This can be attributed
to an undersizing of the thickness of the suspended part. For the cubic pilling of rods, in
was observed that the void in-between the layers were not big enough, thus two
neighbouring layers were often merged. The 3D representation of the logo of our group did
show the ability to create hollow parts in a printed volume, as can be seen by observing the
definition of the letters in the corresponding cylinders. However, the top cylinders were

often found to be linked to the substrate and the expected void beneath them not freed. A
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successful inclusion of 3D features would thus require an optimisation of the design of the
initial model, design in which the respective size of the empty and hanging parts are
correctly balanced to allow the emptying of the void and the mechanical integrity of the
hanging part. With the height constraint that | observed, this remained challenging and |
could unfortunately not propose any perfect example to confirm the reasoning.
Nevertheless, we are pretty confident, with the apparent performance of the Coly
photoresists toward printing, that 3D structures can be accessed. Which could be achieved
either by the smart design of the printing structures, or by the optimisation of the LC
photoresist. Aligned Coln materials with a long-range correlation were shown to have an

increased transparency,?°> 2% which would enable the printing of thicker structures and thus

offer more freedom for 3D designs.

Figure 3.22. Examples of a structure based on two intricated cubes fabricated by two-photon
laser printing of a photoresist based on TBIB:dAs. A model of the printed geometry in shown
on top. For each structure, a microscope image (middle) and a SEM image using a 45° sample
mount (bottom) are shown.
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Figure 3.23. Examples of the logo of Blasco lab fabricated by two-photon laser printing of a
photoresist based on TBIB:dAs. A model of the printed geometry in shown on the top left.
For the three structures on the right, a microscope image (middle) and a SEM image using a
45° sample mount (bottom) are shown.

Figure 3.24. Examples of a cubic pilling of rods fabricated by two-photon laser printing of a
photoresist based on TBIB:dAs. A model of the printed geometry in shown on top. For each
structure, a microscope image (middle) and a SEM image using a 45° sample mount (bottom)
are shown.

The POM imaging of the printed structures showed a retention of the LC textures of
TBIB:dAs, as depicted in Figure 3.21 to Figure 3.24. This supported the previous
observation for UV-crosslinked polymeric films that the Col, arrangement is unaltered by
the crosslinking of the photoresist during the printing procedure and gets simultaneously

locked. Some additional examples are shown by Figure 3.25.
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Figure 3.25. POM of microstructures fabricated by two-photon laser printing using a LC
photoresist based on TBIB:dAs.

Core removal: towards ordered nanaporous materials

The mesogens being designed as H-bonded assemblies, the templating cores can be
removed by the breakage of the H-bonds via chemical treatment with 0.1 wt% NaOH in
DMSO. Upon core removal, pores are created by the freeing of the central volume of the
columnar stacks. Thanks to the Coln arrangement and its locking during crosslinking, the
such created pores have a distribution precisely defined by the arrangement of the
mesophase and a size defined by the core used.?®* 2’° This size definition permits a size
selectivity of the material. The porous material are expected to remain impermeable to
molecules bigger than the core that was just removed, while smaller molecules can
penetrate the pores. For TBIB, M and T cores, the resulting pores size was reported to be

in the range of 0.5 nm to 1.5 nm, M being the smallest and T the largest.20% 27

For TBIB:dAs3, the retention of the Coln arrangement upon core removal was studied by
WAXS. The WAXS data of 16 um thick films were compared before and after core
removal. | confirmed the conservation of the LC arrangement by the observation of the key
reflections presented before. Also, the WAXS data indicated the conservation of the scale
of the arrangement. As depicted by Figure 3.26, the lattice constant was calculated to be
a=3.96 nm after core removal, which was consistent with that of the photoresist
a=3.96 nm as well as that of the polymeric film before core removal, a = 4.02 nm. The
main reflections in the small-angle region, their associated g-values and distances for the

TBIB:dAs photoresist, as well as for the crosslinked films (before and after core removal)
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are listed in Table 3.3. Based on these results, | evidenced that photocrosslinking locked
the LC mesophase and that the locking of the arrangement by the polymeric matrice
allowed, in a second time, the removal of the templating core without the loss of the Colx

arrangement.
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Figure 3.26. 1D projection of the WAXS data for a polymeric film of a photoresist based on
TBIB:dA; after core removal in 0.1 wt% NaOH in DMSO.

Table 3.3. Details of the small-angle reflection for the TBIB:dAs photoresist, for a
crosslinked of for a crosslinked film after core removal.

Photoresist Cross-linked film After core removal
q(AY d(nm) q (A d(nm) q(AY d (nm) Ratio Assignment
0.184 3.41 0.180 3.49 0.184 3.41 1 (100)
0.315 1.99 0.311 2.02 0.315 1.99 V3 (110)
0.367 1.71 0.364 1.73 0.367 1.71 Vi (200)
0.480 1.31 0.480 1.31 VT (210)
a = 3.96 nm a = 4.02 nm a = 3.96 nm

With the previous WAXS findings, | showed that the Col, arrangement remained
unaltered over the entire fabrication, and thus should allow for a size selective adsorption.
Nevertheless, the removal of the templating core not only frees the central volume of the
columns, leading to a porous material. Additionally, the process of removing the templating
core engenders the carboxylic acid moieties of the peripheral acids dA to be located at the
boundaries of the pores. Thanks to acido-basic reactivity of these moieties, the polarisation
of the pores could be tuned. After core removal in basic conditions, the pores are surrounded
with anionic carboxylate moieties and can be neutralised by the protonation of the
carboxylate moieties toward the corresponding carboxylic acid, Figure 3.27. The effective
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charge of the pores being tunable in this way is the fundament for a charge selectivity of
the nanoporous Col, polymeric materials. The pores surrounded by carboxylate groups are
most adapted for the adsorption of cationic molecules, while protonation of the groups
modifies the affinity of the materials for the adsorption of neutral molecules.?”® Considering
the previously presented size selectivity, we can further refine the selectivity abilities of
nanoporous Coln materials. With negatively charged pores, the material will only be
permeable to small cationic molecules. After protonation, the porous material will be
permeable to small neutral molecules. In order to draw conclusions about the adsorptive
properties of the LC polymeric species, it is necessary to control the removal of the cores

as well as the chemical manipulation of the affinity of the pores.
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Figure 3.27. Representation of the core removal from TBIB:dAas. For each, a representation
of the polarity of the pores is shown.

Identically to FTIR being a powerful technigue to follow the formation of H-bonds, their
breakage in a basic medium, and protonation in a protic acidic medium can also be
evidenced by this technique. Upon TBIB removal from TBIB:dAs, as well as
deprotonation of the carboxylic acid of the assemblies forming carboxylates, | observed the
splitting of the C=0 stretch band at 1679 cm™ into a C=0 asymmetric stretch band at
1565 cm™ and a C=0 symmetric stretch band at 1376 cm™. The loss of the N*—H vibration
band at 3254 cm* indicates the complete removal of the TBIB core. For TBIB:dAs, such
a study was performed both for microstructures and polymeric films and the corresponding

spectra are shown by Figure 3.28a and Figure 3.28Db, respectively.
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Figure 3.28. FTIR study of the removal of the templating core from a crosslinked LC
photoresist based on TBIB:dA;. a) Study of a 150 x 150 x 10 um® cuboid structure
fabricated by two-photon laser printing and, b) study of a polymeric film fabricated by UV-
irradiation.

Similar FTIR studies of the core removal from polymeric films were performed on M-
and T-assemblies. For those, such as for the FTIR study of the formation of the assemblies,
the N*—H band, specific of TBIB, could not be used to prove the successful removal of the
templating cores. Similarly to what was shown for TBIB:dAs, the removal of the
templating core from the LC polymeric films induced a split of the carboxylic acid of the
peripheral acids into a symmetric and an asymmetric vibration band (Figure 3.29), the
symmetric vibration band was more pronounced for dA than for dBzA. Although those
results have room for improvement, they showed our ability to remove the templating core
in 0.1 wt% NaOH in DMSO, and to later protonate the carboxylate moieties in 1 M HCI
aq.
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Figure 3.29. FTIR study of the removal of the templating core from a crosslinked film of a
LC photoresist based on a) M:dAs, b) T:dAs, ¢) M:dBzAs and d) T:dBzAs.
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In the examples shown in Figure 3.29, a deterioration of the films was observed, by the
disappearing C=0 vibration band for the acrylate at 1729 cm™. In this case, the films were
exposed to the DMSO solution overnight. Due to their scale difference, | observed that
either the microstructures or macroscopic polymer films had very different sensitivity
toward the exposure to 0.1 wt% NaOH in DMSO. By recording the evolution of the FTIR
spectrum of TBIB:dAs over time for either of the forms of the crosslinked photoresist, this
sensitivity difference can be visualised. The microstructures were found to be altered for
exposure time of an hour, with the necessary exposure time for complete core removal
ranging from 3 to 10 minutes. For an exposure time of one hour, one can see the
disappearing C=0 vibration band for the polyacrylate matrix at 1729 cm™. On the other
hand, the films fabricated by UV-irradiation required exposures of several hours to show
complete core removal (Figure 3.30), and degradation was observed after about 9 h. In

both cases, the polymeric material was stable to an exposure to 1 M HCI aq for several

hours.
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Figure 3.30. FTIR spectrum over time for a) a mictructure and b) a crosslinked film of a
photoresist based on TBIB:dAz under core removal with 0.1 wt% NaOH in DMSO.
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Selective dye adsorption

In the previous paragraphs, | demonstrated that discotic mesogens can be fabricated by
the H-bonding driven self-assembly of peripheral acids carrying terminal acrylate groups
around a centre templating core and that the so-obtained discotic mesogens form a Coly
mesophase through an adapted thermal treatment. Thereafter, | showed that these
compounds can be microprinted by two-photon laser printing with a retention of the LC
arrangement and that the templating cores can be removed by chemical treatment, whilst
mainting the initial ordering of the mesophase. As a last step, the nanoporous materials
were tested as functional polymeric materials for the selective adsorption of molecules.

Again, these tests will be focussed on polymeric materials based on TBIB:dAs.

The nanoporous Coly substances with benzoate moieties at the boundaries of the pores
are expected to have a selectivity for small cationic molecules. | tested the selectivity of
microprinted structure using four easily traceable water-soluble ionic dyes. | considered
two small cationic dyes, methylene blue (MB) and thioflavin T (BY1). As expected, the
adsorption of MB and BY1 in microstructures was confirmed by a strong blue and yellow
coloration of the microstructures after dye adsorption (Figure 3.32). Moreover,
fluorescence confocal microscopy of a microstructure with MB adsorbed evidenced the
homogeneous penetration of the dye within the bulk of the microstructures. To test the
selectivity of the adsorption, | considered rhodamine B (RhB) as a big cationic molecule
and methylene orange (MO) as a small anionic molecule. In spite of its adequate charge,
the adsorption of RhB was negated by its large size. Contrarily, the size of MO was

adequate for its adsorption but its penetration was prevented by its negative charge.
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Figure 3.31. Chemical structures of methylene blue (MB), thioflavin T (BY1), methylene
orange (MO) and rhodamine B (RhB). The size of each dye is proposed considering a
cylindrical shape of diameter @ and height h.27% 28
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The exposure of nanoporous Col, microstructures to aqueous solutions of MO and RhB
only led to a small colouration of the microstructures, that can be attributed to the deposition
of dye molecules at the surface of the microstructures (Figure 3.32). The confocal
fluorescence microscopy study of structures exposed to RhB unexpectedly showed a
fluorescence that could not be attributed to the residual fluorescence of the photoinitiator.
With the current state of the investigation it remains unclear whether a minor diffusion of
the dye solution could lead to shortcoming when going to small structures or if the
observation could be attributed to a bad quality of the samples analysed. Similar
experiments for the detection of BY1 and MO were not possible as the two dyes do not

have any usable fluorescence at the available excitation wavelengths.

Methylene'blue Methylene orange Thioflavin T

Rhodamine B S o Rhodamine B 4%

Figure 3.32. Optical microscopy images of microstructures after core removal and exposure
to a solution of MB, BY1, MO and RhB. The model of the printed structures is shown in the
top right corner of the images.
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Figure 3.33. Photographs over time for the selective adsorption of dyes in polymeric films
of a photoresist based on TBIB:dA;s for pure solutions of MB, MO and BY 1, and for binary
mixtures (MB + RhB and MB + MO).

A precise study of the adsorption process was carried out by UV-vis spectroscopy using
macroscopic crosslinked films. The Coln films with core removed were immersed in
aqueous solutions of the dyes and the UV-vis absorption was followed over time. A first
observation that can be made is the visual colour change of the dye solutions over time
(Figure 3.33), which indicated the expected selectivity. By UV-vis (Figure 3.34), | showed
that MB and BY1 were adsorbed over time, as can be concluded from the decreasing
absorption of the dye solutions. On the other hand, the absorption of the MO and RhB
solutions did not decrease over time, indicating that the dyes remained in solution. The UV-
vis analysis of pure dye solutions thus supported the expected selectivity of the nanoporous
films for the absorption of small cationic molecules. The adsorption selectivity was further
tested by exposing the films to binary MB + RhB and MB + MO solutions. For a binary
MB + RhB solution, a clear size selectivity was concluded from the decreasing intensity
of the MB absorption bands and from the stationary intensity of the RhB absorption band.
Surprisingly, I could not obtain similar results fora MB + MO binary mixture. In this case,
a clear decrease of the MO absorption band was observed. The same result was obtained
when using indentical concentrations of MB and MO and carefully controlling the integrity
of the polymeric matrix by FTIR, prior to adsorption analysis. It is not clear from which
phenomenon this decrease arised, considering that the dye solution were not buffered, pH-

dependent shortcomings can be envisaged as potential explanation.
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Figure 3.34. UV-vis study of the adsorption of methylene blue (MB), thioflavin T (BY1),
rhodamine B (RhB) and methylene orange (MO) within the pores engendered by the removal
of the TBIB templating core from a crosslinked film of TBIB:dAa.

WAXS analysis of macroscopic films with MB or BY1 adsorbed demonstrated the
conservation of the Coln ordering, providing the last evidence of the stability of the
arrangement throughout the entire fabrication, development, core removal and dye

adsorption process (Figure 3.35).
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Figure 3.35. 1D projection of the WAXS data for TBIB:dAs at each step presented in this
chapter: as a non-crosslinked photoresist; as a crosslinked polymeric film before and after
core removal as well as after the adsorption of MB.
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Screening of other designs

Additional designs of Col, mesogens have been studied. With these examples, | aimed
to explore systems of greater simplicity or of different functionality. First, the sodium
benzoate analogue of dA, Na:dA (Figure 3.36) was previously reported to self-assemble
in a Col, mesophase.2%? Secondly, using the same M and dA building blocks than presented
previously, a change in the ratio used for the construction of a H-bonded assembly may
lead to large structural changes. By using a ratio of 1:1 peripheral acid:core, | aimed to
obtain H-bonded self-assemblies of six cores with six peripheral acids (Figure 3.37).

Also, | attempted to synthesise two different covalent discotic mesogens. Both
molecules were prepared by the addition of dA groups on a central molecule by Steglich
esterification. A three-fold esterification on 2,4,6-trinitrobenzene-1,3,5-triol led to a
discotic mesogen with a high electron density concentrated on the central core, which was
expected to have good LC properties (Scheme 3.6). And a four-fold esterification on
tetrakis(4-hydroxyphenyl)ethylene afforded a photopolymerisable mesogen with a
tetraphenylethylene (TPE) core (Figure 3.39). TPE is a rare example of an aggregation-
induced fluorophore, by using this core, | aimed to investigate the potential Coln behaviour
of such mesogen as well as the opportunity of fabricating strongly fluorescent structures

upon crosslinking.

Na:dA

Na:dA has the advantage to not require any pre-assembly step when compared to H-
bonded discotic systems. The system consisting of a single component was aimed to be a
more simple alternative to the complex H-bonded assemblies presented beforehand. Na:dA
was previously reported to self-assemble as a thermotropic Coln mesophase, or as a
lyotropic hexagonal LC phase (Hj) when formulated with butylacrylate (8 wt%) and water

(3 Wt%).2% In this work, | solely investigated the thermotropic LC properties of Na:dA.

Na:dA was synthesised by the simple deprotonation of dA with NaOH, the synthetic
procedure and characterisation are available in chapter 6. Within the scope of this work,
Na:dA was determined a clearing point of 58 °C by POM, what is quite lower than the
expected value of 65 °C. Upon cooling, POM imaging unfortunately resulted in the

observation of needles, syndromic of a crystalline phase.
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Figure 3.36. Chemical structure of Na:dA and POM image at room temperature after thermal
treatment.

Assemblies using different core:dendric acid ratios

By modifying the peripheral acid:core ratio of the H-bonded assemblies from 3:1 to 1:1,
I expected the formation of larger discotic H-bonded assemblies containing six cores and
six acids.?! In such a complex, six cores self-assemble by H-bonding to form a much larger
core. For melamine cores, six emplacements remain free for the H-bonding of six
carboxylic acid moieties. With this approach, | aimed to show the versatility of designs
based on H-bonded assemblies by evidencing that a minor modification of the preparation
procedure used before can lead to nanoporous materials with very different pores” size.
From exploratory POM screenings, a clearing point of 60 °C was observed for Mes:dAs.
The phase transition upon cooling showed the formation of needle-like structures,
symptomatic of crystalline phases.?®> The WAXS data of Ms:dAs indicated several close
reflections in the small-angle region as well as a distribution of the like-liquid aliphatic
correlation indicative of a fluidity to an extent. However, the g-values ratio of the measured
reflection could not be attributed to a configuration in particular. Also, the g-values
obtained did not correspond to an inter-columnar spacing in the order of the expected value

of a = 7.58 nm, reported by Feringan et. al.?® but were rather much smaller.
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Figure 3.37. Chemical structure of Ms:dAg and relevant characterisations. A POM image at
room temperature after thermal treatment. WAXS data of a crosslinked film and zoom in the
small-angle region of the spectrum.

Assemblies containing non-acrylated peripheral acids

A discotic molecule surrounded by simple aliphatic chains is by far the most reported
design. This system offers a perfect platform for the exploration of the main TBIB:dAs
system detailed in this chapter. By removing the acrylate groups, the LC material becomes
easier to handle as it is largely more chemically inert. | started by synthesising the
corresponding dendritic acid 3,4,5-tris(dodecyloxy)benzoic acid (dC12) by simple three-
fold addition of 1-bromoundecane to ethyl gallate and removal of the ethyl protection under
basic condition. Assemblies using dC12 were then prepared in the same way than their dA
counterparts. TBIB:dC123 showed a clearing point of about 240 °C and a transition to a
LC phase at 205 °C. Upon transition to the mesophase, LC textures that can be assigned to

a Col, mesophase homeotropicallly aligned could be observed (Figure 3.38).2°* However,
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in the lack of corresponding WAXS data, this assumption could not be confirmed.

Effectively, TBIB:dC123 was majorly used to interpret the POM results for other systems.

Instead, | investigated the possibility of using a combination of both the acrylated
dendritic acid dA and the purely aliphatic dendritic acid dC12. In this way, one can
understand whether the addition of inert peripheral acids could limit the effect of pre-
polymerisation on TBIB:dAs analogues. An increased control on the reactivity of the Col,
photoresist could provide more freedom upon the thermal manipulation of the substances

thus leading to their handling.

| prepared two assemblies using dA:dC12 ratios of 1:2 (TBIB:dC122dA) and 1:1
(TBIB:dC1215dA15). However, POM analysis showed that the dC12 content used were
not sufficient to strongly modify the Coln behaviour of the assemblies containing the two
different dendritic acids (Figure 3.38). Moreover, crosslinking tests by UV-irradiation
evidenced the low performances of those compounds as photoresists. This last observation
in particular made them badly adapted for our aim of processing Coln LCs by light-triggered

3D printing.

TBIB:dC12,

dC12

TBIB:dC12,dA TBIB:dC12, ;dA, ;

Figure 3.38. Chemical structure of dC12 and POM analysis of TBIB:dC12;,
TBIB:dC12,dA and TBIB:dC12;5dAs.

Covalent discotic mesogens

Furthermore, | tested two different designs of fully covalent discotic molecules. A first
one was based on a 24,6-trinitrobenzene-1,3,5-triol core. Through the three-fold

attachment of dA groups on this core by Steglich esterification, | obtained a large, fully
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covalent discotic mesogen. However, | could again not evidence any satisfying Coln

behaviour of the compound.

Using a highly polar inner core was expected to favour the formation of Col, by phase
segregation. NO2:dAs (Scheme 3.6) was synthesised by the esterification of 2,4,6-
trinitrobenzene-1,3,5-triol and dA. Initially attempted using dicyclohexylcarbodiimide
(DCC), it was fast observed that a clean separation of the pure NOZ2:dAs and
dicyclohexylurea (DCU) was challenging. This was addressed by using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in place of DCC. In this case, the pure
NO2:dAs was isolated after flash column chromatography, in 41 % yield. The detailed
synthetic procedure and characterisation is described in chapter 6. The discotic mesogen
was further analysed for its LC properties by DSC, Figure 6.1. Unfortunately, no obvious
clearing and mesophase formation could have been observed in this manner. Initially
envisaged as a simplified platform for the study of the microprinting of columnar LC by
two-photon laser printing, the investigation on NO2:dAs were abandoned based on the
DSC results.
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Scheme 3.6. Chemical structure of NO2:dAa.

A second design was based on a TPE inner core. TPE is a fluorophore that has the
particularity to improve its fluorescence yield upon aggregation, or more generally by the
restriction of its molecular vibration. Such a fluorophore is designated as “aggregation-
induced emission” (AIE)*®*?% in opposition to the “aggregation caused quenching” (ACQ)
observed for most of other fluorophores.?®*2¢ The behaviour of fluorophores exhibiting
AIE is mostly influenced by their properties in solution and the pathways that are then
available for non-radiative decays. In the case of TPE, the rotation of the phenyl moieties
offers a very efficient pathway for energy dissipation that quenches their fluorescence.
When in solid state, the aggregation of the fluorophores restricts the rotation of the phenyl
groups, making fluorescence a most profitable decaying pathway.?8?%° In the solid state,
conventional luminophores experience an ACG due to the strong overlap of their &-
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systems. These interactions strongly influence the energetic configuration of the
luminophores when found in aggregates, by energy transfer or modification of energetic
levels by conjugation. Unlike such fluorophores, the inter-molecular interactions in-
between the TPE molecules of an aggregate are quite insignificant, making the luminophore
fairly insensitive to the later effect. In spite of these low inter-molecular interactions,
Schultz et. al.?! reported that an adapted mesogen design based on TPE could
preferentially arrange into columnar LC.

In this part, | aimed to see if a design containing terminal acrylate groups would behave
similarly. And, moreover, whether this rare class of material could be transposed to 3D
printing. Exploratory UV-vis measurements demonstrated that TPE:dA4 only possessed a
weak absorption at 390—395 nm, which theoretically allows its use for two-photon laser
printing at 780 nm. A clearing point was observed at 39 °C by POM and no birefringence
could be observed upon cooling. Also, WAXS data did not provide any strong evidence of
the formation of an ordered phase. Based on the previous results, it can be concluded that
TPE:dA4 most likely remained amorphous. No further investigation was performed on the
compound. TPE:dA4 was designed to be an improved compound, when compared to the
compounds synthesised by Andreas Ganzbuhl (KIT) in his work. TPE:A and TPE:Az
consisted in a TPE core substituted with one and two undecyl aliphatic side chains carrying
terminal acrylate group, respectively. The POM study of TPE:A and TPE:A: highlighted
the formation of crystalline needles, also, these compounds suffered from their low acrylate
contents during crosslinking under UV-irradition or microprinting. More precisely, TPE:A
could not be crosslinked by UV-irradition, and attempts of the printing of TPE: A2 remained
unfruitful. Details about TPE:A and TPE:A2 can be found in the dedicated report.
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Figure 3.39. Chemical structure of TPE:dA4 and associated analysis. From left to right, UV-
vis absorption spectrum with a highlight of the 390—395 nm region, WAXS dat for a
crosslinked film, and a zoom in the small-angle region.
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Chapter4 MICROPATTERNING OF

AMORPHOUS POROUS MATERIALS

The micrometer sized fabrication of functional multimaterial objects is a key point for the
fabrication of complex multifunctional devices or architechtures, but remains a difficult
challenge. To date, traditional lithography is the most advanced technique for the fabrication
of multi-material devices with micro- to nano-scale definition.?% However, lithography
relies on the use of photomasks, each photomask being usable for a single design.?®® The use
of additive manufacturing techniques, such as vat photopolymerisation techniques, thus
become handy in the sense that geometries can easily be adapted on the spot. Two-photon
laser printing has readily proven its potential for the fabrication of multimaterial objects.?%
Nevertheless, a multi-step fabrication of functional photoresists remains a time-
consuming,?®® and challenging process as advanced optimisation may be required at each

step, what greatly limits the material versatility of the strategy.*® 296-2%

Discontinuous dewetting is a powerful and versatile method for the patterned surface
deposition of functional material.?®>%* The method relies on the utilisation of surfaces
having considerable affinity difference, hence confining the solution on the regions of
greatest affinity. Upon solvent evaporation, the solute will thus be selectively deposited on
these area. Thanks to its simplicity, scalability and versatility, discontinuous dewetting has
been applied for the fabrication of optical waveguides,®* flexible electronics®®® or devices

for miniaturised biological screenings.3%

In this chapter, | will detail our work on the two-photon laser micropatterning of DLP
printed superhydrophilic porous objects, by the photografting of hydrophilic hydroethyl
acrylate groups. The creation of hydrophilic patterns on the superhydrophobic matrices
allow the site-specific deposition of aqueous solution/supensions on the hydrophilic regions
(by discontinuous wetting). The micro-scale definition and the design freedom provided by

two-photon lithography allows the drawing of a theoretically endless variety of pattern
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shapes in a three-dimensional manner. Once cryo-dried, the objects with a patterned
discontinuous polarity were tested for material deposition by discontinuous dewetting. The
method was first tested and optimised by the deposition of an easily traceable rhodamine B
(RhB) dye. Once the methology has been established, we investigated the versatility of the
method for the site-specific and material-independent deposition of functional compounds
(Figure 4.1).

This project was carried out in collaboration with the group of Prof. Pavel A. Levkin
(Institute of Biological and Chemical Systems — Functional Molecular Systems (IBCS-
FMS), Karlsruhe Institute of Technology (KIT)). They provided their experience with the
handling and the printing of superhydrophobic porous materials by DLP, as well as their
experience with discontinuous dewetting. My main contribution was development of the

micropatterning protocols as well as the characterisation of the funtionalised structures.
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Figure 4.1. Overview of the project described in this chapter. Superhydrophobic truncated
pyramids are produced by DLP. A 3D micropatterning is then achieved by two-photon laser
printing using hydroxyethyl acrylate, leading to a discontinuous hydrophilic-
superhydrophobic object. The micropatterned objects can be functionalised by the
discontinuous dewetting of aqueous solutions/suspensions, in a material-independent manner.
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DLP printing of superhydrophobic structures

Despite the 3D printing of the material of interest is a known process, the geometries and
scale of the DLP printed objects were adapted within the scope of this project to enable their
subsequent patterning by two-photon laser printing. Due to technical constraints related to
the working distance of the objective used for the patterning step (25x, NA = 0.8; working
distance = 380 um), structures of more than about 250 um in height could not safely be
worked with, considering that the Dip-in printing mode was used. Practically, as the z-
position was adjusted with respect to the photoresist-glass interface, it was necessary that
the DLP structures could be located in-between the substrate and the objective, with minimal
risk to get in contact with the objective. Additionally, we aimed to study the three-
dimensional patterning of the DLP structures, to do so we considered truncated pyramid
structures. By not having fully vertical side faces, the truncated pyramid geometry allowed
to study the 3D patterning of DLP printed objects as it circumvented the shadowing effect
that could be observed for simple right-prisms. The height constraint and targeted geometry

required a specific use of DLP.

Conventional DLP printing of truncated pyramids of the desired dimensions was
challenging regarding the resolution of the technique. The targeted geometry was a truncated
pyramid with dimensions of 400 um x 400 um at the base, 200 um x 200 um at the top at
200 pm in height. Screening trials demonstrated some instabilities at this scale due to (i) the
height of each slide, and to (ii) the required extremely precise setting of the holding stage
along the z-axis. The height of each individual stage lead to a staircase-like appearance of
the side faces.% This was considered a minor issue as, as will be detailed in the following
part, comfortable error margins were used during the patterning step. As a matter of fact,
large volume around the theoretical surface location were scanned to ensure the effective
scanning of the entire surface, taking its roughness into account. Unless major shadowing
effect, caused the opacity of the material, a different effective appearance of the side faces
should only have little effect on the efficiency and quality of the micropatterning by two-
photon laser printing. More problematically, the DLP system showed inconsistency in the
location of the first slide along the z-axis, leading to weakly attached objects of uncontrolled
height.

For the printing of small structures, we observed that the initial position of the stage could

have a dramatic effect on the printed objects. Two main cases can be differenced, in a the
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first one, a significant part of the structures was not printed, limiting our investigation for
the three-dimensional patterning of the super-hydrophobic objects. On the other hand, the
structures can be attached to the surface by the photocrosslinking of the ink in-between the
first slide and the supporting stage, with a conic-shaped attachment link (shape caused by
depletion of the UV-beam within the ink). This lead to the structures being dramatically
higher than expected, which was crippling in the context of our project. Also, this lead to a
greatly reduced anchoring surface area of the objects on the supporting substrate and thus to
their likely detachment. Some example of such printed structures are shown in Figure 4.2.
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Figure 4.2. Optical microscopy images of truncated pyramids printed by conventional DLP
methodologies.

Instead, the truncated pyramid geometries were constructed by making direct use of the
depletion of the light beam in the ink. The glass substrate was placed at the bottom of the
vat and the truncated pyramid were constructed through a single irradiation. Thanks to the
depletion of the beam, the obtained objects contained angled side faces. The decreasing
energy of the beam throughout impinging the polymerised photoresists leads to a sudden
stop of the crosslinking events due to effective light intensity dropping below the
crosslinking threshold. As a result, the printed truncated pyramids contaned a reasonably flat
top surface. Apart from allowing for reproducible fabrication of a determined geometry
(Figure 4.3), this special procedure induces a noticeable reduction of the printing time

(2 min), as no stage movements are required.
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Figure 4.3. Optical microscopy images of truncated pyramids printed by DLP using the
depletion-assisted approach.
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Chemical considerations

DLP does generally not lead to a fully crosslinked polymeric material, but often leaves a
good part of the reactive groups unreacted. A common approach for the improvement of the
material properties of DLP-printed objects resides in a post-processing UV-curing of the
fabricated objects that increases the crosslinking density and provides the printed parts with
better mechanical properties.3® In the present work, we instead used this feature as an
opportunity for the photografting of a hydrophilic photo-reactive species during the
patterning step.

The patterning is achieved via two-photon laser printing by scanning a volume that
corresponds to a right-prism based on the desired pattern, and making use of a mixture of
hydroxyethyl acrylate and 19369 (2 wt%) as photoresist. The photo-induced polymerisation
was theorised to lead to the attachment of hydrophilic HEA moieties on the
superhydrophobic object by free-radical polymerisation. A pathway in which a preliminary
oligomerisation of HEA occurs prior to its attachment can be argued. Within the scope of
this project, we mainly explored the practical aspect of the fabrication process and did not
deeply explore the chemical mechanisms involved. Hence, we are currently incapable of
providing the reader with strong evidences supporting our hypothesis in that regard.
Nonetheless, an alternative pathway in which oligomers are grafted on the superhydrophobic
objects remains unlikely to significantly alter the quality of the patterning and the aimed
reversal of the wettability of the patterned areas.

Even though we did not study the grafting mechanism in fine detail, some observations
went in the sense of our theoretical model. First, FTIR analysis of the DLP printed material
showed the effective presence of a C=C stretch band at 1635 cm™ corresponding to the vinyl
moieties of the (meth)acrylate groups (Figure 4.4). Also, it was observed that protecting the
DLP printed structures from ambient light exposure resulted in much more reliable grafting,

which suggests the importance of the photoreactive groups of the DLP objects.
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Fi_gu_re 4.4, FTIR spectra of (a)the DLP-printed object and (b) the ink solution used for DLP

printing.

Then, the photographting of hydroxylethyl methacrylate in place of hydroxyethyl acrylate
did not result in any patterning. This indicates the necessity of using a monomer with a
relatively high reactivity to obtain a patterning. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) also indicates a high concentrations of CH3CH2O" fragment on
the patterned regions, supporting that the affinity difference between the patterned and non-
patterned regions was effectively a consequence of the high concentration of hydroxyethyl
moieties in the patterned region. By TOF-SIMS, the signals of C;OH™ (m/z = 41.01 Th) and
CoH302 (m/z =59.03 Th) fragments from HEA for example, as well as POy
(m/z = 62.98 Th) and POs™ (m/z = 78.95 Th) fragments from the 1g819 photoinitiator were
recorded. Finally, the finding of the hydroxyethyl groups at the end of the fabrication process
indicates their strong adhesion to the DLP printed objects, considering the numerous
expositions to good solvent throughout the fabrication process. Effectively, the
micropatterned objects were stored in acetone prior to their cryo-drying in supercritical COx.
Based on these observation, a physical adhesion of the hydroethyl moieties on the DLP

printed objects in reasonably unlikely.
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Figure 4.5. Two examples of the TOF-SIMS analysis of the photografting of HEA on the
superhydrophobic structures. For both, microscope image of the patterned truncated pyramid
analysed (left) and sum of the signals for C;OH" (m/z = 41.01 Th), C;H30, (m/z = 59.03 Th),
PO, (m/z =62.98 Th) and POs" (m/z = 78.95 Th).

Optimisation of the patterning process

First, the optimisation was focused on the generation of a well-adapted 3D file and its
convenient placing on the existing DLP structures. Due to the rough texture of the truncated
pyramids as well as their observed swelling in the HEA resist used for patterning step, we
chose to use comfortable margins to avoid issues related to geometry factors. Also, the
determination of the z-position of the top surface of the truncated pyramid (polymer-
photoresist interface) could only be determined with a low precision. Instead, we decided to
use the resist-glass interface as a basis for the z-position. By scanning cylinder of a 150 pum
diameter and 100 um height at various positions around the theoretical height of the top
surface, we observed that a 60/40 location (um below/um above) of the cylinder with respect
to the theoretical z-position of the top surface was optimal for the reproducibility of the
patterning. The patterning of the side faces was achieved using geometries where the
targeted pattern was drawn as a 100 um tall right-prism based on this pattern that was angled
to be perpendicular to the theoretical side face. In the scope of this project, no shortcoming

related to this procedure was observed and thus did not require systematic optimisation.
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Figure 4.6. 3D and schematic representation of the volume scanned for the micropatterning
of truncated pyramids. Left: the volumes scanned for the drawing of star-shaped patterns are
shown in red, the truncated pyramid with its theoretical dimensions is shown as a yellowish
glass. Right: Side-view cut of the volumes scanned. The truncated pyramid is represented on
a substrate and the utilised reference interface is indicated with a cross. For clarity, the HEA-
based photoresist is not displayed.

As previously mentioned, the nanoporosity of the DLP printed truncated pyramids are
fundamental for their superhydrophobicity. In order to have patterned structures with later
optimal behaviour toward discontinuous dewetting, the integrity of the nanoporosity is
primordial. An overexposure of the DLP structures during the patterning process degraded
their texture, hence leaded to a decreased patterning definition. A loss of porosity in the close
periphery of the pattern induced a heat-triggered decreased water repulsiveness, which
results in a “shadowing” upon functionalisation. On the other hand, an insufficient exposure
lead to inconsistency of the patterning caused by sparse photografting. Therefore, a good
balance had to be found, for which a qualitative and reproducible patterning can be achieved
with minimal or no degradation of the texture of the DLP structures. Patterning parameters
were investigated by screening variable values of scanning speed and laser power for the
patterning by two-photon laser printing. The patterning quality was judged via the deposition
of RhB on the patterns by discontinuous dewetting and the imaging of the patterns by optical
microscopy. Optical microscopy can already demonstrate some altering of the material at
high laser power, where bubbles (resulting from a local melting of the DLP structures during
patterning) can be observed, noticeably on the side patterns. In particular, we used scanning
speeds of 2 mm s, 5 mm s, 10 mm s, 20 mm s and 40 mm st at a constant 35 mW laser
power (Figure 4.7). Also, laser powers ranging from 5mW to 50 mW with 5 mwW
increments at a constant scanning speed of 10 mm s were screened (Figure 4.8). By
minimising laser power and maximising scanning speed, we concluded that optimal

patterning was obtained using a scanning speed of 10 mm s and a laser power of 35 mW.
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90° § 20 mm s! 45° § 40 mm st

Figure 4.8. Patterning using a constant laser power of 35 mW at various scanning speeds.

The integrity of the texture can be more finely visualised by SEM. In the examples shown
in Figure 4.9, one can see that the texture of the porous superhydrophobic structures was
successfully retained. Upon exposure to an aqueous medium, a collapse of the material was
observed and cuvette-like patterns were created (these can also be observed in the previous
microscope images of Figure 4.7 and Figure 4.8). This effect was attributed to the
aggregation of the hydrophobic polymer upon wetting as well as to the capillary forces upon
solvent evaporation. The altering of the texture upon exposure to an aqueous medium was
not considered as problematic in the scope of this project. Moreover, the observation of this
collapse confirms the complete wetting of the hydrophilic patterns upon exposure to aqueous

solutions.
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Figure 4.9. SEM image of a micropatterned structure (a) before and (b) after exposure to an
aqueous solution of rhodamine B. In each case, a zoom in the pattern (right) is shown.

Pattern geometries were then designed to include features of increasingly challenging
complexity. By going to a triangular shape, three sharp angles are included. In this step, the
patterning method by discontinuous wettability was put to test as triangular patterns could
not be a result of natural wetting and solvent evaporation, but required the segregation of the
droplet on a pattern of corresponding shape. A star was designed to include more sharp
angles and thinner features. A spiral contained further smaller features though no sharp
angles. Text demonstrated that unlinked areas are similarly patterned without merging.
Finally, an empty square showed that unlinked non-functionalised areas can be obtained. By
visualisation using a RhB solution for the site-specific functionalisation of the super-

hydrophobic objects, we were promisingly not able to evidence limitations of the method.

Similarly, we investigated the freedom in design of the patterning of the side face of the
truncated pyramids. Good results were obtained for circular, triangular and star-shaped
patterns. On the other hand, a spiral-shaped pattern showed the limitation in the patterned
deposition of RhB on the sides of the structure.
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Droplet Droplet
_—
deposition evaporation

Figure 4.10. Micropatterned deposition of RhB. a) Microscpe images of the discontinuous
dewetting of a solution of RhB. b) Microscope images of superhydrophobic truncated
pyramids functionalized with RhB on the top and sides surfaces, using patterns shaped as a
circle, triangle, star and spiral. ¢) Fluorescence microscopy images of top patterns, shaped as
star, spiral, square and “H20” text.

Material-independent functionalisation by discontinuous

dewetting

The proposed two-step fabrication procedure presented herein was tested for its
versatility. As just seen, we first explored the functionalisation of increasingly complex
patterns with rhodamine B, from a simple circle to a triangle, a star, a spiral, an empty square
or text. In a second step, we tested the deposition of various materials by discontinuous
dewetting. We tested the deposition of polydopamine, the deposition of FeCls, followed by
the site-specific FeClz-aided polymerisation of pyrrole, the deposition of silica nanoparticles

as well as the deposition and sintering of silver nanoparticles toward conductive patterns.

Well-established techniques were readily reported to be capable of a two-dimensional
patterned functionalisation of horizontal surfaces. However, only a few enabled the patterned

functionalisation of three-dimensional objects. For example, electron-beam lithography,**’
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308 and dip-pen lithography®®® were shown to be capable of the task.

two-photon laser printing
However, the chemistry and the procedures involved in the functionalisation have to be
adapted and optimised specifically for each individual functional group added.?*’3% Those
approaches would thus require big development efforts whenever the targeted functionality
is modified. In contrast, our approach is not based on specific chemistry but is instead based
on a general phenomenon which should theoretically only constrained by the ability of

getting an aqueous solution or suspension of the targeted functional material.

Polydopamine is a substrate-independent surface coating that is widely used for its
biocompatibility, anti-fouling, conductivity or catalytic activity.®1%312 We achieved the
micropatterned deposition of polydopamine by immersing the micropatterned pyramids in a
polydopamine tris-buffer (pH =8.5) for 1 h. Thanks to its dark colour, the polydopamine
patterns could be identified by optical microscopy. An elemental mapping of the
polydopamine-coated pyramids was also achieved by TOF-SIMS which confirmed the
successful micropatterning of polydopamine. In the obtained images, we could identify some
polydopamine residues on the superhydrophobic surfaces. This can be attributed to the
highly adhesive property of the coating agent.3'* 314 We would suggest that this could be
improved by using a perfluorinated methacrylate in place of n-butylmethacrylate in the
formulation of the DLP ink. However, we did not do any investigation of this other
formulation in the scope of this project.

100 pm 100 pm 100 pum 100 pm
— — — —

Figure 4.11. From left to right, circle, triangle, star and spiral micropatterns functionalized
with polydopamine.

Secondly, we showed the possibility for elementary chemical reaction to occur on the
patterns. In that regard, FeClz was first micropatterned and the FeCls-functionalised
structures were incubated in pyrrole vapour for 30 min, what leaded to the site-specific
polymerisation of the later, both on the top and side faces of the pyramids.®!> 316 This
example demonstrates the potential to performs simple chemical reactions directly on the
patterns. Polypyrrole is known to be an organic conductive material. We therefore tested

simple electrical circuit for conductivity. 10 um thick line were drawn through the entire
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block and two larger squares were added on the side of the pyramid as contacting electrodes.
Unfortunately, no clear conductivity could have been measured, which highlight the need of
an optimisation of the system. To access conductive patterns, we chose to focus on the
optimisation of the geometry and the measurement procedure, eliminating shortcomings
from the conductivity of the deposited material as much as possible. Therefore, we instead
considered the deposition of silver nanoparticles followed by sintering (150 °C, 30 min).
Prior to working with silver nanoparticles, we began by studying the deposition of

nanoparticles, using silica nanoparticles.

Figure 4.12. Microscope images of micropatterned structures a) functionalised with FeCl; and
b) after exposure to pyrrole vapour.

The precise patterning of nanoparticles can be essential for fundamental research or for
practical application in sensing, catalysis, advanced optics or organic electronics,3'7-320
however remains challenging, on 2D and 3D surfaces.®* Our investigations on silica
nanoparticles showed results for their patterned deposition that were beyond expectations.
Effectively, not only were good fidelity patterns obtained. But, we additionally observed, by

SEM imaging, an arranged pilling of the nanoparticles.
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Figure 4.13. Microscope images and SEM images of micropatterned silica nanoparticles. A
fake colouring of the bottom left SEM image was used to highlight the star-patterned
deposition of silica nanoparticles.

Having demonstrated the patterning of nanoparticles, we went further with our aim of
constructing conductive patterns. Preliminary tests showed that the effective conductivity of
silver nanoparticles when deposited on the superhydrophobic substrate had an associated
resistance of 40 to 50 Q m™ upon the deposition of 5 layers of the nanoparticles (a single
layer did not lead to any measurable conductivity). Similar patterns as before (10 um line
with electrodes on the side) were first investigated. Those evidenced major issues related to
the design and measurement procedures. Upon contacting, the thin conductive line was
repeatedely broken forfeiting the measurement of any conductivity. The issue was addressed
by thickening the conductive line to 150 um, as well as by using a flexible thin gold wire in
the prolongation of the contacting needle in order to limit the breakage of the pyramids upon
contacting. We observed that the deposition of a single layer of the nanoparticles followed
by sintering did not yield evident conductivity, similar the observations in the test
experiments. Nonetheless, the direct deposition of additional layers led to a severe loss in
patterning definition, in spite of significantly increasing the conductivity. By sintering the
patterns after each deposition step, we could obtain conductive patterns deposited with 5
layers of silver, with great definition and design fidelity, as was demonstrated by optical
microscopy and energy dispersive X-ray spectroscopy (EDX). The conductivity
measurement of the so-produced silver patterns showed a conductivity with an associated
resistance of 350 Q. This finding showed the ability of the site-defined functionalisation

method developed in our work to generate 3D conductive patterns on complex 3D objects.
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R=350Q

1 (mA)

Vv (mV)

Combined

Figure 4.14. a) Microscopic images of Ag nanoparticles micropatterned onto
superhydrophobic structures. b) SEM-EDX images of the Ag patterns showing the distribution
of Ag. c) I-V curve for a pattern (150 pm line width, 300 pm line length) functionalised with
5 layers of Ag nanoparticles with sintering at 150 °C between each sintering and associated
resistance.
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Chapter5 CoNcLUSION AND OUTLOOK

The use of two-photon laser printing allowed the creation of two different types of porous
materials based on either LCs photoresist (chapter 3) or amorphous materials (chapter 4),
evidencing the versatility and potential of the approach.

In the first project detailed, I demonstrated the first example of the microprinting of
crosslinkable Coln LC photoresist, and proved the functional abilities of the structures
fabricated by two-photon printing. The utilised LC photoresists were characterised in detail
by POM and XRD. The characterised photoresists were then photocrosslinked by two
methods. UV-irradiation afforded polymeric films which can be used as reference. The same
photoresists were also fabricated by two-photon laser printing and 2.5D structures were
printed with great definition, smooth surfaces and low shrinkage. The printing of structures
of increasing height showed a limitation of about 30 um, threshold above which significant
loss in surface quality was observed. The limitation in structure’s height was attributed to
the transluscency and diffractive properties of the LC photoresists. These factors together
with the limited workable space and proximity effect in the z-direction made the inclusion
of 3D features challenging in the context of my work. Highly nanoporous microstructures
were engendered by the chemical treatment and core removal from the printed structures,
and allowed for the size and charge selective adsorption of dyes. During the entire
fabrication, the retention of LC arrangement was proven by POM and XRD. Future studies
focussing on the printing of more transparent aligned mesophases may enlarge the printable
span of the LC photoresists, and open more opportunities for the manufacturing of Coln LCs

into complex functional 3D structures.

In the second project, | developed a new approach for the fabrication of multi-material
object by a two-step fabrication involving DLP and two-photon laser printing. In particular,
porous superhydrophobic DLP-printed objects were post-functionalised with hydrophilic
groups in a three-dimensional and shaped-defined manner, during a patterning step by two-
photon laser printing. The photografting of hydroxyethyl acrylate on the porous polymeric
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material was proven by TOF-SIMS and FTIR. The fabricated object of highly defined
discontinuous water affinity could then be functionalised by the site-specific wetting of
aqueous solutions/suspensions. The material-independency of the method was proven using
rhodamine B, polydopamine, polypyrrole, sillica nanoparticles and silver nanoparticles.
Within the scope of this investigation, | did not identify significant limitations in the
versatility of the method, with respect to pattern design or material nature. The measured
conductivity of patterned circuits functionalised with silver nanoparticles (associated
resistence of 350 Q) demonstrated the potency of the method for the fabrication of functional
elements such electrical circuit. With respect to these results, | am confident that the method
could be used as a simple and reliable platform for the fabrication of multimaterial devices
in the future, for functional puposes or for the manipulation of biochemical species, for

example.
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Chapter 6 EXPERIMENTAL PART

Materials and methods

All the chemicals were purchased from conventional suppliers (Sigma Aldrich, TCI
Europe, Thermo Fisher Scientific or ABCR) and used without further purification.
Anhydrous solvents were purchased from Thermo Fisher Scientific. All procedures using
anhydrous conditions were performed under an inert N2 atmosphere using conventional
Schlenk line techniques. All syntheses were performed under yellow light and BHT was
used as a radical scavenger during the addition of acrylates functions. For these reactions,
BHT was added again after the filtration of the dried organic extract and solvent evaporation
was performed at 33 °C. During the recrystallization of dA and dBzA the heat exposure of

the compound was limited to its minimum.

General

'H-NMR and 3C-NMR experiments were performed using a Bruker Ultrashield plus-500
spectrometer (*H: 500 MHz, $3C: 125.8 MHz). Chemical shifts are reported in part per
million (ppm) and calibrated to the solvent as internal standard. DOSY data were obtained
on a Bruker AM 400 (400 MHz). Chemical shifts are expressed in parts per million (ppm)
and calibrated with respect to D»O as internal standard. DOSY experiments were performed
at 298 K using a LED-bipolar gradient paired with 2 spoil gradients (ledbpgp2s), with 16
incremental steps in the gradient strength, ramped from 2 % to 98 % of the maximum
gradient strength. 8 scans were recorded per increment step. The gradient pulse length &
(p30) and diffusion delay A (d20) were specifically optimised in each case. The spectra were
calibrated and phased using TopSpin. The pseudo-2D DOSY plots were computed using

Bruker Dynamic Center, fitting the intensity decay as 1(g) = I, exp (—D g?v? 6% (A—

)
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ESI-TOF mass spectrometric data were obtained using a Bruker Daltonics micrOTOF-Q

IIL.

POM

POM was performed using a Leica DMLM HC L35P equipped with an Instec HCS302

heating stage coupled to an Instec mK2000 temperature controller.

Two-photon laser printing

Two-photon laser printing was performed using a Photonic Professional GT instrument
(Nanoscribe GmBH), using a 25%/NA =0.8 objective lens (Zeiss LCI Plan-Neofluar

25x/0.8), using a laser with a central wavelength of 780 nm.
Microprinting of Coln LCs

Sample preparation

A sample of the Coln photoresist was sandwiched in between two glass slides, using a
methacrylate functionalization for the glass slide receiving the printed structures. Prior to
printing, the Coln material was formed by controlled temperature processing using a heating
stage, the thickness of the Coln material was controlled using 4 layers of 16 pum aluminum

foil as spacer.

Printing procedure

The microprinting was performed in oil-immersion mode using galvanometer scanners in
the xy-plane and using a piezoelectric element in the z-direction. The printing jobs were
constructed using a hatching distance of 0.3 um and a slicing distance of 0.5 um. If
necessary, the printing jobs were split using 250 x 250 x 50 um?® rectangular domains. The
focal point was manually set at the interface of the photoresist and the glass substrate before
each job. The microprinting was achieved using a scanning speed of 25 mm s and a laser
power of 25 mW, or a scanning speed of 20 mm s™ and a laser power of 20 mW. After
microprinting, the microstructures were isolated by development of the sandwich cell in a
CHCI3:MeOH mixture.

The printing jobs were computed using DeScribe, and from .stl files constructed using

Blender.
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Micropatterning of superhydrophic porous materials

Sample preparation

The superhydrophobic truncated pyramids were stored wet in acetone after DLP printing,
to avoid their collapse caused by drying. For micropatterning, the structures were taken out
of acetone and rapidly topped with the patterning mixture, hydroxyethyl acrylate (98 wt%)
and 19819 (2 wt%).

Micropatterning of superhydrophobic structures

The micropatterning was performed in Dip-in mode, using galvanometer scanners in the
xy-plane and objective translation along the z-axis. The focal point was manually set at
photoresist-glass substrate interface prior to any lateral stage translation. The volumes for
patterning were scanned with a scanning speed of 10 mm s and a laser power of 35 mW.
The scanned volumes were constructed with a hatching distance of 0.5 um and a slicing
distance of 1 pm. If relevant, the volumes were split using 250 x 250 x 100 pm? rectangular
domains. The scanned volumes were constructed with the xy-origin along their centre-of-
mass, and aligned on the truncated pyramid manually. A semi-automatic alignment of the
scanned volumes on the truncated pyramids, using a preliminary manual coordinate spotting,
was used for the conductive patterns. The scanned volumes for the surfaces parallel to the
glass substrate were constructed as 100 um tall right prisms of the patterns, located at 60 pum
and 40 um below and above the theoretical z-location of the surface. The scanned volumes
for angled surfaces were constructed as 100 um tall right prism of the patterns, and angled
according to the theoretical angle of the surfaces.

FTIR spectroscopy

FTIR of microstructures

Infrared spectra of the microstructures were taken using an IR microscope (Bruker
Hyperion 1000) coupled to a FTIR spectrometer (Bruker Tensor 27) using non-polarised
light of a thermal light source. Atmospheric (water vapor and CO;) absorption was
suppressed by purging the whole beam path with dry air. The microstructures were located
by means of white light microscopy, and were placed in the center of a circular aperture with
a diameter of 105 pum. All spectra were taken in transmittance geometry with a resolution of

4 cm™* and 100 scans. Relative transmittance spectra were calculated by normalizing the
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measurements to the transmittance of the bare substrate at a position next to the

microstructures.

FTIR of molecular species and polymeric films

FTIR were measured using ATR (iS50 FT-IF, Nicolet). The spectra were measured in a

region of 4000 cm™ to 400 cm™ with a resolution of 4 cm™ and 20 scans.

Wide-angle X-Ray scattering

Wide-angle X-ray scattering (WAXS) experiments were performed using a Xeuss 2.0 Q-
Xoom (Xenocs SA, Grenoble, France) instrument, equipped with a Genix3D Cu ULC (ultra
low divergence) micro focus source of Cu-Ka with an energy of 8.04 keV and a wavelength
of 1.5406 A, and a Pilatus3 R 300K detector (Dectris Ltd., Baden, Switzerland). The non-
crosslinked photoresist was placed in a gel-holder, packed between two polyimide foils with
a sample thickness of 0.5 mm. Crosslinked films were measured without substrate. The 2D
scattering patterns were obtained using a sample to detector distance of 80 mm, resulting in
a range of accessible scattering vector (q) from 0.10 to 3.85 A1, We used an azimuthal
integration of the scattering patterns to obtain 1D plots of the intensity I(q) versus g with
gq=4nsin(26/2)/ A, where 20 is the scattering angle and A is the wavelength of the Cu-Ka
source. The measurement time was set to 1800s and 600 s for the non-crosslinked

photoresists and the crosslinked films, respectively.
SEM imaging

Microprinted Coln LCs

The samples, sputter-coated with a 5 nm gold layer, were imaged using a Zeiss Leo 1530
scanning electron microscope operating at 2.0 kV. For volumes visualization, 45° tilted pin

mounts were used.

Micropatterned superhydrophobic structures

The samples were sputter-coated with a 10 nm gold layer, and imaged using a Zeiss Leo

1530 scanning electron microscope operating at 5.0 kV.

UV-vis spectroscopy

UV-vis spectra were recorded on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer.
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Fluorescence confocal microscopy

Fluorescent z-stacks of 3D microstructures were carried out on a LSM 980 (Carl Zeiss,
Germany) operating in the AiryScan SR-4Y mode. The images were taken using a 20x/0.8
objective. A 639 nm diode laser was used for excitation, and the emission at 670—720 nm

was collected.

DLP 3D printing of superhydrophobic objects

The inks used for DLP 3D printing consisted of 30 wt% butyl acrylate as the monomer,
20 wt% ethylene glycol dimethacrylate (EDMA) as the crosslinker, 50 wt% 1-decanol as
porogen, and 2 wt% 1g819 as photoinitiator. All components were mixed in an amber vial
and sonicated (Elmasonic S 30H, 37 kHz, 80 W) for 30 min to obtain a homogenous ink

solution.

The superhydrophobic 3D structures were printed using a commercial desktop DLP
printer (Miicraft Prime 110) equipped with a LED projector (385 nm) with an intensity of
1.0 mW cm™2 at the vat, and a xy-resolution of 40 um. After printing, the 3D-printed objects

were immersed in acetone for 24 h to remove the porogen and the unreacted monomers.
Supercritical drying

The patterned objects were first immersed in acetone for 24 h. After complete solvent
exchange, the structures were dried by CO> supercritical drying to avoid the collapse of the
nanoporous structures. Briefly, the patterned objects immersed in acetone were transferred
to the chamber of the Leica EM CPDO030 supercritical apparatus. Acetone was replaced by
liquid CO2 by repeatedly flushing with liquid CO2. The chamber temperature and pressure
were then increased to 35 °C and 90 bar to maintain the CO> in supercritical conditions.
Finally, the chamber pressure was gradually decreased to atmospheric pressure to release the

gaseous CO>. The entire supercritical drying process took about 40 min.

Physical adsorption test of polyHEA on the DLP-printed porous

structures

To clarify whether the polyHEA patterns on the surface are either due to covalent binding
or physical adsorption of polyHEA, the DLP-printed porous structures were immersed into
a 10wt% polyHEA (Mn=3.2-10*gmol?, Mw=1.4-10°gmol?, analysed by gel
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permeation chromatography using dimethylacetamide) in EtOH for 24 h. The structures

were then treated with respect to the supercritical drying procedure presented before.

Material deposition

For the deposition of rhodamine B, silica nanoparticles and silver nanoparticles, the
aqueous material solutions were first prepared as follows: 0.5g L RhB solution was
obtained by dissolving RhB in water, 1 wt% silica nanoparticle suspension was prepared by
diluting a commercial silica dispersion (5 wt% in water, d = 900 nm) with water, and 2 wt%
silver nanoparticle suspension was prepared by diluting a commercial silver ink (30 wt% in
ethylene glycol) with water. Using a pipette, a droplet (3 puL) of the solution was used to
cover the micropatterned 3D structures and then pooled away. Due to the effect of
discontinuous wetting, a daughter droplet was left on the hydrophilic patterns, while the
unmodified regions were not wetted. Upon evaporation of the daughter droplet, the
functional solute remained deposited on the wetted area. For silver nanoparticles, a further
annealing step was performed at 150 °C for 30 min. For the deposition of polydopamine, the
micropatterned 3D structures were immersed in a 2 g L solution of 3-hydroxytyramine in
tris-buffer (10 mM, pH = 8.5) for 1 h.

Digital microscopy of micropatterned structures

Digital microscope images of the samples were obtained by a Keyence BZ 9000. The

images were taken at several angles.

Confocal microscopy of micropatterned structures

Confocal microscope images of the samples patterned with fluorescent dyes (Rhodamine
B) were taken using a Zeiss LSM 800 instrument. The top surface of the samples was
imaged. Due the highly porous nature of the 3D printed objects, they were not transparent
enough to record 3D z-stack images.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)

TOF-SIMS was performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Miinster,
Germany) equipped with a Bi cluster primary ion source and a reflectron type time-of-flight
analyser. UHV base pressure was < 2 - 10 mbar. For good mass and lateral resolution, the
Bi source was operated in “delayed extraction” mode providing unbunched Biz* primary ion

pulses at 25 keV energy. Delayed extraction mode further reduced topography artefacts and
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charging effects. Nevertheless, an electron flood gun still had to be used to compensate
sample charging. The primary ion beam was scanned across a 500 x 500 um? surface area,
and 128 x 128 or 256 x 256 data points were recorded. Spectra were calibrated with respect
to the omnipresent OH", C’, CoH", Cs7, and C3H" peaks. Based on these datasets the chemical

assignments for characteristic fragments were determined.

Conductivity tests

The electrode patterns were contacted by source measurement unit (SMU) needles
prolonged with a thin gold wire. 1-V curves from -1 V to 1 V were recorded using an Agilent
4156C parameter analyser. The resistance is extracted from the slope of the I-V curves and

is computed on Origin.
Synthetic procedures

Core TBIB

The TBIB core was synthesised according to a previously reported procedure.?’?
o-Phenylenediamine (4.20 g, 20 mmol) and 25 mL of hot polyphosphoric acid were
combined and stirred at 180 °C until a homogeneous solution was obtained. 1,3,5-
Benzenetricarboxylic acid (6.49 g, 60 mmol) was added to the mixture, and the reaction was
stirred at 240 °C overnight. The resultant dark blue melt was poured into 400 mL of cold
water and neutralised with 5 M NaOH aqg to pH~14. The crude product obtained by
filtration was fully dried and further purified three times by sublimation at 400 °C at reduced
pressure (1 mbar). *H NMR (500 MHz, DMSO-ds): & = 13.42 (s, 3H, Hb), 9.15 (s, 3H, Ha),
7.65 (m, 6H, Hc), 7.28 (m, 6H, Hd). *C-NMR (125.8 MHz, DMSO-dg): 5 = 150.4, 143.8,
135.4, 131.9, 125.5, 123.0, 122.0, 119.0, 111.8. HRMS, ESI, (m/z) [M—H]" calcd for
Co7H18Ne: 427.1672, found: 427.1644.
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Ethyl 3,4,5-tris((11-hydroxyundecyl)oxy)benzoate (1): 1 was synthesised according to
reported procedure.®?! Ethyl gallate (2.00 g, 10.1 mmol) and K>CO3 (14.00 g, 101 mmol,
10.0 eq) were suspended in anhydrous DMF (60 mL) under a N2 atmosphere. The
suspension was stirred vigorously at 75 °C for 30 min. 11-Bromoundecan-1-ol (7.60 g,
30.3 mmol, 3.0 eq) was slowly added at 75 °C, and the reaction mixture was stirred at 75 °C
overnight. After the completion has been evidenced by TLC (1:1 EtOAc:DCM), the reaction
mixture was filtered, evaporated and dried under reduced pressure, co-evaporation with
water was used to remove the residual DMF. The residue was then taken in water and
extracted in EtOAc (4 times, 350 mL total). The combined organic layers were dried over
MgSQyq, filtered, evaporated and dried under reduced pressure. The crude product (4.35 g,
8.18 mmol, 81 % vyield) was obtained as a colourless powder and used for further synthesis
without purification. *H-NMR (500 MHz, CDCls): § = 7.24 (s, 2H, Hc), 4.34 (m, 2H, Hb),
4.00 (m, 6H, Hd), 3.63 (m, 6H, Hi), 1.84—1.69 (m, 6H, He), 1.59—1.42 (m, 12H, Hf, Hh),
1.29 (m, 45H, Ha, Hg). 3C-NMR (125.8 MHz, CDCls): § = 166.6, 152.9, 142.4, 125.2,
108.1, 73.6, 69.3, 63.1, 61.1, 32.9, 30.4, 29.7, 29.7, 29.7, 29.6, 29.5, 29.4, 26.2, 25.9, 14.5.

HO

3,4,5-tris((11-hydroxyundecyl)oxy)benzoic acid (2): 2 was synthesised according to
reported procedure.®?! 1 (4.35 g, 8.18 mmol) was dissolved in a solution of KOH (2.80 g,
49.7 mmol, 8.1eq) in 3:1 MeOH:H20 (80 mL) and the reaction mixture was refluxed
overnight. After being cooled down, the reaction mixture was neutralised with 3 M HCI aq
and extracted in EtOAc. The combined organic layers were dried over MgSQsa, filtered,
evaporated and dried under reduced pressure. Recrystallisation from EtOAc afforded the
pure 2 as a white powder (3.32 g, 4.88 mmol, 80 % yield). *H-NMR (500 MHz, CDCls): &

=7.31 (s, 2H, Ha), 4.03 (m, 6H, Hb), 3.65 (m, 6H, Hg), 1.84—1.69 (M, 6H, Hc), 1.59—1.42
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(m, 12H, Hd, Hf), 1.29 (m, 36H, He). 3C-NMR (125.8 MHz, CDCls): 5 = 170.4, 152.9,
143.1,124.1, 108.7, 73.6, 69.3, 63.2, 32.8, 30.4, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3,
26.1, 25.9.

3,4,5-tris((11-(acryloyloxy)undecyl)oxy)benzoic acid (dA): The synthesis of dA was
adapted from reported procedures.?’® A solution of 2 (500 mg, 0.74 mmol) and BHT (head
of spatula) in THF (10 mL) was treated with N,N"-dimethylaniline (292 mg, 0.3 mL,
2.42 mmol, 3.3 eq) at room temperature and stirred at room temperature for 30 min. The
mixture was then cooled down to 0 °C and treated with acryloyl chloride (220 mg, 0.2 mL,
2.42 mmol, 3.3 eq). The reaction mixture was then stirred at room temperature overnight. 5-
6 drops of MeOH were added and the mixture was stirred at room temperature for 30 min.
It was then topped with 1 M HCI aqg. (15 mL) and extracted in EtOAc (4 times, 150 mL
total). The combined organic layers were dried over MgSOs, filtered, evoparated and dried
under reduced pressure. The crude product was purified by recrystallisation from EtOH to
afford the pure dA as a white powder (509 mg, 0.60 mmol, 82 % yield). *H-NMR (500 MHz,
CDClz): 6=17.31 (s, 2H, Ha), 6.41—6.38 (m, 3H, Hi), 6.14—6.09 (m, 3H, Hh), 5.82—5.80 (m,
3H, Hi), 4.15 (t, = 6.7 Hz, 6H, Hg), 4.03 (m, 6H, Hb), 1.85—1.70 (m, 6H, Hc), 1.70—1.43
(m, 12H, Hd, Hf), 1.40—1.25 (m, 36H, He). *C-NMR (125.8 MHz, CDCls): & = 166.5,
153.0, 143.2, 130.6, 128.8, 108.7, 73.6, 69.3, 64.9, 30.4, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4,
29.4, 28.7, 26.2, 26.1. HRMS, ESI, (m/z) [M—Na]" calcd for CagH75011: 865.5436, found:
865.5362.

Acid dBzA

1-Bromo-10-undecene (3): 3 was synthesised according to reported procedure.®?? A
solution of 10-undecen-1-ol (15.00 g, 88.08 mmol) in DCM (250 mL) was treated with CBr4
(32.10 g, 96.89 mmol, 1.1 eq) and PPhz (25.40 g, 96.89 mmol, 1.1 eq) at 0 °C and stirred at
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0 °C for 2 h. The reaction was quenched with H2O and extracted with DCM (3 times,
800 mL total). The combined organic layers were dried over MgSQOa, filtered, evaporated
and dried under reduced pressure. The crude residue was purified by flash column
chromatography (DCM) to afford the pure product as colourless oil in quantitative yield. *H-
NMR (500 MHz, CDClz): 6 = 5.81 (m, 1H, He), 5.02—4.90 (m, 2H, Hf), 3.40 (t, J = 6.8 Hz,
2H, Ha), 2.04 (m, 2H, Hd), 1.85 (m, 2H, Hb), 1.47—1.24 (m, 12H, Hc). ®C-NMR
(125.8 SMHz, CDCls): 6 =139.3, 114.3, 34.2, 33.9, 33.0, 29.5, 29.2, 29.0, 28.9, 28.3.

Methyl 4-(10-undecenyloxy)benzoate (4): 4 was synthesised according to reported
procedure.®?® Methyl 4-hydroxybenzoate (6.63 g, 43.56 mmol) and K,COs; (6.63g,
56.63 mmol, 1.3 eq) were suspended in anhydrous DMF (240 mL) and the reaction mixture
was stirred at 75 °C for 30 min. 3 (15.00 g, 45.74 mmol, 1.05 eq) was added at 75 °C and
the mixture was stirred at 75 °C for 1 day. The reaction mixture was then filtered, evaporated
and dried under reduced pressure. The residue was taken in DCM and washed with 1 M HCI
ag (200 mL), H20O (3 times) and brine. The organic layer was dried over MgSQg, filtered,
evaporated and dried under reduced pressure. The crude material was purified by flash
column chromatography (1:4 n-hex:DCM) to afford pure 4 (11.65 g, 38.25 mmol, 88 %
yield) as a white powder. *H-NMR (500 MHz, CDCls): § = 7.97 (m, 2H, Hb), 6.90 (m, 2H,
Hc), 5.81 (m, 1H, Hh), 5.01—4.92 (m, 2H, Hi), 4.00 (t, J = 6.6 Hz, 2H, Hd), 3.88 (s, 3H, Ha),
2.04 (m, 2H, Hg), 1.79 (m, 2H, He), 1.49—-1.26 (m, 12H, Hf). 3C-NMR (125.8 MHz,
CDCl3): 6=167.1,163.1,139.3,131.7, 122.4, 114.2, 68.3, 52.0, 33.9, 29.6, 29.5, 29.5, 29.2,
29.0, 26.1. HRMS, ESI, (m/z) [M—Na]" calcd for C19H2803: 327.1931, found: 327.1914.

10- Undecenyl-1-oxybenzyl alcohol (5): 5 was synthesised according to reported
procedure.?’* A solution of 4 (4.97 g, 16.32 mmol) in anhydrous THF (20 mL) was added to
a refluxing solution of 2.4 M LiAlH4 in THF (12.24 mL, 29.38 mmol, 1.8 eq). The reaction

mixture was refluxed for 1.5 h. Moist THF was added to quench the remaining hydride. The
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reaction mixture was acidified with 3 M HCI aq and dried under reduced pressure. The
residue was dissolved in Et,O (300 mL), dried over MgSQsu, filtered, evaporated and dried
under reduced pressure. The crude product was recrystallised from n-hexane to afford the
pure 5 (4.29 g, 15.52 mmol, 95 % yield) as a white solid. *H-NMR (500 MHz, DMSO-de):
8 = 7.20 (m, 2H, Hc), 6.85 (m, 2H, Hd), 5.79 (m, 1H, Hi), 5.01 (t, J = 5.7 Hz, 1H, Ha),
5.01—-4.91 (m, 2H, Hj), 4.40 (d, J = 5.6 Hz, 2H, Hb), 3.92 (t, J = 6.5 Hz, 2H, He), 2.01 (m,
2H, Hh), 1.68 (m, 2H, Hf), 1.47—1.25 (m, 12H, Hg). *C-NMR (125.8 MHz, DMSO-ds): &
=157.6,138.8, 134.4,127.9, 114.0, 114.0, 67.3, 62.6, 33.2, 29.0, 28.8, 28.7, 28.7, 28.5, 28.3,
25.5.

1-(Chloromethyl)-4-(undec-10-en-1-yloxy)benzene (6): 6 was synthesised according to
reported procedure.?’* To a solution of 5 (6.00 g, 21.71 mmol) and anhydrous DMF (1.6 mL)
in anhydrous DCM (65 mL) was slowly added SOCI, (2.2 mL, 3.60 g, 30.4 mmol, 1.4 eq)
under a N2 atmosphere, and the reaction mixture was stirred at room temperature for 2 h.
After the complete conversion was evidenced by TLC (DCM), the mixture was evaporated
and dried under reduced pressure. The pure 6 was obtained in quantative yield as a pale
orange oil and used for further syntheses without additional purification. *H-NMR
(500 MHz, DMSO-d6): 6 =7.33 (m, 2H, Hb), 6.89 (m, 2H, Hc), 5.78 (m, 1H, Hh), 4.99—4.89
(m, 2H, Hi), 4.70 (s, 2H, Ha), 3.93 (t, J = 6.5 Hz, 2H, Hd), 1.99 (m, 2H, Hg), 1.68 (m, 2H,
He), 1.41—1.24 (m, 12H, Hf). 3C-NMR (125.8 MHz, CDCl3): & = 159.4, 139.3, 130.1,
129.6, 114.8, 114.3, 68.2, 46.2, 33.9, 29.6, 29.5, 29.5, 29.3, 29.2, 29.0, 26.1.
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Ethyl 3,4,5-tris((4-(undec-10-en-1-yloxy)benzyl)oxy)benzoate (7): 7 was synthesised

according to reported procedure.?’* A suspension of ethyl gallate (1.15g, 5.81 mmol),
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K2COs (7.23 g, 52.3 mmol, 9.0 eq) and KI (1.45 g, 8.7 mmol, 1.5 eq) were suspended in
anhydrous DMF (120 mL) and the mixture was stirred at 60 °C for 30 min. To the mixture
was added a degassed solution of 6 (6.00 g, 2.35 mmol, 3.5 eq) in anhydrous DMF (20 mL).
The resulting reaction mixture was stirred at 60 °C overnight. The reaction mixture was
cooled down to room temperature and poured in ice-water (700 mL). The aqueous phase was
extracted with Et2O (5 times, 700 mL total). The combined organic layers were washed with
1M HCI aq (1time), H2O (2times) and brine (1time), dried over MgSQs, filtered,
evaporated and dried under reduced pressure. The crude product was purified by flash
column chromatography (30 vol% n-hex in DCM) and further recrystallisition from
isopropanol to afford the pure 7 (2.55 g, 2.62 mmol, 45 % vyield) as a white powder. H-
NMR (500 MHz, CDCl3): & = 7.36 (s, 2H, Hc), 7.34—7.23 (m, 6H, Hf), 6.90—6.74 (m, 6H,
He), 5.81 (m, 3H, Hk), 5.14—5.00 (s, 6H, Hd), 5.00—4.91 (m, 6H; HI), 4.34 (g, J = 7.1 Hz,
2H, Hb), 3.98—3.90 (m, 6H, Hg), 2.04 (m, 6H, Hj), 1.77 (m, 6H, Hh), 1.38 (t, J = 7.1 Hz,
3H; Ha), 1.49—1.25 (m, 36H; Hi). *C-NMR (125.8 MHz, CDCls): § = 166.4, 161.0, 159.2,
152.8, 142.6, 139.4, 130.4, 129.4, 128.8, 125.5, 114.7, 114.6, 114.3, 109.4, 74.8, 71.3, 68.2,
65.7, 61.2, 34.0, 29.7, 29.6, 29.5, 29.4, 29.3, 29.1, 26.2, 14.5. HRMS, ESI, (m/z) [M—Na]*
calcd for Ce3HggOg: 995.6371, found: 995.6663.

3,4,5-Tris((4-((11-hydroxyundecyl)oxy)benzyl)oxy)benzoic acid (8): 8 was
synthesised according to reported procedure.?’* 7 (2.24 g, 2.3 mmol) in anhydrous THF
(10 mL) was slowly added to a 0.5 M solution of 9-BBN in THF (27.6 mL, 13.8 mmol,
6.0 eq) at 66 °C and the mixture was stirred at 66 °C for 1.5 h. After complete conversion
was evidenced by TLC (DCM), the reaction mixture was cooled down to room temperature.
Anhydrous EtOH (10 mL), degassed 6 M NaOH aqg (23 mL) and degassed 30 % H20-
(46 mL) were slowly added in this order. The reaction mixture was refluxed for 1.5 h. The
mixture was evaporated and dried under reduced pressure. The residue was taken in HO,

and the solution was acidified with 3 M HCI aq and the aqueous phase was extracted with
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DCM (4 times, 600 mL total). The combined organic layers were washed with brine, dried
over MgSOyg, filtered, evaporated and dried under reduced pressure. The crude material was
purified by precipitation in n-hexane from THF to afford the pure 8 (1.72 g, 1.72 mmol,
75 % yield) as a white powder. *H-NMR (500 MHz, CDCls): § =7.39 (s, 2H, Ha), 7.35—7.24
(m, 6H, Hc), 6.90—6.74 (m, 6H, Hd), 5.05 (m, 6H, Hb), 3.98—3.90 (m, 6H, He), 3.64 (t,
J=6.5 Hz, 6H, Hi), 1.77 (m, 6H, Hf), 1.56 (m, 6H, Hf), 1.49—1.25 (m, 36H, Hg). 3C-NMR
(125.8 MHz, CDClz): 6 = 169.9, 159.2, 152.8, 143.1, 130.4, 129.8, 129.4, 128.8, 128.6,
114.6,114.2,109.8,74.8,71.2,68.2, 63.2, 36.4, 32.9, 29.7, 29.7, 29.5, 29.5, 29.4, 26.2, 25.9.
HRMS, ESI, (m/z) [M—Na]" calcd for Ce1HooO11: 1021.6375, found: 1021.6608.
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3,4,5-tris((4-((11-(acryloyloxy)undecyl)oxy)benzyl)oxy)benzoic acid (dBzA): dBzA
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was synthesized by adapting reported procedure.?’® A solution of 8 (500 mg, 0.5 mmol) and
BHT (head of spatula) in THF (5 mL) was treated with N,N"-dimethylaniline (0.21 mL,
1.65 mmol, 3.3 eq) and the solution was stirred at room temperature for 30 min. Acryloyl
chloride (149 mg, 0.13 mL, 1.63 mmol, 3.3 eq) was added to the reaction mixture at 0 °C,
and the reaction mixture was stirred at room temperature overnight. After completion, a few
drops of MeOH were added and the reaction mixture was stirred for 30 min. 1.5 M HCl aq
(15 mL) were added and the reaction mixture was extracted with EtOAc (4 times, 100 mL
total). The combined organic layers were dried over MgSOs, filtered, evaporated and dried
under reduced pressure. The crude product was purified by recrystallisation from EtOH to
afford pure dBzA (539 mg, 0.46 mmol, 85 % vyield) as a white solid. *H-NMR (500 MHz,
CDClz): 6=17.41 (s, 2H, Ha), 77.35—7.24 (m, 6H, Hc), 6.90—6.74 (m, 6H, Hd), 6.39 (m, 3H,
Hk), 6.15—6.09 (m, 3H, Hj), 5.81 (m, 3H, HK), 5.05 (m, 6H, Hb), 4.15 (m, 6H, Hi),
3.98—3.90 (m, 6H, He), 1.78 (m, 6H, Hf), 1.66 (m, 6H, Hh), 1.49—1.25 (m, 36H, Hg). *3C-
NMR (125.8 MHz, CDCls): 8 = 170.3, 166.5, 159.2, 152.8, 143.3, 130.6, 130.4, 129.4,
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128.8, 114.6, 114.2, 109.9, 74.8, 71.2, 68.2, 64.9, 29.7, 29.6, 29.5, 29.4, 29.4, 28.7, 26.2,
26.0. HRMS, ESI, (m/z) [M—Na]" calcd for C70HgsO14: 11183.6692, found: 1183.6798.

Core M

a

H2N e
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2,4-diamino-6-dodecylamino-1,3,5-triazine (M): M was synthesised according to
reported  procedure.?®  2-Chloro-4,6-diamino-1,3,5-triazine  (2.00g, 13.74 mmol),
dodecylamine (3.06 g, 16.49 mmol, 1.2 eq) and NaHCO3 (1.38 g, 16.49 mmol, 1.2 eq) were
dissolved in anhydrous 1,4-dioxane (75 mL) and the reaction mixture was refluxed under a
N2 atmosphere for 6 h. After being cooled down to room temperature, the reaction mixture
was poured in H2O (150 mL). The aqueous suspension was filtered and the precipitate was
washed with H20. The crude material was purified by flash column chromatography (10:1
DCM:MeOH) to afford the pure M (3.47 g, 11.79 mmol, 86 % vyield) as a white solid. *H-
NMR (500 MHz, CDCl3): 6 = 5.24-5.11 (m, 5H; Ha, Hb), 3.30 (dt, JunH=5.9 Hz,
Jner=7.0Hz, 2H; Hc), 1.51 (g, J=7.1 Hz, 2H; Hd), 1.34—1.18 (m, 18H; He), 0.87 (t, J=6.9Hz,
3H; Hf). 3C-NMR (125.8 MHz, CDCls): & = 166.8, 40.8, 32.0, 29.9, 29.8, 29.8, 29.7, 29.7,
29.5, 29.5, 27.0, 22.8, 14.2. HRMS, ESI, (m/z) [M—H]" calcd for CisH3zoNe: 295.2605,
found: 295.2469.

CoreT

1-azido-4-butoxybenzene (9): 9 was synthesised according to reported procedure.?? A
solution of NaNOs (440 mg, 6.76 mmol, 1.1 eq) in H2O (2.5 mL) was slowly added to a
solution of 4-butoxyaniline (1.00 g, 6.05 mmol) in a mixture of H.O (16 mL), acetic acid
(36 mL) and HCI conc. (3.2 mL) at 0 °C. The reaction mixture was stirred at 0 °C for 5 min,
and a solution of NaN3 (488 mg, 7.08 mmol, 1.2 eq) in H20 (2.5 mL) was slowly added at
0 °C. The reaction mixture was further stirred at 0 °C for 2 h. Upon total conversion was
evidenced by TLC (DCM), the mixture was extracted in DCM (3 times, 200 mL total). The
combined organic layers were washed with 10 % NaOH aq (100 mL), dried over MgSOa,
filtered, evaporated and dried under reduced pressure. The pure 9 (1.05 g, 5.50 mmol, 91 %
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yield) was afforded as an orange oil. *H-NMR (500 MHz, CDCls): § = 6.96—6.86 (m, 4H,
Ha), 3.94 (t, J = 6.5 Hz, 2H, Hb), 1.76 (quint, J = 7 Hz, 2H, Hc), 1.49 (h, J = 7.5 Hz, 2H,
H4), 0.98 (t, J = 7.4 Hz, 3H, He). 13C-NMR (125.8 MHz, CDCls): § = 156.7, 132.2, 120.1,
115.8, 68.2, 31.4, 19.3, 14.0.

2,4,6-tris((trimethylsilyl)ethynyl)-1,3,5-triazine (10): 10 was synthesised according to
reported procedures.®?* 3% A mixture of 1.6 M n-BuLi in n-hexane (7 mL, 11.2 mmol,
5.5 eq) in anhydrous THF (10 mL) was slowly added to a solution of ethynyltrimethylsilane
(1.00 g, 10.18 mmol, 5.0 eq) in anhydrous THF (15 mL) at -78 °C. The reaction mixture was
stirred at room temperature for 5 min. A solution of ZnCl (1.53 g, 11.2 mmol, 5.5 eq) in
anhydrous THF (10 mL) was added to the mixture at -78 °C and the reaction mixture was
stirred at room temperature for 3 h. The reaction mixture was evaporated and dried under
reduced pressure, and the residue was dissolve in anhydrous THF (20 mL). The solution was
added to a solution of trichlorotriazine (375 mg, 2.04 mmol) and Pd(PPhs)s (116 mg,
0.1 mmol, 5 mol%) in anhydrous THF. After being stirred at 30 °C for 3 h, the reaction
mixture was topped with 1 M HCI ag (20 mL) and extracted in Et,O. The combined organic
layers were dried over MgSOyg, filtered, evaporated and dried under reduced pressure. The
dark residue was washed with MeOH to afford 10 (84 mg, 0.23 mmol) as a light brown
powder. Further crystallisation from the concentrated MeOH phase afforded an additional
250 mg (0.68 mmol) of 4 (45 % yield in total). *H-NMR (500 MHz, CDCls): & = 0.27 (s,
27H). 3C-NMR (125.8 MHz, CDCls): § = 159.8, 102.4, 100.1, -0.7.
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2,4,6-tris(1-(4-butoxyphenyl)-1H-1,2,3-triazol-4-yl)-1,3,5-triazine  (T): T was
synthesised according to reported procedure.??® A degassed solution of tetrabutylammonium
fluoride (2.55 g, 9.74 mmol, 4.0 eq) in THF (12 mL) was added to a solution of 9 (1.54 g,
8.03 mmol, 3.3 eq), 10 (900 mg, 2.43 mmol), CuSO4 - 5 H20 (78 mg, 0.49 mmol, 20 mol%)
and sodium ascorbate (192 mg, 0.97 mmol, 40 mol%) in degassed 1:1 THF:H.O (40 mL),
and the reaction mixture was stirred at room temperature for 1 day. The reaction mixture
was topped with additional H.O and extracted in DCM (4 times, 500 mL total). The
combined organic layers were dried over MgSQOg, filtered, evaporated and dried under
reduced pressure. The residue was purified by flash column chromatography (DCM to
20 vol% EtOAc in DCM). Further recrystallisation from EtOH afforded the pure T (692 mg,
0.95 mmol, 39 % yield) as a white powder. *H-NMR (500 MHz, CDClz): § = 9.10 (s, 3H,
Ha), 7.76 (d, J = 8.2 Hz, 6H, Hb), 7.07 (d, J = 8.4 , 6H, Hc), 4.04 (t, J = 6.4 Hz, 6H, Hd),
1.82 (m, 6H, He), 1.53 (m, 6H, Hf), 1.01 (t, J = 7.4 Hz, 9H, Hg). *C-NMR (125.8 MHz,
CDClz): 6=166.9, 160.1, 145.9, 129.9, 126.0, 122.4, 115.6, 68.4, 31.3, 19.4, 14.0.

Na:dA

e o

Sodium  3,4,5-tris(11’-acryloyloxyundecyloxy)benzoate (Na:dA): Na:dA was
synthesised by adapting reported procedures.?%> 32 A solution of dA (200 mg, 0.24 mmol)
and BHT (head of spatula) in THF (30 mL) was treated with a 2 M NaOH aq (0.13 mL,
0.26 mmol, 1.1 eq) and stirred at room temperature for 20 min. the reaction mixture was then
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dried under reduced pressure and the residue was taken in Et.O, filtered evaporated and
dried. The residue was taken in acetone, filtered evaporated and dried under reduced pressure
to afford the pure Na:dA (204 mg, 0.24 mmol) in quantitative yield. *H-NMR (500 MHz,
CDCls): §=7.28 (s, 2H, Ha), 6.41—6.37 (m, 3H, Hi), 6.14—6.08 (m, 3H, Hh), 5.82—5.79 (m,
3H, Hi), 4.14 (t, = 6.7 Hz, 6H, Hg), 4.00 (m, 6H, Hb), 1.82—1.70 (m, 6H, Hc), 1.68—1.41
(m, 12H, Hd, Hf), 1.38—1.24 (m, 36H, He). 3C-NMR (125.8 MHz, CDCl3): & = 166.6,
152.9, 130.6, 128.8, 108.6, 73.6, 69.2, 64.9, 30.5, 29.8, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4,
28.7, 26.2, 26.1.

TPE:dA4
JLO LA J'v
o < & ~ s

TPE:dAs: TPE:dAs was prepared using reaction conditions for the Steglich
esterification from reported procedures.?®! 3% Dicyclohexylcarbodiimide (DCC) (169 mg,
0.82 mmol, 6.0 eq) was added at 0 °C to a solution of dA (500 mg, 0.60 mmol, 4.5 eq) in
anhydrous DCM (10 mL). After the mixture was stirred at 0 °C for 10 min, a suspension of
tetrakis(4-hydroxyphenyl)ethylene (53 mg, 0.13 mmol) and 4-dimethylaminopyridine
(DMAP) (32 mg, 0.26 mmol, 2.0 eq) in anhydrous DCM (5 mL) was added at 0 °C. The
reaction mixture was stirred at room temperature for 7 d and at 35 °C for 1 d. The mixture
was filtered over a pad of Celite and the organic phase was washed with 1 M HCI aq
(2 times) and water, dried over MgSOQs, filtered, evaporated and dried under reduced
pressure. The crude product was purified by flash column chromatography (3:1 to 2:1 n-
hex:EtOACc) and further recrystallised from EtOH to afford TPE:dA4 (125 mg, 0.034 mmol,
26 % yield) as a pasty white solid. *H-NMR (500 MHz, CDCls): 6 = 7.37 (s, 8H, Hc), 7.14
(d, J =8.6 Hz, 8H, Hb), 7.00 (d, J = 8.6 Hz, 8H, Ha), 6.42 6.36 (m, 12H, HkK), 6.15 6.07 (m,
12H, Hj), 5.83 5.78 (m, 12H, Hk), 4.14 (t, J = 6.7 Hz, 24H, Hd), 4.03 (m, 24H, Hi), 1.85
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1.71 (m, 24H, He), 1.66 (m, 24H, Hh), 1.47 (m, 24H, Hf), 1.40 1.22 (m, 144H, Hg). *C-
NMR (125.8 MHz, CDCl3): 6 = 166.3, 164.9, 152.9, 149.7, 143.0, 140.9, 132.5, 130.4,
128.6, 123.9, 121.3, 108.5, 73.6, 69.2, 64.7, 30.36, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3,
29.3, 28.6, 26.1, 26.0. HRMS, MALDI, (m/z) [M—H]" calcd for Co22H324044 3695.319,
found 3695.179.

NO2:dAs

2,4,6-trinitrobenzene-1,3,5-triol (11): 11 was synthesised according to a reported
procedure.®?” KNOs (3.20 g, 32.00 mmol, 4.0 eq) was slowly added to concentrated H2SO4
(30 mL) at 5 °C so that the temperature did not rise above 10 °C and the mixture was stirred
at 5 °C for 15 min. Phloroglucin (1.00 g, 8.00 mmol) was slowly added at 5 °C so that the
temperature did not rise above 10 °C, and the reaction mixture was stirred in an ice-bath for
15 min and at room temperature for 30 min. The reaction mixture was poured on ice (100 Q)
and the whole was stirred gently until the ice melted. The resulting precipitate was filtered
and washed with a cold 1 M HCI aq solution to afford the pure 11 (1.50 g, 5.70 mmol, 71 %
yield) as a bright yellow powder. *H-NMR (500 MHz, DMSO-ds): & =8.89 (s, 3H, Ha). 3C-
NMR (125.8 MHz, DMSO-dg): 8 = 153.9, 122.0. HRMS, ESI, (m/z) [M-H] calcd for
CesH3N30g: 259.9797, found: 260.0126.

NO2:dAs: A solution of dA (500 mg, 0.60 mmol, 3.4 eq) in THF (10 mL) was treated
with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (126 mg, 0.81 mmol, 4.5 eq)
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at 0 °C and stirred at 0 °C for 10 min. The reaction mixture was treated with a suspension of
11 (76 mg, 0.18 mmol) and DMAP (33 mg, 0.27 mmol, 1.5 eq) in THF (5 mL) at 0 °C and
stirred at room temperature for 4 days. The reaction mixture was evaporated and dried under
reduced pressure and the residue was taken in DCM. The organic phase was washed with 1
M HCI ag, NaHCO3 aqg and brine, dried over MgSQsu, filtered, evaporated and dried under
reduced pressure. The crude product was purified by flash column chromatography (1:2 to
1:1 EtOAc:n-hex) to afford the pure NO2:dAs (200 mg, 0.07 mmol, 41 % yield) as a white
powder. 'H-NMR (500 MHz, CDCls): § = 7.30 (s, 6H, Ha), 6.41—6.36 (m, 9H, Hi),
6.14—6.07 (m, 9H, Hh), 5.82—5.80 (m, 9H, Hi), 4.13 (m, 18H, Hg), 4.03 (m, 18H, Hb),
1.84—1.71 (m, 18H, Hc), 1.69—1.42 (m, 36H, Hd, Hf), 1.40—1.25 (m, 108H, He). *C-NMR
(125.8 MHz, CDCls): 6 = 166.6, 153.0, 130.6, 128.8, 108.7, 73.6, 69.3, 64.9, 30.4, 29.8,
29.7,29.7, 29.6, 29.4, 29.4, 29.3, 28.7, 26.0, 26.0.
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Figure 6.1. DSC analysis of NO2:dAs.

dC12
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3,4,5-tris(dodecyloxy)benzoic acid (dC12): dC12 was synthesised by adapting reported
procedures. 32! A solution of ethyl gallate (1.00g, 5.05mmol) and K>COs (7.00 g,
50.46 mmol, 10.0 eq) in anhydrous DMF (40 mL) was stirred at room temperature for
20 min and treated with bromo-1-dodecane (4.10 g, 16.65 mmol, 3.3 eq). The reaction

mixture was stirred at 75 °C for 1 day, filtered hot, evaporated and dried under reduced
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| Experimental part

pressure. The residue was taken in DCM and the organic phase was washed with 1 M HCI
aq, water and brine. The organic phase was dried over MgSOsa, filtered, evaporated and dried
under reduced pressure. The crude product was purified by flash column chromatography
(4:1 DCM:n-hexane) to afford the ethyl protected EtdC12.

EtdC12 was dissolved in 3:1 THF:EtOH (340 mL) and added to 10 M NaOH aq (34 mL)
and the mixture was refluxed for 6 h. The reaction mixture was then neutralised with HCI
conc.. The mixture was concentrated under reduced pressure and stored at -20 °C overnight.
The precipated was filtered and washed with cold water to afford the pure dC12 as a white
solid (2.5 g, 3.7 mmol, 73 % yield). *H-NMR (500 MHz, CDCls): 6 =7.32 (s, 2H, Ha), 4.02
(m, 6H, Hb), 1.80 (m, 6H, Hc), 1.48 (m, 6H, Hd), 1.26 (m, 48H, He), 0.88 (t, J = 6.9 Hz, 3H,
Hf). 3C-NMR (128.5 MHz, CDCls): § = 171.6, 152.9, 143.1, 123.6, 108.5, 73.6, 69.2, 32.0,
30.3,29.8,29.7, 29.7, 29.7, 29.4, 29.3, 26.0, 22.7, 14.1.
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Spectroscopic data

Spectroscopic data
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Figure 6.2. '*H and **C-NMR of TBIB in DMSO-ds.
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Figure 6.4. *H and **C-NMR of 2 in CDCls.
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Spectroscopic data

62’
LE”
AN
98"’
€0°
S0°

ov-

6"
TI0°

08"
4N

— =

JUBA|Os —

el

= 102

j

=g02

= 002

——

061

—
260

ppm

0°62-_
0'€E
6:c€

EPIT—

€ 6eT—

M {

<
~
-

JUSA|OS

2

Br

ppm

T T T T
160 140 120 100 80

T
180

Figure 6.6. *H and *C-NMR of 3 in CDCls.
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Figure 6.10. '*H and **C-NMR of 7 in CDCls.
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Figure 6.11. *H and **C-NMR of 8 in CDCls.
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62 T-_
9% T—
99°'1T—
8L 1
Z6°¢ -
mm.mV
ST 7
mo.m/
S0°G—
08°S
Nm.m
60°9
mﬁ.m/
8€°9
S.o\
68°9-
069
SZ'L
mm.p\
wm.h\
Th'L

R
@

JUdAjos — 2T

-7

9.'9
§¢9

;

F

-7

o9

TN———
= 6L'€

I

20’e
E€C°E
€L'e

8T’
hc_.

il

|

S

WL

ppm

M0 N

0NN

‘9¢-——
‘62—

"89
"TL—
"wL

.mo._”l.
PIT—

"6CT—

ST —
"6ST—
99T —
TOLT—

12
10

JUaApjos

(o

OTJ
v \n”\

i

2,6,7,
14, 15

@
%

ppm

T T T T
160 140 120 100 80

T
180

Figure 6.12. '*H and **C-NMR of dBzA in CDCls.
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Spectroscopic data
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Figure 6.14. *H and **C-NMR of 9 in CDCls.
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Spectroscopic data
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Figure 6.22. DOSY of M:dA; in CDCls (A =0.0599 s, 6 = 0.0030 s).
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Figure 6.23. DOSY of T:dAsz in CDCls (A =0.0599 s, 6 = 0.0030 s).
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Figure 6.24. DOSY of M:dBzAs in CDCls (A =0.0749 s, 6 = 0.0030 s).
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Figure 6.25. DOSY of T:dBzAs in CDCls (A = 0.0599 s, 5 = 0.0028 s).
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Figure 6.27. DOSY of dBzA in CDCls (A =0.0749 s, 8 = 0.0030 s).
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