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Abstract

This project adapted encapsulation methods for a 3D-printing process, new
encapsulation additive manufacturing with a dual printing head system. There are
methods developed to form capsules with biocompatible materials based on emulsion-
/solvent evaporation method and 3D-printing technologies. For the capsule shell
material different, well known biodegradable polyesters are tested. The hydrophobic
core filling is based on different model components of the terpenes. The synthesized
capsules will be analyzed regarding size, distribution, ratio and composition. The critical
manufacturing process is the simultaneous build up of capsule shell and liquid core
filling in a layer by layer approach for micrometer sized capsules (100 - 800 pum). After
several printing cycles and finished printing process, a macro-scaled specimen is
manufactured including several capsule-like structures. As a proof of concept “click”-
reaction systems, based on liquid trivalent resin monomers, are manufactured. PCL
composites with nano- and micro-fillers are combined with reactive liquids. The 3D-
printed core-shell capsule composite can be used for post-printing reactions and
damage sensing when combined with a fluorogenic dye.

With a similar approach, stress-sensing materials, based on high- and low molecular
weight  mechanophores (latent  copper(I)bis(N-heterocyclic carbenes)) are
manufactured. Post-printing, the mechanophores can be activated by compression to
trigger a fluorogenic dye inside a bulk polymeric material. Focus is placed on the
printability and post-printing activity of the latent mechanophores using “click”-
reaction.

Another concept for 3D-printing multi-material composites is based on hydrogen-
bonded supramolecular polymers, known to increase mechanical strength. The
printability is relies on reversible thermal- and shear-induced dissociation of the
supramolecular interactions, which generates stable and self-supported structures after
3D-printing. Thus, linear and three-arm star poly(isobutylene)s PIB-B2 , PIB-B3, and
linear poly(ethylene glycol)s PEG-B2 were prepared and probed by melt-rheology to
adjust the viscosity for the proper printing window. The supramolecular PIB polymers
showed a rubber like behavior and were able to form self-supported 3D-printed objects
at room temperature and below. To further strengthen the PIB-B2, nanocomposites with
silica nanoparticles (12 nm, 5-15 wt%) were analyzed and leaded to an improvement of
the shape stability.




Kurzdarstellung

Diese Arbeit beschéftigt sich mit der Umsetzung von Enkapsulierungsmethoden in 3D-
Druckprozesse, wobei ein 3D-Drucker mit zwei verschiedenen Képfen verwendet wird.
Fur die Enkapsulierung sind verschiedene Methoden zum Einsatz kommen, wie z.B.
Emulsion-/Evaporationsverfahren und 3D-Drucktechniken, die mit biokompatiblen
Polymeren funktionieren. Fiir die Kapselhiille wurden verschiedene biologisch
abbaubare Polyester getestet. Die hydrophoben, fliissigen Fiillungen basieren fiirs Erste
auf Modelverbindungen aus der Klasse der Terpene. Die synthetisierten Kapseln wurden
auf ihre Grofde, Verteilung, Anteile und Zusammensetzung analysiert. Der wichtigste
Punkt der Arbeit ist das Drucken von der Kapselhiille, gleichzeitig kombiniert mit dem
Fiillen der Kapseln mit Fliissigkeiten, in einem Schicht-fiir-Schicht Ansatz fiir
mikrometer-grof3e Kapseln (100 - 800 um). Nach mehrfacher Wiederholung dieser
Prozesse entsteht ein makroskopischer Probenkérper mit vielen Kapsel-dhnlichen
Strukturen im Inneren. Das entwickelte System wurde auf ein ,Click“-Reaktion
basierendes System angewendet, das auf fliissige trivalente Monomere basiert. Dafiir
wurden PCL-Komposite mit Nano- und Mikro-Partikeln mit den reaktiven Fliissigkeiten
kombiniert. Das entstehende Kompositmaterial wurde fiir post-printing Reaktionen
verwendet und wurde zur Stressdetektion verwendet, wenn es mit einem
Fluoreszenzfarbstoff kombiniert wurde.

Mit dem gleichen Druckverfahren wurden auch stress-filhlende Materialien erprobt, die
auf Mechanophore (labile Kupfer(I)bis(N-heterozyklische Carbene) mit kleinem und
hohem Molekulargewicht basieren. Nach dem Drucken, konnen die Mechanophore mit
Kompression aktiviert werden, um eine Fluoreszenzreaktion auszuldsen. Hauptsachlich
wurde sich auf die Druckbarkeit und Aktivitit der Mechanophore konzentriert, bei
Verwendung der ,,Click“-Reaktion.

In einem weiteren Teil der Arbeit zum 3D-Drucken von Multimaterial-Kompositen
basiert auf supramolekulare Polymere mit Wasserstoffbriickenbindungen, die ihre
mechanischen Eigenschaften verbessern. Die Druckbarkeit wird auf die temperatur- und
scherabhingigen  Eigenschaften @ der  supramolekularen =~ Wechselwirkungen
zurickgefiihrt, die auch fiir die Formstabilitit nach dem 3D-Drucken verantwortlich
sind. Daflir wurden lineare und dreiarmige Poly(isobutylene) PIB-B2, PIB-B3 und
lineare Polyethylenglycole PEG-B2 synthetisiert und mittels Schmelzrheologie auf ihre
Druckbarkeit untersucht. Die supramolekularen PIB-polymere zeigten Gummiartiges
Verhalten bei Raumtemperatur oder niedrigeren Temperaturen. Um die Formstabilitat
dieser Materialien weiter zu verbessern wurden sie mit Silica-Nanopartikel (12 nm, 5-15
wt%) angereichert.
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1.0 Introduction

1.1 Additive manufacturing - 3D-printing

3D-printing is a manufacturing technique to fabricate complex structures and a large
pool of different designs and geometries. Commonly the process consists of creating a
three-dimensional model by computer-aided design (CAD) software resulting in a STL
file format; transfer it to the 3D-printer and the printer manufacturing the object in a
layer-by-layer approach (Figure 1). An STL file stores information about 3D models. This
format describes the surface geometry of a three-dimensional object. Different
techniques like stereolithography (SLA)!, fused deposition modeling (FDM)Z2, powder
bed fusion3 and material jetting* are well known techniques for additive manufacturing.
In the beginning 3D-printer were used for design and prototyping in small batches
offering fast and cheap manufacturing. The advantages of the high developed technique
are high precision, fast speed, material saving, personalized design and production on
demand. In the future the advantages of 3D-printing will be defined new by ongoing
research activities, which eliminate limitations of the technology and help to understand
fundamental processes.>

CAD model STL file Slicing Layers Printing 3D printed
object

i

Figure 1: General steps for any 3D-printing technology starting with a digital model. The file is converted
in an official additive manufacturing file format (STL) and sliced into several layers of some micrometers.
The 3D-printing setup will print in a layer-by-layer process to obtain a 3D object.

1.1.1 Fused Deposition Modeling (FDM)

FDM is one of the most common used printing technologies in industry and prototyping.
FDM was developed by Stratasys Inc. in the 1990s.6 In this process, the polymer filament
is heated inside the printing head to reach a viscous melt state. The molten material is
deposited through a metal nozzle onto the printing platform following the pathway for
the created structure. The hot filaments fuse together between each layer and solidify
during cooling (Figure 2).” The thermal and mechanical properties of the used polymer
determine a lot printing parameters and the resulting object properties. Furthermore,
printing parameters like layer thickness, orientation, filling percentage; all influence the
final mechanical properties of the specimen.8 The inter-layer connection being the
weakest part of the structure leads to mechanical failures. In modern applications, the
FDM process needs to deliver highly durable, stiff, strong materials while being fast
during manufacturing, safe, cheap and have a high reproduction quality. To meet these

18



expectations, the FDM process parameters have to be evaluated for each application.
Optimizing each single parameter is a complex process due to the large amount conflicts
and properties affecting each other. The orientation of polymer strands and general
orientation of the object on the printing platform influence the anisotropic behavior of
the material. The printing nozzle determines the polymer strand and layer thickness
depending on the material and composite mixtures. The factor having the most influence
on the surface roughness is the layer thickness.?-12 The amount of grid filling inside the
3D object as well as the angles between each layers add to the mechanical stability. A
denser grid leads to a more rigid, strong interior, while an emptier interior requires less
manufacturing time. The parts normally have lower mechanical properties than the
parts made by conventional manufacturing process such as injection molding.13 For
improving general quality and mechanical strength for FDM processed parts, it is
necessary to understand the correlations between material properties and process
parameters. Environmental factors (temperature, humidity) are also affecting FDM
materials (ABS, PC, nylon, PVA), as they may have an effect on dimensional accuracy and
surface roughness. Some researchers did develop and analyzed biocompatible polymers
like polylactic acid (PLA)% 15 and polycaprolactone (PCL)6 17 in FDM for biomaterial
applications in the production of scaffolds. Since the polyesters are non-toxic in vitro and
in vivo, they are used in tissue engineering.2 18 19

>

Hot nozzle

I Platform

Figure 2: FDM printing process.

1.1.1.1 Melt rheology of polymers

Rheology is an important tool to analyze new materials for any polymer fabrication
technique. The characterization of properties in the melt state can be correlated to the
manufacturing process to be able to predict the hot melt extrusion. FDM uses heat to
obtain a semi-molten state for a thermoplastic polymer, which is then pushed through a
nozzle. Therefore high temperature rheology and the shearing effect are of interest. If
the viscosity window of the used printing setup is known new materials can be tested to
fit inside the viscosity range. Having the knowledge about the printing properties
beforehand will save “trial and error” time, prevents nozzle blockage or polymer
dripping. With commercial polymers and known printing temperatures a well
established printing window can be determined.20-22
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With rheology the melt flow and shear thinning behavior is determined, especially for
non-Newtonian fluids. Long polymer chains often show shear thinning behavior for
large shear forces.23 They have properties of viscous liquids and elastic solids depending
on the deformation, temperature and time; a so called viscoelastic material.2* For the
rheological properties there are two types of flow for non-Newtonian liquids. There are
simple shear flow (easy to determine) and extensional flow (pressure driven flow)
taking place in extrusion and injection molding.22 The viscosity property is the most
important to characterize the flow in relation to applied shear force. Ideal Newtonian
fluids show a constant viscosity for any shear rate. Since polymer materials are non-
Newtonian fluids and show shear thinning behavior based on entangled chains getting
disentangled and orientated along the force. A typically shear viscosity curve has
different regions depending on the shear rate starting with the low shear rates a plateau
with Newtonian behavior is formed where the polymer chains are still entangled. With
increasing shear rate the polymer chains get orientated and disentangled resulting in a
reduction of viscosity. When most of the polymer chains are disentangled a secondary
Newtonian plateau is formed. The second plateau is difficult to measure experimentally
for polymer melts (Figure 3).22 25 QOther typical fluids like ideal Newtonian liquids,
dilatants, supramolecular polymers26-28 and hydrogels29-31 are shown as well.

Dilatant -

Supramolecular polymers -

Newtonian fluid -
\ Shear thinning -

Hydrogels

Viscosity n (Pa-s)

Shear rate y (3'1)

Figure 3: General behavior of different fluid systems (newtonian, dilatant, shear thinning) and polymer
materials (supramolecular polymers, hydrogels).

The viscosity of the polymer melt is strongly is effected by temperature.32 33 The long
polymer chains have different possibilities to move around (rotation, different
confirmations, side groups) and inhibit their movement (entanglements, loops) due to
their surroundings. All these effects and in general closed packing of chains in the
polymer melt effect the movement of single chains. The most important parameters for
the extrusion process in FDM are on the side of the printer: the temperature and the
extruder screw speed.34 If the viscosity of the polymer melts increases the torque of the
extruder is strongly affected to higher values. To counter the increase in viscosity an
increase in temperature can be performed, but always in reference to decomposition
temperatures.22 34 For shear thinning polymers, an increase of rotation speed helps to
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decrease the viscosity, too.3> When the polymer material has a too low viscosity, it will
not hold its shape after extrusion. For an optimal extrusion of an unknown polymer
material the knowledge of the relation between the three parameters temperature,
viscosity and shear rate have to be analyzed.3¢ The rheological behavior can be related
to the polymer behavior inside the extrusion nozzle, where the polymer notice low shear
force inside the extruder and in the polymer strand behind the nozzle. Inside the
printing nozzle the polymer chains are under shear force and orientated into the
extrusion direction (Figure 4).22

Extruder Nozzle Polymer strand
entangled orientated return to
polymer polymer chains entangled state

Figure 4: Behavior of long polymer chains under shear stress in an extrusion nozzle.

1.1.1.2 Extrusion of neat polymers

The success for a good FDM printing result depends on two major factors like the choice
of material and the settings of the FDM printer during manufacturing. In general
amorphous polymers are suitable for the FDM process. The polymer chains of the melt
and solid state are all random orientated. Without crystallization, the solidifying process
from the melt occurs relative fast. A good solidification speed is required for a good
printing result while adding thin layers on top of each. For semi-crystalline polymers the
degree of crystallinity can vary from 15 to 80 % depending on molecular weight,
chemical structure and cooling rate.3” If they are located at the lower end of crystallinity,
they are suitable for FDM because of the large amount of amorphous state like in
polyamides and PEEK.38-42 [f the crystallinity is higher, the polymers may not be suited
for FDM due to high amount of shrinkage (delamination from the printing platform) or
low cooling speed.*? The second critical factor of course is the printing machine and its
process parameters being discussed earlier. The used temperature during melting and
extrusion plays an important role as it determines the viscosity of the polymer melt. By
setting a high temperature for printing, the melt can get to liquid resulting in a dropping
liquid. There will be single big drops formed and no uniform long molten polymer
strand. On the other hand, if the temperature is too low the connection between the
layers will not be sufficient or at worst the polymer will not move through the printing
nozzle at all. The right temperature settings for printing result in a good extrusion and a
good bonding between the polymer strands of each layer. Combined with the extrusion
temperature is the cooling and solidification process, which should cause small stress on
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the printed parts. Stress can cause delamination between the layers or warping of the
sample starting from the edges. The shrinkage of the edges is very strong, it leads to a
curved base layer and the printed part could completely detach from the platform.

1.1.1.3 Extrusion of composites

Next to printing neat polymers in FDM research has be done in the field of composite
material printing by use of fillers and fibers. The shortcomings of FDM printed parts can
be reduced and new high-end materials can be manufactured. Most of the time,
filaments are produced by mixing the materials in the melt and extrude them. In early
years, conventional FDM polymers like ABS were combined with different fillers like
graphene, fibers, inorganic particles and metals (all in nm and um size).#4-46 The amount
of fillers normally is in the low percentage range of 0.2 - 10 % (nano-sized) and 10 -
40 % (micro-sized). The addition of fillers changed mechanical, thermal and electrical
properties in the intended way, but at the same time lowered the process ability for FDM
in some cases. The solid particles reduce the general movement of the polymer chains in
the melt and in the solid state, processing gets more difficult due to higher viscosity and
more brittle material. Dul et al.#” researched the properties of 2- 8 % graphene content
strengthened ABS. The graphene composites showed increased elastic modulus and
dynamic modulus, while decreasing the tensile strength and elongation length at the
break point. The best printing results were achieved by the 4 % graphene ABS
composite. SEM images prove the good distribution of graphene sheets in the material.4”
Other polymer composites were also processed with FDM e.g. PLA14 48, PP43, PCL16. 49, 50
and polyamides.4% 51

In summary, the key for successful FDM printing of any thermoplastic polymer /
composite is the compatibility and suitability of the material with the existing FDM
printer. No major changes should be involved to the hardware, tools and software for a
fast adaption. Nevertheless, a lot of research still has to be done to overcome the
challenges in printing high quality results with new developed materials.>2

Table 1: Overview about critical features of FDM.

Advantages e Cheap and accessible
e Beginner friendly
e Dual-setup (multi-material)
e Wide range of polymers
Disadvantages e Resolution depends on the machine (layers visible)
e Limited complexity
e Warping and anisotropy
Layer thickness e 0.1-0.8mm
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1.1.2 Stereolithography (SLA)

The oldest 3D-printing technology being developed in 1986 is based on UV-light curable
resins.! Thin layers of resin are cured with UV-light initiating a radical formation of a
photo-initiator and then a chain reaction of acrylic or epoxy monomers occur.>3-55 Layer
by layer of thin harden resin will slowly form the finished object. The non-reacted resin
solution is removed and can be reused in some cases. The finished printed parts
sometimes need post-printing treatment to further cure the resin with heat or UV-light.
In early SLA printers, laser scanning stereolithography was used to print a 3D object by
scanning a focused laser beam over the resin surface to cure it.>¢ 57 The second
generation stereolithography is called projection stereolithography and prints each
layer simultaneously with a single light exposure by using projecting mask patterns onto
the resin surface.58-60 The first two methods are not a continuous manufacturing
processes. The formation of one printed layer require three steps: 1. expose the resin to
UV light, 2. move the cured part to separate it from the surface and 3. repositioning of
the object.

Leveling blade

Platform

Vat

Resin

Figure 5: The SLA printing technique.

CLIP method (Continuous Liquid Interface Production)®! eliminated the last two steps of
printing with SLA by creating a persistent liquid interface (dead zone) with an oxygen-
permeable window below the UV-light projection plane. The oxygen-containing dead
zone (between the window and the polymerizing part) inhibits the resin curing reaction,
which allows the part to be continuously exposed to UV-light while elevating. By using
the CLIP technique, the parts can be drawn out of the resin continuously.6! 62 The most
modern SLA technique is based on volumetrically SLA, similar to holographic
lithography, forming directly cured 3D volumes of resin. A volumetric stereolithography
system was developed in which the printing structure was manufactured by three
orthogonal light beams projecting into a photosensitive resin. By controlling each beam,
volumetric 3D geometries inside the resin were cured in a single exposure.63 64
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Table 2: The important points about SLA.

Advantages e Complex geometry
e Accuracy and resolution
e Smooth surface
e High degree of automation
Disadvantages e Expensive machines
e Weak mechanical properties
e Limited to photo-polymerization
e Long printing time
Layer thickness e 0.05-0.15mm

1.1.3 Selective Laser Sintering (SLS)

Selective laser sintering processes powdered materials being fused together with a high
energy laser. This process can handle different materials from plastic over metal to
ceramics.%> For polymers, generally polyamides and TPU materials are used.®® A powder
bed of thermoplastic polymer is threatened with a laser to melt the particles together.
The bed is moved down one layer thickness. New powder is spread over the surface by
the use of a roller mechanism. The excess powder material around the part will support
the printed structure.

>
Laser
Leveling roller
o Powder bed
A
:l T Platform

Figure 6: The SLS printing process is illustrated.

In SLS powders with sizes of 10 um to 300 um are used while containing flow ability
agents like silica. Polymer materials in use are polyamide, PP, PC.66. 67 Research in the
biological field concentrates on other polymers e.g. PVA, PCL, PLLA, PLGA.68 69
Advantages of SLS are its fast and solvent-free printing process, no support structures
are required, very complex designs, high resolution and easy work up. On the other hand
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have the manufactured part a rough grainy surface and are porous inside. Also the harsh
conditions of laser energy and polymer melting have hindered this technique in the
pharmaceutical field due to drug degradation.”% 71

Table 3: A short overview over SLS.

Advantages e Accuracy and high detail
e Good amount of materials
e No need for support structure, powder reusable
e (Good mechanic properties

Disadvantages e Rough surface
e High energy laser
e Expensive machines

Layer thickness e 0.06-0.15mm

1.1.4 Binder Jetting (BJ)

This technology is similar to SLS, but handling different materials like polymers, metals
and ceramics.”? With the right choice of binder liquid any powdered material can be 3D-
printed, since it only prints the binder. Each layer of the fabricated part starts with a
fresh layer of powder using a roller mechanism. The binder is then deposited on the
powder in the designed pattern. The particles are glued together forming a solid 2D
pattern. After each layer the complete platform is lowered around some micrometers to
open space for a new layer.”3

>
Leveling roller U Inkjet

o Powder bed ~
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Figure 7: The BJ printing is showcased.

The typical layer heights for polymers are 100 pm, for metals 50 pum and for ceramics
200 - 400 um.”* Post-printing processes have to be done due to fragile properties of the
manufactured parts like powder removal, solvent evaporation and sintering for metal
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parts. Its unique feature is the printing at room temperature since it does not require
energy to fuse the material together like the other additive manufacturing processes.”>
Patirupanusara et al.’¢ report on the development of polymethyl methacrylate-based
mixture, suitable for binder jetting 3D-printing. They found, that the successful
fabrication of PMMA powder required a minimum of 10 % of binder content. While
using binder content higher than 40 % a distortion of the shape occurred. The increase
in binder content (20 to 60 %) affected the density (600 to 750 kg-m~3) and porosity (57
to 42 %) of the manufactured specimen. The mechanical strength and modulus also
increased with higher binder content.”6

Table 4: Overview about critical features of BJ.

Advantages Room temperature
A lot of different materials, full color printing
No need for support structure, powder reusable

Fast, simple, cheap

Disadvantages

Poor mechanical properties
e Complex post-printing treatment

Layer thickness e (0.05-0.4mm

1.1.5 Material Jetting (M])

Material jetting 3D printing can be compared to common inkjet printer (2D) for printing
documents, books and pictures. Liquid photopolymer droplets are jetted onto the
printing platform and cured with UV-light# The chemical principles are the same like
with SLA, but the printing process is completely different, as SLA uses a filled resin vat,
the M] printer sprays tiny droplets.””

>
UV-lamp % Inkjet

< Leveling blade

I Platform

Figure 8: The M] printing process.
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The two main parts for M] are the inkjet print heads and the UV-light source, both
moving synchronic in the same axis. The printing starts with deposing resin droplets in
the required locations, followed by curing with UV-light, moving the platform down and
repeating everything. Common materials used are waxy polymers and acrylic or
methacrylate resins.’# The finished printed parts sometimes need post-printing
treatment to further cure the resin with heat or UV-light.

Table 5: The important points about M]J.

Advantages e Building speed
e Accuracy and resolution
e Smooth surface
e Full color and multi-material

Disadvantages e Very expensive
e Weak mechanical properties
e Limited to photo-polymerization

Layer thickness e (0.016-0.032 mm

27



1.2 Multicomponent 3D-printing

1.2.1 3D-printing of Core/Shell structures

Multicomponent 3D-printing is realized by combining different techniques (e.g. FDM,
drop-on-demand, material jetting) or by creating multicomponent printing inks /
composites. While premixed materials in this field are used for quite some time
including composites of polymer and heterogeneous fillers (carbon, ceramics, silica or
fibers), the use of multi-head printing setups to create multicomponent materials has
only recently started.”® Therefore, printing heads which include mixing tools inside
them are developed, two printing heads of the same additive manufacturing technique
can be used or at the top end of technology several different techniques and dispensing
methods are combined in one 3D-printer setup. The 3D-printing industry is placed in a
position of being an effective process to replace or complement traditional
manufacturing processes, particularly when its advantages (e.g. on-demand production,
individual customization, high design complexity) can be fully utilized.”® As a branch,
next to the industrial areas, the technologies got attention in pharmaceutical and
medical fields to manufacture customized devices, prostheses or tissue scaffolds.80-83

A huge advantage of the capsule manufacturing with FDM is based on the avoidance of
organic solvents, which is critical for pharmaceutically or medical applications. On the
other hand, the liquid fillings are limited by the high extrusion temperatures of the
differently used polymers. They also reduce the micro bacterial contamination during
the printing process. The printing temperatures can also impact the physical stability of
printed samples due to shrinking or warping of the polymeric parts during cooling. On
the other hand, thermal degradation of the liquid filling could take place. In this regard, a
well chosen selection of polymer materials and compatible liquid fillings is required,
taking the different processing conditions into account.84 The parameters used during
3D-printing influence not only the physical properties of the starting polymer, but also
are varied by loading pressure, feed rate, temperature, deposition rate, strand thickness,
filling percentage and counts of shell layers, influencing the quality and resolution of the
final product. The resolution of the finished item is most of the time the biggest issue
with FDM, being improved by smaller nozzles and reduced layer height.22 85-88 The big
challenge of FDM is still based on the scalability (quantity) and with it the related
process time, which can be slower compared to established traditional large-scale
production.

1.2.1.1 Assembled structures after manufacturing

In general, these systems rely on 3D-printing to fabricate different shaped hollow shells
which are assembled after the manufacturing. The capsular systems can vary from
simple configurations (two fitting capsule halves) to complex internal geometries
(capsules nested inside each other). Melocchi et al. are the first to do research on FDM
produced capsule shells.87. 89,90 The polymeric capsule shell is manufactured in several
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parts being filled and connected after FDM.?1 The release of filled capsule devices is
controlled by the shell material and different designs (e.g. shell thickness, dissolution
efficiency). Large quantities of polymeric materials were tested, giving a good overview
about compositions and useable printing conditions. Capsule structures (in a disk-
shape) were processed with a shell thickness of several hundred microns made of
different filaments like PEO, HPC, HPM(C, PVA and more.?° In result, proving the
successful manufacturing of enclosed spaces and shell structures by using FDM
technology to obtain matrices, which incorporate active compounds. Charoenying et al.??
used a system based on two matching capsule halves based on the idea of Melocchi et
al.87, The cap and body parts were manufactured by FDM with PVA filament and were
thermally cross linked afterwards. The cross linking of the PVA shell changed from
dissolution behavior in aqueous mediums to different states of insolubility. With
increasing curing time and temperature the printed capsules got more and more
insoluble connected with a reduction in water uptake capability. The drug release
studies based on non-cross linked and cross linked devices resulted in a lag phase and
then slow steady release, while cross linked samples didn’t show typical release profiles,
only a small diffusion through the PVA shell could be observed. When small holes were
formed during the release study and the diffusion rate increased.

(.
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Melocchi et al.8” Melocchi et al.93. 94, Maroni et al.?°
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Figure 9: Hollow systems printed by FDM to manufacture capsule shells.

Improving the idea of simple, printable hollow systems to more complex systems (e.g.
capsules nested inside each other) got some attention in recent years. Huanbutta and
Sangnim? created capsule halves with PVA and ABS filaments providing different
solubility properties in aqueous medium. The printed shapes were varied from
spherical, cylindrical to conical designs, only the cylindrical one was worth for further
optimization. Similar systems based on PLA filaments were manufactured by Shin et al
and Fu et al.?6.97
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Next to printing empty or half-full capsule devices drug- or liquid-filled systems are
more difficult to manufacture. Maroni et al. printed three modular part (two capsule
halves and a joint) while differ the shell thickness as well as the material composition.?0
Shell thicknesses of 600 and 1200 pm were printed and three different joints were
designed as CAD files to join same and different capsule halves. The finished parts could
be combined and filled with various drugs, doses and formulations. The composition and
shell thickness determined the release profile, so by combining two different shell
thicknesses, a two-bursed release was realized. Capsule devices with two separated
chambers, which can be filled with different components were developed by Genina et
al.?8 They used commercial available PLA and PVA filaments to manufacture a cylindrical
PLA container (non-soluble) with PVA caps on both ends. The system was minimized to
fit 2x 5 pL of liquid, separated by a PLA wall. The release of the drug system was
determined by the dissolution speed of the PVA caps. More capsules with a similar
design were manufactured by MatijasSi¢ et al.”® Two separate capsule voids can include
incompatible reactive ingredients or realizing a dual release profile.

1.2.1.2 Structures fabricated in one printing cycle

The next evolution step of creating filled capsule structures with FDM is the combination
of shell printing and filling the void in a single printing cycle. The approach can be
realized by using dual- or multi-head printing systems with different dispensing
systems. With a dual FDM-setup Kempin et al. printed solid-filled core-shell capsules.100
Starting with an approach of printing a hollow capsule shell in one step, filling in a
preprinted core and finishing the top layers with FDM. In this way the capsule enclosure
was done during the printing cycle, not two printed halves were connected. The core
material consisted of drug loaded PCL or PEG to have a low processing temperature (for
drug stability). The printed layers on top of filled voids generally showed weak
mechanic performance and maybe could be poorly connected to the layers below. The
printing of liquid filled cores with polymeric shells is much more difficult. Smith et al.
aimed for high quality capsules with liquid filling.101. 102 By modifying a simple 3D-
printer setup was used to manufacture PLA/PVA based capsule filled with a water-based
drug solution. In three steps the filled capsules were prepared: fabrication of an open
capsule shell with 400 pm strands, liquid filling of the void and finally printing the
closing top layer. The optimized process would feature similar shell thickness at every
location, good connection between lower and upper FDM-printed parts and perfect
enclosure of the filled liquid. The design and printing parameters were steadily modified
and adjusted to finally obtain a shape of a tablet with rounded edges. The aqueous-filled
PVA capsules showed swelling of the PVA layers, including detachment of several layers.
The wused aqueous formulations (HEC-based gels with 15wt% of metformin
hydrochloride) were located at the highest manageable viscosity for controlled and
continuous filling, as well as reduced water evaporation due to the high printing
temperature above 200 °C for the PVA filament.
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Figure 10: Filled capsule systems manufactured in one printing cycle.

Goyanes et al. researched the topic of filled tablets by FDM printing in recent years,105-108
starting with the influence of the printed geometry on drug release profiles. Drug-
enriched PVA-filament (5 wt% paracetamol) was printed at 180 °C into shapes of a cube,
pyramid, cylinder, sphere and torus. The dissolution profiles of the different geometries
led to no dependence on the surface area, but more on the ratio of surface area to
volume in regard of geometrical shape. Samples with similar masses didn’t showed large
differences. Furthermore, large capsule-shaped structures were printed by FDM with
PVA-filament containing either one drugl® or two different fillings.197 Okwuosa et al.
developed hollow systems by FDM being combined with an automatic liquid
dispenser.193 Both printing heads were synchronized to work simultaneously together.
The main challenges in this project were the tightness between the polymer layers and
the direct filling of small voids with liquid. Their minimum shell thickness of the
capsules was around 1.6 mm enabling 3D-printing without leaking of liquid even for
storage conditions. For the filled voids, a cubic shape was used for easier calculation of
the volumes (80 - 320 pL). Different printing concepts were tested like alternating
printing between FDM and inkjet-dispensing for each new deposited layer and the
better option with sequentially printing of an open void system, filling with liquid and
then enclosing the shell. Zhao and colleagues printed a special geometry with PVA-
filaments creating a sphere (12 mm) with a tetrahedron void inside. The developed
shape showed an interesting release profile with low release till 300 minutes and a burst
release in the next 150 minutes. Linares and coworkers10° manufactured dosage tablets
with two printing techniques (FDM and injection volume filling) creating customized
scaffolds which are filled at room temperature with liquid. By combining these two
printing techniques in the same 3D-printer, the addition of liquids (inkjet) can be done
while processing the polymer with FDM in one printing cycle. Traditionally, the
production of filled tables / capsules is a multi-step manufacturing process, now could
be reduced in energy, time and space with 3D-printing. The FDM head used PLA (220 °C)
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with strand thickness of around 0.35 mm. As base area two layers of completely filled
circle were printed. The next layers were printed as a mesh (1.2 mm distance between
strands). The still empty voids were filled by use of the inkjet print head injecting 200 pL
of hydro-alcoholic solution at 4 spots. The open, porous inner structure allowed for
equal liquid distribution. Finally, three layers of polymer with FDM were printed on top
and filled with Eudragit FS30D dispersion (working as a release delaying polymer
sealing). Gioumouxouzis et al. printed a similar device.104 110 A slightly different
approach with hydrogel as matrix material was developed by Gupta et al.111 creating
core / shell capsules for programmable release with gradients inside the hydrogel. The
capsules were based on an aqueous core and PLGA polymer shell being filled as a
suspension inside the hydrogel during 3D-printing. The new 3D-printing method
resulted in monodisperse core / shell capsules, good pattering arrays, possible gradient
distribution and composite printing. A different approach with FDM of PCL and the
incorporation of nanocapsules was published by Beck et al.112 The printed specimens
were soaked in drug-loaded nanocapsules (138 nm) to form printed tablets loaded with
them. The addition of the nanocapsules was performed after the FDM process while
soaking the printed tablets into a suspension. The use of nanocapsules, directly mixed
into the polymer / filament, is not reported for FDM printing, as well as for multi head
printers using a second printing head with injection function. Creating small voids
during 3D-printing processes and filling them with aqueous solutions can be strongly
influenced by their size. Surfaces with micro holes were printed in different sizes and
their wetting properties with water were tested. Simulation and experiments showed a
change in contact angle of water (65° for flat surface up to 113° for microstructures).
The interaction between the surface, the microstructure and the resulted air pockets
between water droplets and voids influence the use of liquids during a multi-material
printing.113 Sanders et al. reported a capsule based self-healing composite fabricated by
stereolithography printing. An UV-vis reactive resin was mixed with microcapsules
containing a mixture of PMMA-anisole (5:95 wt%), printed with layer height of 200 um,
and tested for their solvent based self-healing properties.114

Creating small voids during FDM printing (micrometer range) and filling them in the
same printing cycle with hydrophobic or hydrophilic liquids present a big challenge. The
interaction between material surface and liquid, printing micrometer structures with
FDM, printing temperature interaction with the liquid as well as simultaneous printing
of both components need to be analyzed and optimized.

1.2.2 3D-printing of supramolecular polymers

Supramolecular polymers feature improved material characteristics by dynamic
interactions like enhanced material strength, toughness, self-assembly and stimuli-
responsiveness.115-119 The mechanical and thermal properties of these self-assembled
materials are strongly influenced by the nature and amount of the non-covalent bonds
and their interactions (hydrogen bonding, m-m stacking, metal complexation, ionic
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interactions).120 The chemistry and structural design of a supramolecular moiety
influences the assembly architecture, strength of interaction and their behavior.26, 121-124
The change in material characteristic is chemically programmed by the different
supramolecular moieties. The field of non-covalent interactions is dominated by
materials based on hydrogen bonding. In the following chapter focus will be placed on
hydrogen bonding polymers and their interaction with themselves or other molecules.
Additive manufacturing of supramolecular materials rely on different techniques like
material extrusion, vat polymerization inkjet printing and bioprinting.125-127 The
individual printing techniques require different polymer properties and supramolecular
interactions, while offering their own advantages and disadvantages. The polymer and
supramolecular design has to be individually designed and adapted.1?8 Traditional, the
extrusion of thermoplastics require the melting of the polymer. Supramolecular
polymers are ideal candidates for direct extrusion due to their temperature and shear
force dependent supramolecular interactions.

1.2.2.1 Hydrogen-bonding polymers

In nature, hydrogen bonds play a very important role contributing to the formation of
different peptide structures (a-helix, B-sheet), ligand-receptor binding or enzymatic
catalysis.12% 130 The peptide hydrogen bondings are based on the interaction between
amides, urethanes or ureas due to the presence of a proton donor (NH, general: XH or D)
and a proton acceptor (C=0, general Y or A).116 131 The resulting strength of hydrogen
bonding complexes is not determined by one single interaction, but more by the number
of hydrogen bonds and their architecture. In a study, the association strength Ks of
different tripe hydrogen bonds including different donor and acceptor side
arrangements (Figure 11a). The simplest case (AAA < DDD) showed highest association
constant getting weaker while exchanging one position (AAD < DDA) and in the last
case (DAD < ADA) the lowest association constant.132-134 The effect is explained by
secondary electrostatic interactions between the moieties. The interactions of diagonally
linked sides show strong attraction if they are of different kind (A < D) and if they are of
the same kind they repel each other (A < A, D & D). The secondary attraction and repel
interactions deliver a tool for tuning supramolecular materials with only slight change in
chemical structure. The change in number of hydrogen bonds in the moiety also allows
for influence the association strength ranging from two hydrogen bonds per site
(adenine / thymine) up to six hydrogen bonds (barbituric acid / Hamilton wedge, Figure
11).116, 132, 135-138 The next level of interaction is archived by the architecture of the
hydrogen bonding moieties by developing self-complementary and complementary
groups. In self-complementary systems the interaction occurs between one species
interacting with itself. Complementary systems are based on two different groups
interacting via hydrogen bonds offering more tunability.116 123,136,139, 140
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a) Supramolecular interactions b) Ureidopyrimidinone ¢) Hamilton's receptor/barbiturate
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Figure 11: When tripe hydrogen bonds including different donor and acceptor side arrangements, there
are different association strength (a), the ureidopyrimidinone group with an AADD bonding scheme (b), a
very strong hydrogen-based interaction between Hamilton’s receptor and barbiturate group (c).

The strong influences of hydrogen bonding groups can be easily observed in poly-
isobutylene (PIB) based systems with thymine (T), barbiturate (B) or ureido-
pyrimidinone (U) telechelic endgroups.26 117, 118,137,138, 141-143 The barbiturate hydrogen-
bonded PIBs, known to form nano-sized micellar clusters, arranged into a dense
supramolecular network of interconnected aggregates mediating increased mechanical
strength.144 This network formation is driven by segregation of the attached hydrogen-
bonding moieties from the non-polar PIB-chains, in turn connecting the polymer chains
into a transient network. The achieved thermo-mechanical behavior can be tuned144
with the terminal relaxation dominated by the opening and closing of the hydrogen
bonds. In contrast to a covalent network, the dynamic character of the attached
supramolecular bonds enables macroscopic flow of the polymer on a longer timescale,
allowing solvent-free 3D-printing.26 145 Furthermore, the reassembly of the network
structure, driven by dynamic exchanges within the nano-sized micellar clusters,
additionally features multiple self-healing properties at room temperature and below.2é
117,144, 146, 147 Telechelic supramolecular polymers are easy to synthesize supramolecular
materials to change their properties based on the assembly of the endgroups (Figure
12). The molecular weights Mw are mostly in the lower range of 1000 to 10000 Da.28 117,
146, 148 The relative low molecular weights result in a still good concentration of
supramolecular endgroups compared to the polymer backbone as well as better
viscosity properties and no chain entanglements.14%-151 Controlled polymerization
techniques are required to obtain telechelic functionalized polymer backbones being
further modified to supramolecular groups. In general, ring-opening, step-growth
polymerizations, controlled radical polymerizations (ATRP)2, reversible-addition-
fragmentation chain-transfer polymerization (RAFT)53, ring-opening metathesis
polymerization (ROMP)?># and living polymerization techniques (LCCP)!>> are used.
After polymer synthesis, the supramolecular endgroups are attached by different
coupling reactions like isocyanate-alcohol, esterification and “click”-reactions.28 141, 146,
156 While using rather non-polar polymer backbones, the phase separation between the
polar endgroups and the polymer is enhanced as well as the assembly of the
supramolecular groups is supported. The telechelic supramolecular polymers are in
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general based on low glass transition temperature Tg polymers featuring good mobility
and dynamics for the assembled nanostructures to enable the exchange of groups inside
the material. Other polymers with high Tg or crystalline parts mostly don’t show such
drastic changes except the general increase in stiffness.157.158
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Figure 12: Telechelic polymers based on different hydrogen-bonding moieties, ordered by their overall
bonding strength related to the amount of hydrogen bonds per molecule.

Additive manufacturing and processing of supramolecular polymers have the advantage
to support the fabricated structures and shapes. In the field of tissue scaffold
engineering supramolecular polymers offer the possibility of self-healing materials
recovering from applied stress.1?° The supramolecular materials are processed by
electro spinning to build up fiber constructs. The fibers are spun in a diameter range of
nanometers to micrometers and can be fabricated into fiber mats. The electro spinning
of supramolecular polymers highly depends on their interaction strength. The electro
spinning properties are strongly influenced by the strength of supramolecular
interactions vary the viscosity to obtain droplets or fibers.15° This approach has been
utilized with telechelic PCL-U2 polymer. The PCL-U2 material could be processed with
different techniques like solvent casting of films, compression molding, melt spinning,
electro spinning for meshes and of course FDM for tissue scaffolds. The grids were
printed with strand thickness down to around 220 pm of diameter. Due to the dynamic
properties of supramolecular polymers manufacturing was possible below 80 °C.160.161 A
similar approach was performed with inkjet based 3D-printing. A supramolecular
polymer system, which can be ejected through the small needle (shear force), forms a
self-supporting structure after deposition.162 Already small amounts of supramolecular
polymers or end group concentration change the Young’s modulus and tensile strength
for PMMA-polymers using FDM printing. Different ratio of PMMA to PMMA-co-UPyMA
influenced the rheological and resulting printing properties and parameters.163 Long et
al.140 FDM printed polyureas with UPy groups inside the polymer backbone. The
supramolecular interaction increased mechanics due to hydrogen bonding based cross
linking and phase separation of the functional groups, leading to improved adhesion
between printed layers of different angles (0° and 90°).140 Polymers with
supramolecular interactions drastically improve their mechanical properties compared
to non-modified analogs.14 Invernizzi et al.16> developed a self-healing and shape
memory material based on PCL and UPy being co-cross linked, while both contain
methacrylate units. A solution of both monomers and a photo initiator were used in a
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DLP printer.165 166 Qther supramolecular interactions based in ionic interactions or
metal complexation were also used in FDM printing and further printing technologies.
Wilts et al.167 reported on stereolithography of ionic monomers based on acrylates,
acrylamides and vinyls to manufacture water soluble parts. The new polymer offers the
possibility for a high resolution support material.

1.2.2.2 Rheology of supramolecular polymers

The melt rheology of supramolecular polymers is far more complex than the rheology of
the neat polymer materials. The modified polymers undergo multiple relaxation
processes during different shear rates and temperature ranges. Supramolecular
polymers with a plateau in the storage modulus G’ at low frequencies are interpreted as
a rubbery plateau, where multiple associations of the supramolecular moieties take
place forming a dynamic network being based on hydrogen-bonds. For example UPy
groups have shown aggregates, beyond two groups, in telechelic
poly(ethylenebutylene)168 and the material formed long fibers. It was proposed to
stacking of the UPy groups, which is supported by hydrogen bonding of urethane / urea
groups next to the UPy moieties.141 158
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Figure 13: Cluster formation of the barbiturate aggregates in bivalent telechelic PIB-barbiturate forming a
dynamic network.

Polymers containing telechelic barbiturate groups form hydrogen bonds in multiple
directions base on the angled direction of the bonds. This results in a thermo-reversible,
hydrogen-bonded polymers, known to form nano-sized micellar clusters, arranged into
a dense supramolecular network of interconnected aggregates (Figure 13).138 In
contrast to a covalent network, the dynamic character of the attached supramolecular
bonds enables macroscopic flow of the polymer on a longer timescale depending on
temperature. In rheology the dynamic character was observed with frequency studies.
Bivalent telechelic PIB-barbiturate shows very different behavior at high frequencies,
rubber like, than compared to low frequencies, flow behavior is observed. The difference
in time scale and related to that the lifetime of the aggregates. At high frequencies, the
lifetime of an aggregate is much longer than the applied frequency and for low
frequencies the change between the aggregates can be monitored.11” Due to the low
molecular weight of individual PIB-chains (below the M. for PIB) the plateau in the
modulus is explained by a dynamic network. As a result, by combining rheology with
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published SAXS data the aggregates at the chain ends have to be connected by bridging
PIB-chains.144

For 3D-printing with FDM, the influence of temperature on the system is also of interest.
As expected is the temperature dependence of the relaxation time of neat PIB
considerably weaker than that of the telechelic PIB-barbiturate. The temperature
dependence of the terminal relaxation time is controlled by the functional groups, not by
chain dynamics.144

1.2.3 3D-printing of mechanophore polymers

Mechano-responsive polymers constitute an important class of materials, able to sense
and visualize stress via easily recordable responses.16® Conventionally appropriate
reporter molecules or components are embedded into polymers where stress-response
should be detected.17’0 Various chemical stress-quantification-tools have been
demonstrated by so called mechanophores including  stress-induced
chemiluminescencel’1-173, the release of small molecules!’4177 and direct
mechanochromic indicators178-186, Alternatively, the induction of catalytic reactions
based on the decoupling metal-ligand complexes by mechanical stimuli is used.187-193
The most commonly used mechanochromic polymers are based on spiropyranes184 186,
able to generate a merocyanine chromophores upon mechanical activation depending
on their substitution pattern. Especially, the NO2-functionalized dyes manifest in an
intense purple color (Figure 14). Finally, allowing to quantify the exerted stress within
the material.178 194198 Therefore, in view of the multicomponent nature of such
polymeric materials the use of 3D-printing methodologies is attractive, allowing to place
components for the direct stress-detection as well as additional reporter molecules
required for the quantification of stress into the same material.199 200 Peterson et al.200
combined FDM with mechanochromic PCL to print complex structures with specific
spots of the stress-responsive material using a dual FDM print head. In these studies the
mechano-chemical isomerization of a NO2-spiropyran to the merocyanine structure was
used as well.199, 200
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Figure 14: Mechanochromic reaction of a spiropyran polymer due to mechanical force, resulting in
stretching of the polymer chain and cleavage of the C-O bond. The new formed merocyanine polymer
shows a deep violet color.
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An efficient methodology for stress-detection uses mechanophores directly activated by
metal/ligand cleavage, coupled to a subsequent catalytic reaction of the then freed
metal-coordination-site.191, 193, 201, 202 The catalysts used to this endeavor in our group
are based on copper(I) bis(N-heterocyclic carbene) mechano-catalysts, connected to a
fluorogenic CuAAC-click-reaction of 3-azido-7-hydroxycoumarin with phenylacetylene.
Both components are non-fluorescent before mechano-chemical activation, but react to
a highly fluorescent dye to visualize applied stress induced onto the polymer backbone
via sonication force, grinding or tensile / compression forces.203-205 As in FDM printing,
stress-responsive materials have been manufactured in resin based vat polymerization.
Boydston et al.17> developed a flex-activated mechanophore system printed my digital
light polymerization. The included oxanorbornadiene functions undergo reverse Diels-
Alder reaction during mechanical stress releasing the small molecule (benzyl furfuryl
ether). The released amount correlated to the amount of applied stress.175 176,206

Using mechano-active materials in FDM printing and activating them after the
manufacturing process is a quite new research field. The activation and stability of the
mechanophores during the printing conditions in FDM presents an interesting challenge.
The shear force interactions between extrusion and mechanophore activation need to be
studied.
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1.3 Traditional nano-encapsulation techniques

For the encapsulation of hydrophobic liquids with biodegradable polymers different
methods have been developed to synthesize micro- and nano-sized core-shell capsules.
Different techniques like solvent evaporation207-210, interfacial polymerization211-213 or
in-situ polymerization were used in the past.214-216 The encapsulation of drugs into nano-
sized carriers (1 - 1000 nm) for drug delivery offer major advantages over micro-sized
capsules. Nanoparticles have a higher intracellular uptake compared to microparticles.
Furthermore, the therapeutic goal can only be achieved by nano-sized carriers and not
with micro-sized drug delivery systems.217. 218 Some applications rely on poor water
solubility of the injected nanocapsules and active drug targeting. The capsule shell
prevents the direct contact of the active components with the environment, being
protected from degradation reactions and external influences. An economic factor for
capsule based drug systems clearly is the long time stability and the good storage
possibilities. The composition of the nanocapsules play an important role for
encapsulation efficiency, drug release and in-vivo interactions. The polymer properties
(hydrophobicity, bio degradation, solubility and surface charge) have to be adjusted for
individual drug loads.?17. 219 The improved drug delivery of nanocapsules provides
numerous challenges and opportunities for research and future development.

1.3.1 Emulsification solvent evaporation method

The preparations of nanocapsules start with an organic solution containing its
components and being the internal phase during the emulsification in water. The
emulsion / solvent evaporation method includes two critical steps: the emulsification of
a polymer-drug solution into water and the solvent evaporation to precipitate the
polymer. An organic solution of a polymer and the active component is dispersed into
micro- and nano-droplets by stirring and respectively by sonication, homogenizer or
colloid mills.207, 220
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Figure 15: Two-phase mixture of organic solvent and water (1.), forming an oil-in-water emulsion (2.),
ultrasonication of the emulsion (3.) and solvent evaporation to form nanocapsules (4.).
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The homogenization step is the critical part for the synthesis of nano-sized particles.
During evaporation of the solvent while stirring, increase of temperature or reduced
pressure, the polymer precipitate in nano-sized spheres. The diffusion of the organic
solvent into the aqueous phase is very slow and when the critical solubility point for the
polymer is reached, phase separation take place at the interface.207 Most of the time
chlorinated solvents like chloroform or dichloromethane are used due to their water
immiscibility, good solventation and low boiling points. By changing the process
parameters during emulsification and evaporation (concentration, ratio, stirring rate,
viscosities, surfactants) the average size and size distribution can vary. The method is
generally applied to hydrophobic drugs, since water soluble drugs are poorly included
inside the polymer due to diffusion into the aqueous phase during preparation. Typically
used polymers are PLLA, PLGA, PCL, ethylcellulose and PVF.207-210

Table 6: Encapsulation of drugs with emulsion / solvent evaporation technique.

Polymer Drug load Solvent Emulsifier Size Reference
(nm)

PLA Testosterone - SDS ~ 450 208

PLA Roxithromycin  CHCls PVA ~200/300 2%

PCL - DCM PVA ~ 300 209

PLA/PCL - CHCI3/EA  SDS, ~ 300 210

Poloxamer

PLA - DCM Albumin ~100-400 &

PLGA Cyclosporin A DCM PVA ~ 300 222

PLGA IBP 5823 DCM Albumin - 223

PLLA Hexadecane CHCls SDS ~ 300 207
Cyclohexane ~ 250

PVF Hexadecane CHCls SDS ~ 250 207
Lauryl ~ 260
methacrylate

PLGA Haloperidol DCM PVA ~ 800 224

PEO-co-PLGA  Paclitaxel DCM PVA ~ 150 225

PLGA Tetanus toxoid EA - ~ 200 226

1.3.2 Emulsion polymerization

The formation of polymers directly in the emulsion state offers a controlled and fast
encapsulation method. A large pool of different polymerization techniques are used like
radical, anionic, cationic, enzymatic polymerization, but also polyaddition and
polycondensation.227.228 [n the emulsion dispersed and stabilized droplets are formed in
the continuous phase. The droplets are homogenized with high pressure or
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ultrasonication (droplet size 50 - 500 nm).229 The capsule shell is formed during the
polymerization process due to phase separation of the polymer between the oil-water
interface. The resulting size is determined by the surfactant concentration and
costabilizer counteracting the Laplace pressure.

e2

Figure 16: Two-phase mixture of monomer solution and water (1.), forming an oil-in-water emulsion (2.),
polymerization at the oil-water interface (3.).

First experiments were based on PMMA capsules by radical polymerization. Till the year
1986 only pure monomer MMA was used for the encapsulation, when the cross linking
polymerization with comonomers (ethylene glycol dimethacrylate) was introduced.230
In general, the encapsulation of hydrophobic liquids with PMMA were done by Alkan et
al. with n-octacosane, heptadecane, docosane and n-hexadecane.231-234 The preparation
of PMMA capsules is very easy and was used successfully to encapsulate drugs.

Table 7: Encapsulations by emulsion polymerization.

Polymer Drug load Solvent Emulsifier Size Reference
(nm)
PMMA Influenza H.0 ~ 130 214
antigen
PMMA Doxorubicin ~ H20 ~ 300 215
PMCA Vinblastine  H.0 ~200/300 %6
PECA Insulin H20 ~500 235
PBCA Progesterone  H,0 ~ 250 236
PBCA Ampicillin H20 ~50 231
PHCA Vincamine H.0 ~ 200 238

Poly(methyl cyanoacrylate) = PMCA, Poly(ethyl cyanoacrylate) = PECA, Poly(butyl cyanoacrylate) = PBCA,
Poly(hexyl cyanoacrylate) = PHCA.
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1.3.3 Interfacial polymerization

Liquid core / shell capsules were synthesized by interracial polymerization of small
droplets containing the monomer and the drug. In general, alkylcyanoacrylates are used
as monomers, due to their ability to polymerize in contact with water. The direct
polymerization on the surface of the droplets led to high encapsulation efficiencies and
good drug release restrain.21l. 239-241 (Qther polymer systems like polypyrrole,
polyaniline, polyureas were developed as well.242 243

Table 8: Encapsulation of drug via interfacial polymerization.

Polymer Drug load Solvent Emulsifier Size Reference
(nm)
PECA Insulin CHCls Polysorbate 80  ~ 150 211
PBCA Indomethacin ~ EtOH PluronicF68  ~220 212
Darodipine EtOH PluronicF68  ~150 213
Insulin EtOH Poloxamer 188  ~ 200 244
Octreotide EtOH Poloxamer 188  ~ 260 245

1.3.4 Solvent displacement and interfacial deposition

Both methods are similar and rely on solvent replacement. Solvent displacement is
based on the precipitation of preformed polymers by diffusion of the organic solvent
(acetone, ethanol) into the aqueous phase creating nanospheres, nanocapsules,
liposomes and nanoemulsions.?46-248 By manual dropping or injection the polymeric
solution into the aqueous phase the polymer is deposited on the interface of oil-water.
Mono-dispersed nanoparticles can be prepared by controlled conditions, as well as high
encapsulation efficiency for hydrophobic oils into nanocapsules.24? This encapsulation
system is limited to some drug / polymer / solvent systems based on the solubility of
drug and efficient entrapment.230 249 Mixtures of DCM / acetone can be used to improve
the system and drug encapsulation, unfortunately the particle size incresed.2>? The
formation of the nanoparticles show similarities to the “diffusion and standing” process
of spontaneous emulsification.2z51
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Figure 17: The organic solvent is dropped controlled into water (1.), forming small droplets (2.),
nanocapsule formation due to solvent displacement (3.).

Interfacial deposition is a further developed method that creates nanocapsules by
polymer precipitation around the liquid oily core. The oil component is miscible with the
polar organic solvent, but immiscible with the water phase. The polymer is forming a
shell-like wall around the drug-oil mixture.246 252

Table 9: Solvent displacement and interfacial deposition encapsulation.

Polymer Drug load Solvent Emulsifier Size Reference
(nm)
PLGA Vancomycin Acetone Pluronic F-68 ~ 190 253
Phenobarbital ~ 160
Indomethacin ~ 170
Cyclosporin ~ 170
Ketoprofen ~ 170
PLGA Doxorubicin Acetone Pluronic F-68 ~ 270 254
PLA Doxorubicin Acetone Pluronic F-68 ~ 270 254
PLA Taxol Acetone Pluronic F-68 ~ 260 246
Dexamethasone ~ 300
Vitamin K ~ 270
PLA Indomethacin ~ Acetone Poloxamer ~ 230 246, 252

1.3.5 Emulsification/solvent diffusion

In a partly water soluble solvent, the encapsulating polymer is dissolved and the
aqueous phase is saturated with the solvent to ensure thermodynamic equilibrium
between both phases. The organic phase is emulsified by stirring, homogenization or
ultrasonication in the water phase containing stabilizers. By diluting with an excess of
water, the diffusion of the organic solvent into the aqueous phase is promoted. In the
end, the organic solvent is removed by evaporation under reduced pressure or
filtration.249, 255




¢

‘i ]

s [ €D

Figure 18: Two-phase mixture of partly water-soluble solvent and water (1.), forming an oil-in-water
emulsion (2.), diluting the emulsion with water to diffuse the solvent (3.).

Commonly used polymers are biodegradable polyesters, e.g. PCL, PLA and PLGA. The
core of the nanocapsules contains the oil and active substances. The most often used
solvent is ethyl acetate. Other solvents like propylene carbonate, benzyl alcohol and
DCM can also be used.217 Regarding the external phase, the used solvent is an aqueous
PVA-solution. Other stabilizing agents such as poloxamer and ionic emulsifiers have
been chosen.

Table 10: Emulsification/solvent diffusion.

Polymer Drug load Solvent Emulsifier Size Reference

PLGA p-THPP Benzyl PVA ~ 120 256

PLA alcohol

PLA DNA CHCI3? PVA ~ 130 257

PLGA Rifampicin  DCM/ TPGS ~ 250 2%8
acetone

a) The emulsion was diluted with EtOH
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2.0 Aims

Biocompatible particles via encapsulation methods: Emulsion-/evaporation
method and 3D-printing.

3D-printing of new materials and composites represent a challenge in term of
functionality, printing parameters, stability, thermal behavior and simultaneous printing
of several manufacturing techniques. This project will adapt encapsulation methods for
a 3D-printing process, new encapsulation additive manufacturing with a dual printing
head system and finally compare both methods (traditional encapsulation and 3D-
printed encapsulation).

Aim is to develop methods to fabricate capsules of biocompatible materials based on
emulsion-/solvent evaporation method. For the capsule shell material different, well
known biodegradable polyesters will be tested. The hydrophobic core filling should be
based on different model components of the terpenes. The encapsulation mechanism is
based on the evaporation of a water-immiscible organic solvent. During the
concentration increase and occurring phase separation, the polymer will precipitate at
the water-oil interface (shell) and include the liquid oil inside (core). The synthesized
capsules will be analyzed regarding size, distribution, ratio and composition.

Liquid core / polymer shell structures
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Figure 19: Multi-material 3D-printing based on different printing technologies (FDM and inkjet
dispensing) resulting in different composites and functional materials. By printing different polyesters
combined with liquid fillings or nanocapsules core-shell structures were implement during the
manufacturing process. Supramolecular polymers, mechanophores and heterogeneous fillers were
synthesized and tested for FDM.

A second part of the project develops a 3D-print method for encapsulation of liquids and
combining it with traditional encapsulation methods (recommended as a composite
material). The goal for the 3D-printing method is to develop a gentle and
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environmentally friendly encapsulation process. The critical manufacturing process
should be the simultaneous build up of capsule shell and liquid core filling in a layer by
layer approach for micrometer sized capsules (100 - 800 um). After several printing
cycles and the finished printing process, a macro-scaled specimen should be
manufactured including several capsule-like structures.

3D-printing of functionalized, low glass transition temperature, amorphous polymers
with supramolecular moieties is realized. Hydrogen-bonding polymers, known to form
nano-sized micellar clusters arrange itself into a dense supramolecular network. The
printability is based on reversible thermal- and shear-induced dissociation of the
network.

With successful development, the new technologies can be used in medicine, artificial
fertilizers, functional composites, self-healing materials or stress-sensing applications.
The choice of polymer will influence the printing parameters and the release properties
of the resulting core-shell composite. New high-end and post-printing functional
materials like mechanophores, where a reaction of the liquid filling occurs, can be
manufactured in different shapes, thicknesses and sizes.
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2.1 Concept

3D-printing of multi-component materials as a new method over traditional methods is
reported, by developing small core-shell capsule composites fabricated by an one-step
3D-printing process resulting in drug-filled and reactive composites. Using a two print
head system (FDM extruder and a liquid inkjet print head), micro-sized capsules are
manufactured (100 - 800 pum). Thermoplastic polymer poly(e-caprolactone) (PCL) is
chosen as matrix / shell material due to its optimal interaction with embedded
hydrophobic liquids. Firstly, the core-shell capsules are printed with model liquids and
pure PCL to optimize the printing parameters and to ensure fully enclosed capsules
inside the polymer. As a proof of concept “click’-reaction systems, used in self-
healing and stress-detection applications, are manufactured. PCL composites with nano-
and micro-fillers are combined with reactive liquids. The 3D-printed core-shell capsule
composite can be used for post-printing reactions and damage sensing when combined
with a fluorogenic dye. (for more details: see Figure 28)

Figure 20: Manufacturing of core-shell composites via FDM and inkjet printing generating drug-filled
specimen and post-printing reactive materials based on the “CuAAC-Click” reaction. The reactions are
triggered by applied force and led to resin curing reaction and stress sensing applications.

The preparation and characterization of mechano-responsive, 3D-printed composites is
researched using the same dual-printing setup. The stress-sensing materials are based
on high- and low molecular weight mechanophores, including poly(e-caprolactone)- and
alkyl-based latent copper(I)bis(N-heterocyclic carbenes), which can be activated by
compression to trigger a fluorogenic, Cu(l)-catalyzed azide/alkyne “click”’-reaction
inside a bulk polymeric material. Focus is placed on the printability and post-printing
activity of the latent mechanophores and the fluorogenic “click”-components. (for more
details: see Figure 37)
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Figure 21: 3D printing of supramolecular polymers based on linear PEG, linear PIB and three-arm star PIB
with barbiturate (B) end groups. The desired rheological properties for thermal-extrusion based 3D
printing, like viscosity and shear rate, and the resulting printing windows are shown in the diagram.

A second concept is based on hydrogen-bonded supramolecular polymers, known to
form nano-sized micellar clusters, arranged into a dense supramolecular network
mediating increased mechanical strength. The printability is based on reversible
thermal- and shear-induced dissociation of the supramolecular polymer network, which
generates stable and self-supported structures after printing, checked with rheology and
X-ray scattering. Thus, linear and three-arm star poly(isobutylene)s PIB-B2 , PIB-B3, and
linear poly(ethylene glycol)s PEG-B2 were prepared and probed by melt-rheology to
adjust the viscosity for the proper printing window. The supramolecular PIB polymers
showed a rubber like behavior and were able to form self-supported 3D-printed objects
at room temperature and below. To further strengthen the PIB-B2, nanocomposites with
silica nanoparticles (12 nm, 5-15 wt%) were analyzed and leaded to an improvement of
shape stability. With a blend of linear polymer PIB-B2 and three-arm star polymer PIB-
B3 (ratio ~3/1 mol) even higher structural stability is reached, able to build free-
standing structures. (for more details: see Figure 46)
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3.0 Results and discussion

3.1 3D-printer evaluation

For 3D-printing the complex geometrical shape was programmed with the help of the
CAD-program BioCAD™, Each polymer strand was drawn with the CAD-program (Figure
22). With the possibility to preview the designed shapes and structures errors and
programming mistakes could be detected and fixed (Figure 22). The CAD-file was saved,
transformed to an ISO-file and sent to the 3D-printer. In the human machine interface
(HMI) software most of the printing parameters were controlled like printing head
selection, nozzle length measurement, temperatures, screw speeds and pressures inside
the printing heads. Depending on the complexity of the design structures one or two
printing heads were used simultaneously (Figure 23).

Figure 22. With the help of CAD-program BioCAD™ different shapes and grids were designed and
programmed for different materials (1.). After a successful creation, a preview could be generated (r.).

3.1.1 Polymer extruder

The printer regenHU 3DDiscovery, equipped with a heatable polymer extrusion printing
head with a metal nozzle, was used for printing of different polymers. The printing
window for the used 3D-printer is set by the nozzle geometry, printing speed and
temperature settings. A polymer extrusion printing head of a regenHU 3D-Discovery
printer was equipped with a 0.20 or 0.33 mm inner diameter nozzle, impeding a
viscosity range of 200 to 2000 Pa-s, which was researched using several polymers (see
Table 11). The printing window was estimated by temperature-dependent rheology
investigations. The viscosity of the printable polymers had to suffice both parts of the
polymer extrusion head consisting of the heatable storage tank and a heatable screw
extruder for a fixed A9 = 10 °C between both of them. Due to the construction of the 3D-
printer the shear rates of the storage tank (< 0.1 s-1) and the printing head (0.20 or
0.33 mm inner diameter nozzle, shear rate 14 - 26 s'1) are different, thus determining an
area of printability.
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Figure 23. The human machine interface (HMI) for the regenHU 3D-Discovery, where most of the printing
parameters could be changed (1.). The installed printing head of the 3D-printer are liquid inkjet head
(drop-on-demand) and a polymer extruder with storage tank and screw extrusion unit (r.).

3.1.1.1 Melt rheology

Most of the polymer samples for rheology were used as delivered and PVA, PEG, PTHF
were dried in vacuum at 60 -80°C for one day. The rheology experiments were
executed on an Anton Paar MCR-101 DSO rheometer using parallel plate-plate geometry
with a diameter of 8 mm. The temperature was controlled with a thermoelectric
cooler/heater in a chamber filled with dry air (10 - 180 °C). For each measured
temperature the sample were preheated for 30 minutes reaching their equilibrium state.
For 3D-printing the mandatory measurement of viscosity versus shear rate was
performed. With combination of rheology data and 3D-printing / extrusion results a
printing window could be determined (200 to 2000 Pa-s). For the planned applications
in capsule-3D-printing and supramolecular-based polymer 3D-printing, at first poly(e-
caprolactone) (PCL, Mn = 14 kDa, 45 kDa, 80 kDa) as well as polyethylene glycol (PEG,
Mw = 1500, 8000 Da) and poly(tetrahydrofuran) (PTHF, Mw = 3000 Da) were tested. A
combined analysis between measured rheology data and extrusion respectively 3D-
printing results led to the resulting printing windows shown in the rheology graphs
(Figure 24, Figure 25).
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Figure 24. Rheology measurements of viscosity-shear rate-temperature dependence for PCL (14 kDa, 1.)
and PCL (45 kDa, r.).
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Figure 25. Rheology measurements of viscosity-shear rate-temperature dependence for PCL (80 kDa, 1.)
and PEG (8000 Da, r.).

3.1.1.2 Melt rheology of PCLs

Polymers with relative low melting points, but still being above room temperature, were
chosen to create liquid filled, 3D-printed objects. The use of high melting polymers was
avoided for better compatibility with liquids (reduce evaporation) and other sensible
filling materials. The PCL polymers with different molecular weights showed very
different results for the 3D-printing application. The low molecular weight PCL (14 kDa)
was not suitable for extrusion due to its low viscosity in the melt. The viscosity
decreased from 10 Pa-s to 30 Pa-s while changing the temperature from 70 °C to 100 °C
(Figure 24). During extrusion, the polymer was dripping in droplets out of the nozzle
and no uniform polymer strand could be obtained. The melted polymer was too liquid
for the printing with the polymer extruder. With increasing molecular weight the
printability is improved significant. The PCL (45 kDa) showed a viscosity range of
425 Pa-s to 100 Pa-s while changing the temperature from 70 °C to 120 °C leading to a
very good extrusion and easy to handle printing properties (Figure 24). A very uniform
polymer strand could be extruded at 80 °C, which solidified in a good time range of 5 -
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10 seconds. Using higher temperatures than 90 °C led to a very soft polymer strand
resulting in saggy polymer strands in printed samples. Further increase in molecular
weight to PCL (80 kDa) shifted the printable viscosity range to higher temperatures. In a
temperature range of 80 °C to 120 °C dropped the viscosity from 1600 Pa-s to 600 Pa-s
(Figure 25). The printing at higher temperatures for PCL were not preferred due to the
concept of filling it with liquids during printing.

3.1.1.3 Melt rheology of polyethers

The other tested polymers with low melting points PEG (1500, 8000 Da) and PTHF
(3000 Da) unfortunately showed very low viscosities in the melt below 10 Pa-s (Figure
25, Appendix 6.12). These melted polymers were dripping out of the printing needle
while being extruded. Also concerning was that the solidification / crystallization after
deposition were very slow at room temperature (taking more than one minute). These
polar polymers with low melting point could not be used within melt extrusion 3D-
printing. Other biodegradable polymers with high melting points were printed to
confirm the 3D-printing window for the heatable polymer extrusion printing head.

3.1.1.4 Melt rheology of polyesters

Already well known 3D-printing polymers like PLA or PVA were tested as well. Since
both of them melt at high temperatures, rheology measurements could not be
performed (temperature limit 9max=180°C) and the printing temperatures were
estimated directly during the printing process. The PLA polymer was printable at nearly
200 °C with good extrusion and printing results. The printing of PVA (31 kDa) on the
other hand was more difficult due to the absorbed water. The first printing attempts
failed due to bubble formation of evaporated water inside the extrusion head. After
drying the PVA and use of nitrogen as protection atmosphere inside the printing head a
uniform extrusion at around 190 °C was possible. Five more amorphous biopolymers
based on PLGA-copolymers (Tg=35-50°C) were also evaluated for 3D-printing. The
polymer DLG-50-3A showed a viscosity range of 70 - 700 Pa-s in a temperature range of
150 - 120 °C. DLG-75-5A had a viscosity range of 60 - 400 Pa-s in a temperature range
of 170 - 140 °C. The rheology of the biopolymer DLG-50-7E resulted in a viscosity range
of 150 -850 Pa's in a temperature range of 180 - 150 °C. DLG-50-6P displayed a
viscosity range of 200 - 650 Pa‘s in a temperature range of 170 - 140 °C. The polymer
DLG-50-7P presents a viscosity range of 250 - 700 Pa-s in a temperature range of 180 -
150 °C. All the PLGA-copolymers were extruding in a uniform polymer strand.
Unfortunately, polymer DLG-50-7E was too brittle after extrusion that the printed object
broken while trying to recover them off the printing platform. The printing results for
the other four polymers are shown in Table 11.
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Table 11. Polymer extrusion and 3D-printing results for biocompatible polymers. The printing
temperatures were determined by rheology measurements and extrusion testing with the regenHU
3DDiscovery. For good 3D-printing results, as in the pictures, fine adjustments in the temperature ranges

were made.

Molecular Printing . .

] Viscosity .

Entry Polymer weight Temperature [Pa-s] Picture

[kDa] [°C]
1 PCL 14 - 10-30 liquid
2 PCL 45 75 -85 250 -400 .
3 PCL 80 110-120 580-750 -
4 PLA >100 195 - 200 - .
5 PVA 31 ~ 190 - brittle
6 DLG-50-3A 17 120-130 280 - 690 .
7 DLG-75-5A 27 130 - 140 350-510 .
8 DLG-50-7E 41 150 - 160 420-830  brittle
9 DLG-50-6P 32 140 - 150 400 - 660
10 DLG-50-7P 46 150 -160 440 - 690
11 PEG 1.5 - <1 liquid
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12 PEG 8 - 2-3 liquid

13 PTHF 3 - 1-4 liquid

3.1.2 Rheology for the liquid inkjet print head

The second printing head based on inkjet technology is optimized for low viscosity
materials (10-3 -1 Pa-s). The used jetting nozzle with a drop-on-demand function can
eject single droplets. The rheology experiments were executed on an Anton Paar MCR-
101 DSO rheometer using cone-plate geometry with a diameter of 1.25cm. The
temperature was controlled with a thermoelectric cooler/heater in a chamber filled with
dry air (20 - 100 °C). For each measured temperature the sample were preheated for
15 minutes to reach their equilibrium state. The viscosity (at a constant shear rate:
50 s'1) were measured in the temperature range of 20 - 100 °C confirming the viscosity
range of the inkjet print head (Figure 26).

10’ .
o Azide (OH)
4 Azide | (OAc)
BEPE
10° 4 o Alkyne Il

Viscosity n (Pa-s)

20 40 60 80 100
Temperature (°C)

Figure 26: Viscosity-temperature measurements for the oils of trivalent azides, trivalent alkyne and BEPE.
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All oils, except trivalent azide (OH), can be used in the inkjet print head depending on
the viscosity values at room temperature (Table 12). The trivalent azide (OH) had a high
viscosity of 3.86 Pa-s, which was not suitable for the print head leading to uncontrolled
formation of small droplets. The oil collected itself to big drops at the bottom of the print
head. The trivalent azide I (OAc) as well as BEPE showed similar viscosities of around
0.4 Pa's and could be used. Regardless of their fitting viscosity, they produced quite
large, single droplets. The synthesized trivalent alkyne II showed the lowest viscosity of
them of around 0.06 Pa-s jetting very small singular droplets. Commercial available
linalool and limonene with very low viscosities were easily dispensable in a drop-on-
demand matter.

N3 © N
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}O Hoj/ 1;/
o NH,CI, NaN, o Ac,0 o
0 - - OH
L\/OX MeOH Nso_h_ O dry DMF Na\/K/OX
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Azide-OH Azide |
NaOH, H,0 =S
OH _ » Ha DCO S
HODCOH L 60 °C, 24 h =0 o=
3
Alkyne I

Figure 27: Synthesis of and the synthesis of trivalent azide (named azide I) via two steps trivalent alkyne
(named alkyne II).259 260

Table 12: Viscosities of different oils including self-synthesized trivalent azides, trivalent alkynes and
BEPE.

Viscosity at 20 °C

0il

(Pa-s)

Azide (OH) 3.86

Azide I (OAc) 0.32

Alkyne II 0.06

BEPE 0.461
Linalool 0.006 261
Limonene 9.10-4 261
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3.2 3D-printing of core-shell capsule composites

Modified FDM printers offer more possibilities in material design when combined with
additional printing heads of a different nature.262-264 While using a second printing head
(a liquid dispensing unit), the dual-head printer is able to create capsule-like structures.
A dual setup 3D-printer could generate big liquid core - shell capsules by interrupting
the printing of the shell, subsequently filling the void with liquid and then finishing the
printing process with closing the capsule.26> Early research of creating liquid-filled
capsules via FDM-methods relied on the printing of two capsule halves, subsequently
filled with liquid after printing and at last the connection of both parts.87. 90. 93,266 |n this
field general large liquid-filled capsules (core sizes 4 - 7 mm) were 3D-printed using
FDM for the capsule shell, simultaneous dispensing a drug solution by a second printing
head into the capsule.193 Further approaches on 3D-printed capsules (mm sized) have
been published8s 101, 107, 267, 268 hut printing of um-sized capsule systems is far less
known using FDM printing, as processing of very small structures with FDM are
difficult.26® Successful methods were published based on hydrogels selectively filled
with inkjet printing?70-273, presenting a method to 3D-print core - shell capsules within
hydrogel matrices. These 3D-printing-based methods included capsules suspensions
(200 um), precise patterning of capsule arrays and the ability to control the core
volumes, compositions, and shell thicknesses.111 Recently, solid dosage tablets
containing drug-loaded nanocapsules were prepared by FDM using PCL filament. After
printing of the tablets, they were placed into a nanocapsules suspension to attach the
nanocapsules onto the surface of the printed structures.112

3D printing 7 3D specimen
O
Drug-filled capsule
FDM.- composites

extruder

Reactive capsule
composites

Detection dye

HO._~ 0.0
= I
i M

cu'

Nano capsules

Figure 28. In the FDM process, the base layer was manufactured first and the polymer grid was deposited
on top. Microcapsule-voids were filled with oil by a second printing head and finally closed by the top
layer processed with FDM again. The process was adapted to reactive system of component [ and II, being
able to react in a Cul-catalyzed “Click”-reaction after 3D-printing.
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By combining different 3D-printing techniques and composite printing, a novel method
to 3D-print micro-sized capsules into a thermoplastic polymer matrix was developed.
Composite materials based on mixing a biodegradable polymer (PCL) with nanocapsules
and micro scaled fillers were printed, while creating micro-sized capsules during
printing and filling them with hydrophobic liquids (Figure 28). The void spaces
generated during the FDM-process were filled with liquids using a separate liquid
dispenser which was part of the 3D-printing system (Figure 23). The combination of two
printing heads resulted in the creation of a capsule-based reactive material superior to
previous conventional mold casting methods.2’4277 The challenge here was the
embedding of two reactive components into a thermoplastic polymer with 3D-printing,
but still being separated from each other. The reaction between both components after
printing, triggered by external force, led to cross linking chemistry. One of the major
obstacles was the embedding of the nanocapsules (component 1), a catalyst, as well as
the second reaction component into the same thermoplastic matrix during FDM-
printing. In contrast to conventional encapsulation methods, such as in-situ
polymerization278, interfacial polymerization?7?, sol-gel methods?80 or solvent-
evaporation emulsion,207 281 the here used 3D-printing created capsules directly by
dispensing the liquid within voids of the solid matrix during the FDM-printing process.
Therefore new advantages as well as disadvantages will be mentioned. The conventional
methods are based on easy synthesis, low temperatures and very well known
techniques. They often use on chlorinated solvents and result in randomly distributed
capsule sizes and not always controllable distribution inside a matrix material. Their
sizes can range from large micrometer to small nanometer sized capsules. The 3D-
printing technique allows to manufacture the finished matrix-based specimen in one go
while creating different shapes and controlling the capsule locations. On top, no organic
solvents are used. The disadvantages of the 3D-printed capsules are very thick capsule
walls, high extrusion temperatures and the large sizes of micrometer up to millimeter.

With fused deposition modeling (FDM) an area (5 x 5 mm), completely filled with
polymer composite, was manufactured. The next layer was placed as a grid structure to
form micrometer sized voids with a width of ~ 100 - 800 um. Due to the relative low
melting temperature and partial elasticity of PCL, both strand directions of the grid
could be printed in one level (Figure 30c,d). The grid being completely in the same level
fully enclosed capsule shells were produced. The still open gaps were filled with a liquid
component in a drop-on-demand manner, enclosing them with a top layer by the FDM-
process (Figure 28). The base structure was designed in a CAD program creating a fully
closed base and top layer with tightly connected polymer strands. The capsule structure
was programmed as an oil-filled grid system, placed between the base and the top
layers. In the FDM process, the base layer was first manufactured and the polymer grid
was deposited on top. The still open voids / microcapsules were then filled with oil by a
second printing head and finally closed by the top layer processed with FDM. These
combined 3D-printing techniques created the opportunity to manufacture drug-filled
capsule systems as well as reactive capsule composites in one 3D-printing cycle. As a
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final proof of principle the reactive capsule composites were filled with two different
liquids for a fluorogenic CuAAC-“click” reaction.

3.2.1 Encapsulation of hydrophobic model liquids

The printing of non-reactive liquids, such as farnesol, linalool, limonene and a reactive
trivalent alkyne (I) into structures of pure polycaprolactone (PCL) were tested. The
core-shell capsule composite was generated with the help of the regenHU BioCAD™
software with three different layer styles. Three different molecular weights (14 kDa,
45 kDa and 80 kDa) were tested for their temperature depended viscosity to ensure the
printability with the regenHU 3DDiscovery (Figure 29a). The viscosity range of the
polymer extruder was situated in the range of 200 - 2000 Pa-s.14> Combined with a
melting point of around 60 °C for PCL, this allows the use of 45 kDa molecular weight at
a printing temperature of 80 -90 °C, whereas both, the 80 kDa PCL and the low
molecular weight PCL (14 kDa) required either too high printing temperatures (above
100 °C), or were showing too low a viscosity for stable printing. Thermal stability of all
printed compounds was sufficient at around 80 °C (Figure 29b), (details in Table 13).
Therefore all model-liquids could be used in this 3D-printing process in a temperature
range of 40 - 100 °C, as the contact with the freshly extruded, hot PCL did not lead to
evaporation or decomposition of the embedded liquids.
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Figure 29: Viscosity-temperature rheology measurements for polycaprolactone (PCL) with different molecular
weights (Mn = 14k, 45k, 80k Da). The printing range of the 3D-printer is marked in blue (a). Thermal decomposition
measurements of the used hydrophobic oils under nitrogen atmosphere with a heating rate of 10 °C-min-! (b). Melt-
rheology of PCL composites at 80 °C with TRGO (c) and trivalent alkyne (d) to ensure printability with regenHU 3D-

Discovery printer (1 = 200 - 2000 Pa:s,y =10 - 30 s'1).

Table 13. Thermal stability and analysis of Limonene, Linalool, Farnesol and trivalent alkyne.

Liquid Vonset (°C) VEnd (°C) Mass loss 400 °c (%)
Limonene 102 177 99.9
Linalool 116 197 99.9
Farnesol 178 270 99.9
Alkyne I1 109 225 97.2

3.2.1.1 Contact angle measurements PCL - hydrophobic liquid

The interaction between the hot PCL surface directly after FDM-deposition and the
hydrophobic liquid drops plays an important role in the 3D-printing process. The liquids
are deposited as small droplets (nL) into the created gaps between the PCL strands and
on top of the base-PCL layer. Therefore wetting between the dispensed liquid and the
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PCL-polymer is essential for proper filling of the voids with the liquids. After the 3D-
printing of PCL (5 x 30 x 0.9 mm) the contact angle of the dispensed liquids (limonoene,
linaool, farnesol and the alkyne I) were determined as y = ~0°. Since the surface of the
3D-printed samples was relative rough, this result was optimal for the processing of
core-shell capsule composites with 3D-printing, as the liquid oil would fill up all the
small irregularities and created voids. In contrast, when dispensing pure water, a
droplet on top of the PCL formed, an air filled gap is left due to the largely different
surface tension.113, 282

The interaction between PCL surface and hydrophobic liquid drops analyzed with the
help of contact angle measurements. Therefore, blocks of PCL (5 x 30 x 0.9 mm) were
3D-printed. The surface of FDM-based specimen still had a relative rough surface and
parts of the individually polymer strands were still visible. On top of the PCL specimen
three single drops of liquid (each 5.0 pL) were placed. With the help of a camera pictures
were taken and the contact angles were determined.

Table 14: Contact angle measurements of 3D-printed PCL with water and hydrophobic liquids.

Water Linalool Limonene Farnesol Alkyne I1
[°] [°] [°] [°] [°]

56.0 ~0 ~0 ~0 ~0

56.9 ~0 ~0 ~0 ~0

53.8 ~0 ~0 ~0 ~0

@ 55.6 ~0 ~0 ~0 ~0

3.2.1.2 Setup for the 3D-printing process

For simultaneous printing of two different materials with large difference in viscosity
the multi-head 3D-printer regenHU 3DDiscovery was used. The printer was equipped
with a heatable polymer printing head that consisted of a storage tank and a screw
extruder as well as a drop-on-demand inkjet printing head for liquids. The 3D-printer
was reported in a previous publication,145 requiring a viscosity range of the extruded
polymers of 200 - 2000 Pa-s. The inkjet head could be used with liquids in the range of
1 - 10 mPa-s. The preheated PCL in the storage tank (90 °C) was moved with high air
pressure of p=0.20 MPa into the screw extruder and then extruded through a steel
nozzle, printing the objects on top of double-sided adhesive tape. The hydrophobic
liquids were then dispensed via a 3 mL syringe, attached onto the drop-on-demand
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printing head, applying an air pressure of 0.01 - 0.04 MPa. After printing of core-shell
capsule composites, the sample surfaces were rinsed with ethanol to remove excess
liquid and adhesive residues. The process is shown in Figure 30, displaying the cleaned
PCL-grids.

3.2.1.3 Capsule specimen analysis

A critical point in this work was to obtain completely closed capsules, which contain the
hydrophobic oil or a dye for visualization. Tightness of the 3D-printed composite was
proven by light microscopy and via diffusion tests of fluorescein filled capsules (Figure
3a, b). As shown in Figure 30c it was possible to 3D-print completely closed layers with
capsule sizes down to 100 microns, starting from 800 microns. The single polymer
strands were well connected and the turn over points at the end of the specimen were
also filled with PCL. Gaps in the range of micrometer or millimeter were not visible. With
good development of the design and optimal printing conditions a core-shell capsule
matrix could therefore be realized.
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Figure 30. Microscopic image of the printed top layer (5 mm x 5 mm) to ensure visible enclosure of the
core-shell capsule system (a), the inner grid structure forming the capsule system (b) and different grid
sizes with gaps from 100 pm to 800 um (c). SEM-images (d,e) and pictures (f) of different layers (the
composite 10). Diffusion test of printed core-shell capsule systems with fluorescein saturated farnesol
solution as capsule filling. The release of the solution in ethanol was analyzed by fluorescence
measurements (g).

To further prove the encapsulation of liquids inside the core-shell capsule matrix
diffusion tests were done (see Figure 30f). A saturated solution of fluorescein in farnesol




was prepared and used in the above described printing process. The so prepared
specimen was placed in a quartz cell filled with 3 mL ethanol, checking efflux of
fluorescein with fluorescence measurements at 519 nm for up to 100 hours. The filled
capsules started to continuous leach after ten hours into ethanol, observing a linear
increase of fluorescence intensity, stopping after ~50 hours. Based on the lag phase of ~
ten hours and the subsequent slow release, we conclude the formation of very well
enclosed capsules.

An advantage for the use of our 3D-printing technology is the ability to create capsule
based specimens with the opportunity to steplessly change the size of the capsules (see
Figure 30c). The grid arrays defining the capsule size in the final material could be tuned
in all three dimensional directions to gain capsule sizes from 100 - 800 um. The
reprintability of the core-shell capsule composites were analyzed with weight
measurements being around 43 mg with a standard deviation below 1 mg. The capsule
sizes were determined by the image analysis software Image]?83 284 able to measure
distances, areas and other graphical data of Figure 30.

Table 15: Reprintability of core-shell capsule composites were analyze by weight measurements of
reprinted samples.

Liquid Capsule size Mass Average Standard
[um] [mg] [mg] deviation n

448
Farnesol ~300 44.9 44.2 0.9
43.0

41.8
Farnesol ~550 42.0 42.0 0.1
42.1

40.6
Farnesol ~800 39.8 40.2 0.3
40.2

45.7
Alkyne II ~300 45.3 45.5 0.2
45.5

43.1
Alkyne II ~550 41.9 42.6 0.5
42.9

40.0
Alkyne II ~800 40.2 40.1 0.1
40.0
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3.2.1.4 Degradation of PCL during 3D-priting

Another important is to test whether the printing conditions lead to degradation of the
PCL-polymer. It is well known that polymers can be depredated, when pushed through a
screw extruder at higher temperatures.?8> In the case of polycaprolactone this effect
should be minor due to its low melting point of around Tm = 60 °C. Nevertheless a
degradation of the PCL took place due to the harsh conditions during printing like shear
force of the screw, high air pressure in the printing head and contact with moisture after
extrusion. The degradation was noticeable with the help of GPC measurements. The PCL
showed a molecular weight of Mn =47 kDa and a PDI of 1.7 before printing. After
printing the specimen with the different hydrophobic liquids the chains of the PCL
degraded a little bit to Mn = 34 kDa with a PDI of 2.0. The reduction in chain length and
increase in PDI could affect properties like Young’s modulus or crystallinity, but don’t
interfere with the applied encapsulation technique.

Table 16: Polycaprolactone analysis before and after printing with GPC and DSC methods.

Polymer Mn Mw PDI Speak AHm
[Da] [Da] [°C] U-g]
PCL, before 47000 80000 1.7 61.9 90.7
Limonene 34000 55000 2.0 62.2 96.5
Linalool 33000 54000 2.0 60.4 92.2
Farnesol 34000 56000 2.0 60.2 90.3
TA 32000 52000 2.0 60.1 82.0
——PCL, before 3.0
—PCL, Limonene - Egll: E?r':::ene
—_— Egt II;I:riI:;)LI 251 PCL, Linalool
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Figure 31: GPC measurement of PCL before printing and the printed capsule systems (l.) and DSC
measurement of the same polymers (r.).
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3.2.2 Reactive capsule composites

The 3D-printing approach was adapted to a capsule based self-healing composite,
consisting of a heterogeneous Cu(I)-catalyst, a trivalent azide I and a trivalent alkyne
[1274-276, The desired composites are based on PCL as base-polymer, containing 10 -
15 wt% azide(I)-nanocapsules and a corresponding amount of TRGO?274, able to catalyze
a chemical reaction triggered by an external stimulus (azides and alkynes, reactive via
the “CuAAC-click”-reaction). Two different trivalent monomers, one bearing azide
groups (I), the other bearing alkyne groups (II), are separated by encapsulation methods
and can react after activation via a metal-catalyzed Huisgen-1,3-dipolar cycloaddition
under a formation of 1,4-triazole cross linked resin (Appendix 6.1).205 286-288 Ajm was
the transformation of mold based fabrication techniques into a 3D-printed based
approach. Since the final composite consisted of the PCL matrix, a graphene-based TRGO
catalyst (containing catalytic Cul!Oz-nanoparticles), the azide(I)-filled nanocapsules
(200 nm) and a trivalent, reactive alkyne II, the changes in melt-viscosity of the PCL at
80 °C upon addition of the catalyst in amounts of 1 -5 wt% TRGO were probed(Figure
29c). In the range of shear rates applied during printing, the viscosity of the composite
increases from 440 to 4800 Pa-s. Considerable shear-thinning behavior was observed, in
line with known effects from graphene-sheets in molten polymers, where the carbon
layers arrange parallel to the extrusion direction of the filament.289 Admixing the liquid
trivalent alkyne II with PCL at 80 °C (Figure 29d) lead to a decrease of the viscosity from
440 to 32 Pa-s. There was no significant shear rate dependency due to the solvent like
behavior of trivalent alkyne in the PCL. Based on the printing range of the 3D-printer14s,
PCL with up to 5% TRGO content and a trivalent alkyne II content of up to 2 % was
identified as printable.

3.2.2.1 Preparation of the composites

The prepared composites 10, 10C and 15 containing PCL mixed with TRGO and PVF-azide
nanocapsules, were placed into the FDM printing head at a temperature of 85 - 90 °C.
The use of poly(vinyl formal), PVF (Tg = 105 °C) as shell material is crucial to maintain a
stable capsule shell at the FDM temperature. At the printing needle (330 pm) the
composites were extruded at 75 - 80 °C. The second reaction component, the trivalent
alkyne II, was placed into the second liquid inkjet print head.

The synthesis of the PVF-azide nanocapsules and further nanoencapsulations will be
discussed in chapter 3.5 Emulsion / solvent evaporation encapsulation.
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Table 17. The core-shell capsule composite components are listed here. The composites include poly(e-
caprolactone), PVF-azide(I)-nanocapsules and heterogeneous Cu(I)-catalyst TRGO mixed. The alkyne
component [l was added with the liquid printing head in a drop-on-demand process (d.o.d). The
composites were based on 500 x 500 x 400 micrometer capsule size created by FDM.

Sample PCL Capsules Azide 1 TRGO Alkyne II
content in
capsules
Composite 10 2g 02g 0.090 g 3mg 2.5 pL
Composite 10C 2 g 02g 0.090 g 3mg 2.5 pL
+2.34 mg
Coumarin
Composite 15 2g 03g 0.135g 4.5 mg 2.5 pL

3.2.2.2 Synthesis of the monomers

The azide-alkyne “Click”-reaction is a Huisgen 1,3-dipolar cycloaddition forming a 1,2,3-
triazole ring. The thermal reaction at higher temperatures often results in mixtures of
two regioisomers. The Cul-catalyzed version of the reaction follows a different
mechanism resulting only in the 1,4-regioisomer. On the other hand, results the Rull-
catalyzed reaction only in the 1,5-regioisomer. For the post-printing reactive system the
CuAAC-reaction was chosen and trivalent variants of azide and alkyne were synthesized.
The trivalent azide was synthesized in a two step reaction plan and the synthesis of
trivalent alkyne was produced in a one pot reaction (Figure 27).259 260

In addition to the dual capsule system containing liquid trivalent azide I and trivalent
alkyne II, a system based on PCL having alkyne groups in the backbone have been
synthesized?°0 (Figure 32). An approach for a less complex / heterogeneous system with
only azide [ capsules embedded into the PCL matrix containing mixed in
poly(a-propargyl-e-caprolactone)1o-co-(e-caprolactone)oo (called alkyne-PCL).
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Figure 32. Synthesis of alkyne-PCL starting with the modification of e-caprolactone to a-propargyl-¢-
caprolactone was performed in bulk with Sn(oct)2 as catalyst.290

DSC measurements of a mixture containing alkyne-PCL and trivalent azide I with and
without TRGO unfortunately showed to very high “click’-reaction temperatures of
106 °C up to 187 °C, not suitable for the above developed application (Appendix 6.2).
Compared to the temperatures of both trivalent compounds LII the reaction
temperatures were at least 30 °C higher and therefore not suitable for reactions below
the melting point of PCL. Since both “click”-reaction partners should be able to flow to
mix with each other, but the alkyne-PCL was trapped inside the matrix material.

Further alkynes were synthesized based on bisphenol structures??! to form similar
reactive resins with the trivalent azide. First, the bisphenol E dipropargyl ether (BEPE)
was synthesized (Figure 33) because it is a viscous oil at room temperature, maybe
suitable for the inkjet print head. The second produced compound was the bisphenol A
dipropargyl ether (BAPE), which unfortunately turned out to be a solid material at room
temperature (Figure 33). As a result it could not be used in the inkjet printing head (only
for liquids). Nevertheless, both bivalent monomers form resins in DSC measurements
(Appendix 6.3).

R CHs 20% aq. R/
HO OH n48h 0 0N
R =H, CHy 4,5 R=H,CHs

Figure 33: Synthesis of bisphenol E dipropargyl ether (BEPE) and bisphenol A dipropargyl ether
(BAPE).291

3.2.2.3 Synthesis of the catalyst: TRGO

For the catalyst for the “Click”-reaction in the prepared composites a heterogeneous and
thermally stable Cu(I)-catalyst was chosen. The catalyst has to endure the harsh printing
conditions of higher temperature and compressed air. The carbon based TRGO catalyst
fulfilled the conditions and on the other hand improved the mechanical strength of the
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materials.2’4 276 In a multistep synthesis starting from graphite (<20 um flakes)
graphene oxide was synthesized by the improved method of Marcano.2°2 In a next step
was the graphene oxide enriched with Cu(Il)-ions and thermally reduced under nitrogen
atmosphere at 700 °C.274 276 Analytical details can be found in the appendix.
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Figure 34. Synthesis of TRGO-catalyst via graphite (C), graphene oxide (GO), copper-(II)-enriched GO and
TRGO containing Cu / Cu20 nanoparticles.274 276,292

3.2.2.4 3D-printing of reactive capsule composites

A composite structure with a square base of 5x5 mm and a grid with gaps of around
500 pm were designed in the BioCAD program. Firstly the two layers of a completely
filled base area were printed. Subsequently 2 - 3 layers of the grid structure, forming the
3D-printed capsules, were printed on top. In between, the 2nd printing head with the
liquid drop on demand function dispensed the trivalent alkyne II into the created gaps,
filling them up with a volume of 6 nL to 380 nL per capsule void. As a final closing layer
two completely filled composite layers were printed again on top. In Figure 30e-f each
step was stopped separately to obtain images and SEM images. A good closure of the 3D-
printed capsules could be achieved, also showing uniform extrusion in the SEM-pictures
and the formation of rectangular capsules, filled with the trivalent alkyne.

3.2.2.5 Thermal stability of the composites

The thermal stability of the composite, the azide I and the catalyst were analyzed with
thermogravimetric analysis (see Figure 35) under nitrogen and a heating rate of
10 °C-min-L. The reactive trivalent azide I was stable up to 200 °C and decomposed in a
temperature range of 200 -400°C leading to a composite mixture stable in the
temperature range of FDM printing (75 - 90 °C). In the range of 250 - 400 °C a small
mass loss of 7.4 % or 9.7 % occurred, which could be related to the decomposition of the
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azide filling. The matrix polymer PCL and the capsule shell material PVF decomposed at
temperatures of 400 -450 °C, indicating that no thermal induced decomposition
reactions took place during printing of the composites.
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Figure 35. Thermal decomposition measurement of the composite mixtures (10, 15 wt%), TRGO catalyst,
PCL and the trivalent azide under nitrogen atmosphere with a heating rate of 10 °C-min-L.

3.2.2.6 Post-printing reactivity (DSC)

The residual reactivity of the embedded components were tested, both able to react via
“click”-reactions, catalyzed by the TRGO-catalyst via the embedded Cu(I)O-
nanoparticles. Reaction tests for the self-healing application were accomplished by
calorimetry via DSC to check for the presence of chemical reactivity of the embedded
healing components and the TRGO catalyst after printing (Table 18, Appendix 6.1). We
tested the reactivity of all components directly after printing (Table 3, entry 3 and 6 and
second-run DSC entry 4 and 7) and after heating to a temperature of 40 °C for 3 days,
where “click”-reaction has already taken place, but PCL remains structurally stable
(entry 5 and 8).

The ruptured nano- and microcapsules after pressing released their liquid fillings (I, II),
which then mix and react in a Cul-catalyzed “click”-reaction. One sample of each
composite was analyzed directly after printing via DSC (Figure 36). In the composites
(entry entry 3 and 6 and second-run DSC entry 4 and 7), the trivalent monomers
reached conversions of 7 % (composite 10) and 22 % (composite 15), concluding that the
two “click”-components I and II were still active after the printing process. The purely
thermal, non-catalyzed reaction showed an overall conversion of around 47 % (entry 1),
the reaction with the heterogeneous TRGO catalyst lead to a conversion of 33 % (entry
2). As expected, the second DSC run for all samples (entry 4 and entry 7) did not show a
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“click”-reaction after the melting of PCL as both reaction components I and II have then
already reacted. After treating the printed samples of the same composites at 40 °C for
three days (after capsule rupturing)?74-27¢ (entry 5 and entry 8, Figure 36) indicating
that under these conditions the “click”-reaction has already taken place. The DSC
measurements and reaction heat analysis proved our concept of reactive component
encapsulation with a multi-material 3D-printing, still being active after printing and able
to react partially below the melting point of PCL.

Table 18. DSC analysis of the reactive “click”-mixture after printing and compression as well as the
samples after self-healing test for three days at 40 °C. n.r. = no reaction.

Entry Reaction Vonset VPeak AHRr Conv. (%)
(°0) (°O) (J-mol™)

1 Thermal click reaction of pure I 86.5 140.8 -124.10 47

and II
2 Click reaction of pure I and II 58.1 72.1 -86.78 33

with TRGO
3 Composite 10 directly after 79.8 104.4 -0.82 7

printing
4 Composite 10 (2" run) n.r. n.r. 0 No reaction
5 Composite 10 (40 °C, 3 days) n.r. n.r. 0 No reaction
6 Composite 15, directly after 84.7 103.1 -3.91 22

printing
7 Composite 15 (2" run) n.r. n.r. 0 No reaction
8 Composite 15 (40 °C, 3 days) n.r. n.r. 0 No reaction
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a) Composite 10, after self-healing (40°C) b) Composite 15, after self-healing (40°C)
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Figure 36. DSC analysis of the “click-based” reaction between trivalent alkyne and trivalent azide. The
freshly printed and ruptured composites (-) show a reaction peak after the melting of point of PCL (a,
composite 10 and b, composite 15). In the second run of these samples (-) no reaction is observed. When
the samples are threatened at 40 °C for three days (-) there is also no reaction peak concluding the
reaction already occurred. Fluorescence excitation (c) and emission measurements (d) of solid composite
10C samples are shown for different stages of the “click” reaction as well as images of the composite 10C
in UV light (366 nm).

3.2.2.7 Post-printing reactivity (Fluorescence)

The reactivity of the core-shell capsule composites can be quantified further with the
inclusion of a “click”-reaction sensitive fluorescence dye for stress- or damage detection.
The used fluorogenic dye shows a strongly increased intensity after the “click”
reaction.293-295 PVF-azide(I)-filled nanocapsules were modified with 1.5 wt% of 3-azido-
hydroxycoumarin III leading to yield composite 10C. After calibration and evaluation of
the dye content inside the capsules, composite 10C was printed adding the fluorogenic
dye III in the same way as composites 10, 15. Similar reaction tests were performed and
the increase of fluorescence intensity was measured. A significant change in
fluorescence intensity could be measured by solid state fluorescence measurements in
the reflection mode and visualized by a UV-lamp at 366 nm (Figure 36¢-d). Pure PCL and
the freshly printed composite 10C were showing very weak fluorescence at 410 nm.
Increased fluorescence intensity as compared to the virgin composite 10C was observed.
Therefore, the “click”-reaction between the trivalent alkyne, dispensed by the second
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printing head, and the 3-azido-hydroxycoumarin can be used for damage detection as
well as reaction control. This proves the concept of successful core-shell capsule
printing. The possibility to perform a “click” reaction at temperature around 40 °C opens
the field for self-healing capsule based composites without destroying the created and
printed structures.

3.2.2.8 Conclusion

A novel 3D printing process is reported, where a dual-dispensing system allows printing
liquid-filled capsules into a solid, thermoplastic matrix. The approach enables to
generate functional composite materials based on multi-compartment structures, with a
biodegradable polymer (PCL) filled with premixed nanocapsules and micro scaled
liquid-filled capsules. Voids generated during the printing process are filled with various
hydrophobic liquids, ranging from simple farnesol, limonene, to trivalent alkyne, useful
for a subsequent capsule based, self-healing material. Capsules with sizes down to 100
micron and up to 800 microns can be printed reliably. It was demonstrated that the two
reactive components can be efficiently separated via closed capsules, directly embedded
into the PCL-polymer. Thermal stability of the printing process allows retaining
sufficient reactivity for a subsequent “click”-reaction, underscoring the possibility to
embed two separate, highly reactive components into one and the same thermoplastic
material. This approach was used for a proof-of-concept self-healing material based on
capsules and a triggered “click” reaction and visualized by a fluorogenic dye. With the
here developed methodology, a large variety of multicomponent materials can now be
addressed, allowing to choose the components, their embedding into multicomponent
materials and the final morphology in a highly flexible manner. Based on this method,
3D-printing of multicomponent materials is possible as an advanced method over the
conventional mold casting methods.
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3.3 3D-printing of labile copper(I)-(NHC)-mechanophores

Mechano-responsive polymers constitute an important class of materials, able to sense
and visualize stress via easily recordable responses.16® Conventionally appropriate
reporter molecules or components are embedded into polymers where stress-response
should be detected.17’0 Various chemical stress-quantification-tools have been
demonstrated by including stress-induced chemiluminescence, so called
mechanophores 171-173, the release of small molecules74-177 and direct mechanochromic
indicators178-186, Alternatively, the induction of catalytic reactions based on the
decoupling metal-ligand complexes by mechanical stimuli is used.187-193, 201 The most
commonly used mechanochromic polymers are based on spiropyranesi84 186 able to
generate a merocyanine chromophores upon mechanical activation depending on their
substitution pattern, especially the NO2-functionalized dyes manifest in an intense
purple color. Finally allowing to quantify the exerted stress within the material.178 194-198
Therefore, in view of the multicomponent-nature of such polymeric materials the use of
3D-printing methodologies is attractive and allows to place components for the direct
stress-detection as well as additional reporter molecules required for the quantification
of stress into the same material.199 200

An efficient methodology for stress-detection uses mechanophores directly activated by
metal/ligand cleavage and coupled to a subsequent catalytic reaction of the then freed
metal-coordination-site.191, 193,201,202 The used catalysts to do this endeavor in our group
are based on copper(I) bis(N-heterocyclic carbene) mechano-catalysts, connected to a
fluorogenic CuAAC-click-reaction of 3-azido-7-hydroxycoumarin with phenylacetylene.
Both components are non-fluorescent before mechano-chemical activation, but react to
a highly fluorescent dye to visualize applied stress induced onto the polymer backbone
via sonication force, grinding or tensile / compression forces.203-205

3.3.1 Mechanophore-based capsule composites

A novel 3D-print method to manufacture a stress-responsive polymer, based on micro-
sized capsules, embedded into a thermoplastic polymer matrix is reported. The
approach aims to generate functional composite materials based on mixing a polymer
(PCL) with different Cu-based-mechanophores (1a, 1b, 1c) and 3-azido-7-
hydroxycoumarin to create micro-sized capsules during 3D-printing, filled with
phenylacetylene (Figure 37) as the second reactive component for the fluorogenic
“click”-reaction. The 3D-printing method aimed to directly dispense the liquid into a
solid matrix during the FDM-printing process, thus largely suppress a primordial
thermal activation of the “click” reaction during 3D-printing.296
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Figure 37: Concept for the 3D-printing of multicomponent-polymers containing the copper(I)-bis(NHC)-
mechanophores based on C11-chains (1a) and poly(e-caprolactone) (1b, 1c), successfully embedded into
3D-printable PCL together with a fluorogenic dye. The second reaction component (phenylacetylene)
(liquid filling I)) was added as a liquid into 3D-printed voids by direct dispensing. 3D-printed specimens
were tested with compression cycles for their catalytic activity of the “CuAAC-click” reaction.

3.3.1.1 Synthesis of the mechanophores

The first step in the chemical design constituted the synthesis of a suitable
mechanophore, able to be 3D-printed under preservation of its stress-reporting
function. To this endeavor copper(1)-bis(NHC)-mechanophores 1a, 1b, 1c (Figure 38),
where either a C11-chain (1a), a PCL-chain (1b) or an urethane (1c) are attached to the
bis-N-heterocyclic-carbene (NHC)-Cu(I)-complexes as the active, mechano-responsive
elements were prepared. Synthesis was accomplished by quaternization reaction of
telechelic bromo-functionalized C11- and short PCL-chains (Mw = 1800 Da) to yield the 1-
methylimidazolium bromide functionalized chains, followed by conversion of the 1-
methylimidazole-chains to the respective copper(I)-bis(NHC)-mechanophores with
Cu20-powder (5 pum). To check for possible side-reactions during the Cu20-treatment,
hydroxy-functionalized PCL-OH was treated with the same reaction conditions detecting
no side-reactions (e.g. oxidation or degradation) between pure PCL and Cuz20 via 'H-
NMR measurements (Appendix 6.17). The bromo-functionalized PCL (Figure 39a)
showed the expected signals for the CHz-Br-functionality at 3.39 ppm (t, | = 6.9 Hz, 2H).
After quaternization reaction, new signals for the 1-methylimidazolium bromide
function appeared. The NHC-proton signal was detected at 10.76 ppm (s, 1H) besides
the aromatic bonds at 7.25 ppm (s, 1H) and 7.21 ppm (s, 1H), also for the CHz-group 4.34
- 428 (m, 2H), the methyl group at 4.12 (s, 3H) (Figure 39b).
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Figure 38: Reaction schema for the synthesis of different copper(I)-bis(NHC)-mechanophores 1a (C11),
1b (PCL-M) and 1c (Urethane-M).

The last reaction step, the conversion to the copper(1)-bis(NHC)-mechanophore resulted
in the PCL polymer containing the desired product 6.14 (dd, J = 7.0, 2.8 Hz, 4H), 3.66 -
3.54 (m, 8H) and 3.23 (s, 6H)(Figure 39c). The polymer was generated in an acceptable
yield for the final mechanophore 1b of 32%. The conversion to the 1-
methylimidazolium bromide functionalized chains were supported by MALDI-ToF-MS
measurements, showing all details for the reactions as proven by MALDI-TOF (Figure
40), indicating the desired MS-spectra and isotopic patterns for all intermediates. Proof
for the formation of the mechanophore 1b could be obtained by SEC, resulting in a
doubling of the molecular weight in the bis-Cu(I)-NHC-complex in comparison to the
starting-polymers as checked via GPC-measurements in THF (Figure 41). Using the
calibration for polystyrene-standards (300 g'mol! to 170,000 g'mol1) the following
shifts were measured in GPC: PCL-Br (Mn = 3800, Mw = 5100, PDI = 1.3) vs. PCL-M 1b
(Mn =7600, Mw = 11000, PDI = 1.4). Mechanophore 1c, based on an chain extension via
hexamethylene diisocyanate (HDI) was prepared according to previously reported
methodologies®?2 by reaction of the Cll-mechanophore 1a with hexamethylene
diisocyanate (HDI, molar ration 1a/HDI = 1:30).
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Figure 39: 1H-NMR analyses of the different modification steps for the PCL-mechanophore 1b. Synthesis

via PCL-Br (a), PCL-Imi (b) and the PCL-copper(I)-bis(NHC)-mechanophore (c).
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Figure 40: MALDI-ToF-MS) measurements of initially Bromo-poly(e-caprolactone) and the second

reaction step 1-Methylimidazole-poly(e-caprolactone) are shown.

The bromide functionalized PCL (DP = 11) showed as [C77H133BrO23]Na*. The measured
isotopic pattern did correspond well with the simulated one well. After quarternization,
the molecular weights shifted and PCL (DP = 11) changed to [Cs1H139N2023]*, which flew
without a metal ion. A new isotopic pattern was obtained and fitted well with the

simulated.
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3.3.2 3D-printing of mechanophores composites

3D-printing was accomplished using PCL as the base matrix (PCL (Mw =45 kDa)),
embedding the required components directly during the printing process. The printer, a
regenHU 3D Discovery, equipped with a heatable polymer extrusion printing head with a
metal nozzle, was used for printing of the polymer composites. Firstly, the printed
composites were based on PCL as matrix-polymer containing 1 wt% coumarin-azide
(5:10-> mmol-mg! matrix) with a corresponding amount of the mechanophore 1a, 1b, or
1c (5:10-* mmol-mg1 matrix). The catalytic activity will be discussed in chapter 3.3.2.2
Activity of mechanophores after printing.

Table 19: The different materials of mold-casted and 3D-printed (3D) composites including different
mechanophore catalysts 1a, 1b, 1c are listed (calculated for 99% purity), as well as the final catalytic
activity of each mixture.

Entry  Sample? Mechanophore Coumarindye  Phenyl Catalytic
(mg/gMatrix) (mg/ gmatrix) acetylene activity Ab)

(uL) (%)

| No catalyst - 10 2.5 0.34

11 C11-M 2 10 2.5 0.62

111 PCL-M 12 10 2.5 0.98

IV Urethane-M 13 10 2.5 1.67

\Y No (3D) - 10 2.5 0.47

VI C11-M (3D) 2 10 2.5 0.51

a) The samples entry [-IV were prepared by mold-casting method (SI), samples V-VI
were manufactured by 3D-printing.

b) For the solid state measurements the sample was fixed between two glass slides and
the reflected fluorescence was detected. For each sample the measurements were done
for both sides. After calibration, the fluorescence intensity was calculated to the “click”-
reaction yield.

A 3D-printed structure with a square-shaped base of 5 x5 mm and a grid with gaps of
around 300 pm were designed in a BioCAD™ program. First, two layers of the 100%
filled base area were printed using FDM for the PCL composite. Subsequently, two layers
of the grid structure, forming the 3D-printed capsules, were printed on top. In between,
the second printing head dispensed phenylacetylene into the created gaps by drop-on-
demand jetting and completely filling the voids. The top closing layers consisted of two
completely filled composite layers was printed again by FDM (results in Figure 43a,b).
The temperature of the printing nozzle was adjusted to 70 - 80 °C according to the
rheology data, with the temperature of the tank of the printing head set 10 °C higher
than the temperature of the printing nozzle.
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The composites were printed on a standard glass slide equipped with a masking tape for
mechanical adhesion. Based on the rheology data of our previous publication!4> and the
known 3D-printing window of the here used 3D printer (n =200 - 2000 Pa-s, y =10 -
30 s1, 9=30-240°C), PCL polymers with an intermediate molecular weight can be
printed. Since the influence of the mechanophores 1a, 1b, 1c (catalytic amounts,
amounts see Table 1) and the fluorogenic dye (1 wt%) on the rheological properties of
the matrix was negligible compared to the pure PCL matrix (Appendix 6.16). PCL
(45 kDa) showed a viscosity range of 700 Pa:s to 360 Pa-s while changing the
temperature from 70 °C to 90 °C leading to an excellent extrusion and easy to handle
printing properties. A very uniform polymer strand could be extruded at 80 °C, which
solidified in a reasonable time range of 5- 10 seconds. Subsequently the drop-on-
demand liquid printing head was set to one drop per grid hole at room temperature. The
3 mL cartridge was filled with phenylacetylene and pressed with air of 0.01 - 0.04 MPa
to move the liquid through the inkjet nozzle and deposit 2,5 pL. phenylacetylene into the
void (Figure 43a,b).
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Figure 41: GPC data of the initial PCL-Br polymer and the final PCL-mechanophore 1b with a percentage
content of 32 %.
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3.3.2.1 Stability of mechanophores after printing
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Figure 42: TH-NMRs of the composites No catalyst, C11-mechanophore, PCL-mechanophore and urethane-
mechanophore after threatening them with the printing conditions of 85 °C in air.

The printing composites were analyzed via 1H-NMR after heating and extrusion checking
for the presence of the copper(I)-bis(NHC) signal (6.15 ppm, dd, 4H) after the extrusion-
process of the 3D-printing. Only the mechanophore with Cii-chains (1a) outlasted the
printing conditions. Both, PCL-mechanophore (1b) and urethane-mechanophore (1c),
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did not survive the extrusion, because no signal for the copper(I)-bis(NHC)-moieties
could be detected (Figure 42). The printed composites were printed with the following
conditions: printing head at ~85 °C, extrusion nozzle at ~75°C and 0.2 MPa of air
pressure.

3.3.2.2 Activity of mechanophores after printing

Then both, the mold-prepared and the 3D-printed samples (for preparation see SI) were
analyzed for their mechanophore activity by a combination of compression cycles and
subsequent correlated solid state fluorescence measurements, indicative for the
fluorogenic “click”-reaction.

a) 3D-printed specimen

No catalyst

5mm

PCL-M*

“Clicked” dye

°’ y Q
Compression 0* - -

Compression 5 - - -
Compression 10 - - - - - -

254 nm 366 nm 254 nm 366 nm 254 nm 366 nm 366 nm

C1r (3D)"

* For PCL-M and C4; (3D), it is actually compression 1

Figure 43: Pictures of the 3D-printed specimen with different composites prepared by using a dual-head
3D-printer (a). Microscopic images of a emptied inner grid structure and the top closing layer (b). Photos
of mold-casted samples after compression cycles under normal light and UV-light (254 + 366 nm) showing
the increase in fluorescence activity after compression force was applied (c). The samples refer to pure
dye samples of the calibration curve determination (dye and “clicked” dye), as well as PCL-M (Table 1,
Entry III) and C11-M (3D) (Table 1, Entry VI).

With solid state fluorescence reflection measurements as well as images under UV-light
the change in fluorescence intensities were measured / visualized (Figure 43, Figure
44). For calibration of the system see appendix 6.18. The sample with no mechanophoric
catalyst showed only minor activation of the fluorogenic dye of ~0.3 % for the molded
sample (Entry I) and ~0.5% for the 3D-printed sample (Entry V), presumably by
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thermal activation during the printing process. The Cii-mechanophore (1a) samples
showed catalytic activities of ~0.6 % (mold, entry II) and ~0.5 % respectively (3D-
printed, entry VI). The higher fluorescence intensity for the C11 (3D) sample was due to
the thermal “click-reaction” occurring during the final FDM process, where hot printed
composite gets in direct contact with phenylacetylene. For the PCL-based
mechanophores only the molded samples could be measured. The samples showed
activities of ~1.0 % (PCL-M, entry III) and ~1.7 % (urethane-M, entry IV). The 3D-
printing of the labile copper(I)-bis(NHC)-bond could be achieved still retaining at least
parts of its active form keeping the copper(I)-bis(NHC)-bonds intact, whereas the larger
mechanphores based on the PCL-mechanophore 1b and the urethane-mechanophore 1c
did not withstand the printing conditions. Presumably, their easier activation during
extrusion in view of their increased chain length is responsible for this observation.
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Figure 44: Catalytic activity of different mechanophore composites (no catalyst, C11-mechanophore (1a),
PCL-mechanophore (1b), urethane-mechanophore (1c)) using compression cycles to activate the
copper(I)-bis(NHC)-mechanophores.

The use of 5-azido-fluorescein, as was originally planned to show a color change in the
visible light, did not show large shifts in absorption spectra in MeOH or fluorescence
spectra in MeOH after successful “click”-reaction (Appendix 6.19). For the absorption
are the main signals at the same intensity (A =474 nm, 494 nm). Only local maxima
differ at lower wavelength. 5-azido-fluorescein showed one at 364 nm and the “clicked”
product shifted it to 326 nm. The shape of the fluorescence emission spectra stays the
same during the “click”-reaction and the maxima only shift about 3 nm (from 518 nm to
521 nm). The reaction with phenylacetylene increased the aromatic system of the dye
(Figure 45), but has no significant effect on the absorption or fluorescence was detected.
In regard to these results, the standard dye for observing “click”-reactions (3-azido-7-
hydroxycoumarin) was used.
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Figure 45: "Click"-reaction of 5-azido-fluorescein with phenylacetylene to increase the size of the aromatic
system.

3.3.2.3 Conclusion

In conclusion, the 3D-printing of copper(I)-bis(NHC)-mechanophores was investigated
using a multicomponent-printed-system, generating polymer-composites with stress-
detecting properties. As demonstrated here the printing-results and final activities of the
three different mechanophores strongly depended on the chain length under the 3D-
printing conditions of 80 °C. Whereas short chain mechanophores with side chains of C11
(1a) can easily be mixed with the printable PCL polymer and subsequently be extruded
retaining their mechanophoric activity. The higher molecular weight mechanophores
(1b, Mw, pc.-M =1800 Da, and 1c¢, Mw, urethane-m = 2000 Da) could not be 3D-printed,
although both showed catalytic activity (1.0 - 1.7 %) in compression force cycles when
produced by a mold casting method, comparable to previous results.1®3 Thus, the
reported methodology can be advantageous for the fabrication of multilayer-polymers,
where the stress-reporting toll is placed in a specific part of the polymeric-specimen.
Only at some locations stress-detection is required, while keeping all other parts of the
polymer structurally native. We think that this methodology can be advantageous when
integrated into production-techniques where 3D-printing technology is already
established.
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3.4 3D-printing of supramolecular polymers and their composites

The concept is based on thermo reversible, hydrogen-bonded polymers, known to form
nano-sized micellar clusters, arranged into a dense supramolecular network of
interconnected aggregates. This network formation is driven by segregation of the
attached hydrogen-bonding moieties from the non-polar poly(isobutylene) (PIB)-chains,
in turn connecting the polymer chains into a transient network. The so achieved thermo-
mechanical behavior can be tuned with the terminal relaxation dominated by the
opening and closing of the hydrogen bonds (Figure 46). In contrast to a covalent
network, the dynamic character of the attached supramolecular bonds enables
macroscopic flow of the polymer on a longer timescale. Furthermore, the reassembly of
the network structure, driven by dynamic exchanges within the nano-sized micellar
clusters, additionally features multiple self-healing properties at room temperature and
below.
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Figure 46. 3D-printing concept for supramolecular polymers based on PIB and PEG polymers, which were
not printable without endgroup modification to barbiturate (B, Barbi) or ureidopyrimidinone (U, UPy).




Supramolecular polymers attached with barbiturate-moieties (B or Barbi, displaying
multiple hydrogen-bonds) enable 3D-printing based on filament-extrusion, which can
form reversible crosslinks via their two hydrogen donor-acceptor-donor (ADA)-faces.
On the other hand, stronger ureidopyrimidinone-moieties (U or UPy, with four linear
hydrogen-bonds) were used in 3D-printing, while forming a different hydrogen-bonding
geometry with two donor-donor-acceptor-acceptor (DDAA)-faces. PIB, a hydrophobic
polymer, was selected due to the strong phase segregation of the attached polar
hydrogen-bonding moieties from the non-polar polymer backbone. PEG with its more
hydrophilic polymer backbone was investigated for comparison, expected to display
reduced segregation and consequently no cluster formation.

3.4.1 Synthesis for the supramolecular polymers

Linear PIB- and PEG-polymers bearing barbiturate moieties were prepared starting
from commercially available linear polymers (Figure 47), while three-arm star PIB was
synthesized via living carbocationic polymerization. Modifications of the linear PEG- and
PIB-polymers were accomplished via the corresponding bivalent or three-arm star
functionalized azido-telechelic polymers using “CuAAC-click”-reactions to completely
functionalize the respective chain ends, generating the final PIB-B2 (Mn = 8 500 g'mol-1),
PIB-B3 (Mn = 16 000 g'mol-1) and PEG-B2 (Mn = 900 g'mol-1, 8 500 g'mol-1) polymers.
The ureidopyrimidinone-moieties were linked as an isocyanate derivate with the
hydroxyl-telechelic polymers leading to PIB-U2 (Mn = 8 500 g-mol-1).

! i
! . - . T
Synthesis telechelic barbiturate pnlymersmeo ! Polymers Synlhe5|silelechellc ureidopyrimidinone polymers
| P Glivey
i PIB-B2 i
! PIB by PIB-U2
! 1
-OMe i ! HO/\‘/PIB\/\OH
MeQ | PEG-400-B2 H
Lock | J(OA PeG o~ ®PEG-3000-82
n 1 H
! I
- PIB 2 2) quenching | B= o U= H
O _~_Br ! NH H
o - LT |
NaOH BH3 SMe; ! NH NN T ST
H;0, H o H H !
Ri e e e e e
CBry, PPhy PllB K, UPy-NCO
HO/\‘/PIB\‘/\DH > BN g Nels §| cully N/\/x\/\N
—
Me-SO.Cl N TG T g >/l
o-
HO > PEES o o PEG S g X = PIB, PEG X = PIB, PEG
R1 = H, polymer chain with Br, N and B

" /\,X\/\N\
e - - fL i LI
X = PIB, PEG PPN NP O N\/\/\/\
ERRAEAAAS RaSs R

X=PIB

Figure 47. Synthesis scheme for telechelic functionalized polymers based on PIB- and PEG-backbones. In
multistep reactions allyl- respectively hydroxy-functionalized polymers got modified to an azide group
and reacted in a “click”-reaction to the barbiturates. The ureidopyrimidinone PIB was synthesized by
reaction of hydroxyl-PIB with UPy-isocyanate.
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3.4.2 Analysis for the supramolecular polymers

The 1H-NMRs of the final supramolecular polymers were analyzed and discussed. The
complex and repetitive structures of the bivalent and trivalent polymers were simplified
by only showing one side / one arm of the polymer in complete detail. Successful
conversion to bivalent and trivalent PIB-barbiturates and PEG-barbiturates were
confirmed by 1H-NMR. Figure 48 shows the 'H-NMR of PEG-400-B2 with the
corresponding signals for bivalent modified PEG. The signal for the barbiturate moieties
at 11.5 ppm is related to the NH-groups. The new formed triazole ring and its related
hydrogen are located at 7.8 ppm. The protons for the polymer PEG chain are located at
4.4 ppm, 3.8 ppm, and 3.6 ppm. The rest of the alkyl-chain can be assigned as well. A
similar picture can be seen for PEG-8000-B2 in Figure 49 with another molecular weight
and integration value for the polymer chain.
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Figure 48: 1TH-NMR spectrum of PEG-400-B2.
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Figure 49: TH-NMR spectrum of PEG-8000-B2.

The trivalent PIB-B3 was previously synthesized in the working group of Prof. Wolfgang
Binder and was used as obtained. The following 'H-NMR spectra Figure 50 shows the
complete functionalization with barbiturate end groups. The signal for the barbiturate
moieties at 8.3 ppm is related to the NH-groups. The new formed triazole ring and its
related hydrogen are located at 7.3 ppm. The protons the initiator benzene ring
(7.1 ppm) as well as the quenching benzene ring (6.8 ppm). The rest of the protons
related between barbiturate and PIB-chain can be assigned and fit with their integration

value.
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Figure 50: 1H-NMR spectrum of three-arm star PIB-B3, previously synthesized in the working group of
Prof. Wolfgang Binder.

In Figure 51, the TH-NMR of linear PIB-B2 is illustrated. The signal for the barbiturate
moieties at 8.2 ppm is related to the NH-groups. The new formed triazole ring and its
related hydrogen are located at 7.2 ppm. The connecting CHz-group of the polymer chain
and the triazole ring is located at 4.3 ppm, while the CHz-group on the other side of the
triazole ring is placed at 2.7 ppm. Both signals represent a triplet coupling. The rest of
the protons related between barbiturate and PIB-chain can be assigned and fit with their
integration value. The resulting integrals for the PIB signals at 1.4 ppm and 1.1 ppm lead
to a overall molecular weight of 9600 g-mol-1.
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Figure 52: TH-NMR spectrum of linear PIB-U2.
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The 'H-NMR of linear PIB-U2 is shown in Figure 52. The new introduced UPy signals are
located at 13.1 ppm, 11.9 ppm, 10.1 ppm, 5.8 ppm, 4.8 ppm, 3.2 ppm, 3.1 ppm, 2.2 ppm
and 1.8 ppm. The signals can be assigned and the integrals are matching well. The
resulting integrals for the PIB signals at 1.4 ppm and 1.1 ppm lead to a molecular weight
of 8600 g-mol-1.

3.4.3 3D-printig window for supramolecular polymers

After confirming the chemical structures of the different supramolecular polymers with
1H-NMR, IR (Appendix 6.14), they were tested for their 3D-printability with the
following mentioned 3D-printer. The printing window for the used 3D-printer is set by
the nozzle geometry, printing speed and temperature settings. A polymer extrusion
printing head of a regenHU 3D-Discovery printer was equipped with a 0.20 or 0.33 mm
inner diameter nozzle, impeding a viscosity range of 200 to 2000 Pa-s. The printing
window was estimated by temperature-dependent rheology investigations. The
viscosity of the printable supramolecular polymers had to suffice both parts of the
polymer extrusion head consisting of the heatable storage tank and a heatable screw
extruder for a fixed A9 = 10 °C. Due to the construction of the 3D-printer the shear rates
of the storage tank (< 0.1 s'1) and the printing head (0.20 or 0.33 mm inner diameter
nozzle, shear rate 14 - 26 s'1) are different, thus determining an area of printability. For
rheology measurements the polymer samples were filtered through a Teflon GPC-filter
(0.2 um) and dried in vacuum at 60 - 80 °C for three days. The rheology experiments
were executed on an Anton Paar MCR-101 DSO rheometer using parallel plate-plate
geometry with a diameter of 8 mm. The temperature was controlled with a
thermoelectric cooler/heater in a chamber filled with dry air. For each measured
temperature the sample were preheated for 30 minutes reaching their equilibrium state.
For 3D-printing the mandatory measurements of viscosity versus shear rate at different
temperatures were performed. Confirmation of the printing window (cross-section of
the green and yellow / orange areas) was initially probed with bivalent PEG-400-
barbiturate (PEG-400-B2, Figure 53) and bivalent PIB barbiturate (PIB-B2).
Subsequently, more complex polymer structures with different molecular architecture
(such as three-arm star polymers) were probed, where the expected rheological profile
is supposed to be different due to the more round shaped structure. Furthermore,
different volume fractions of nano- or microparticles were added, in order to modify the
rheological profile during printing and also to address the structural stabilities after
printing.
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Figure 53. In general, the printing process started with heating up the polymer in the storage tank and
modification of printing platform with a microscope glass slide (a). The designed shape was printed in a
layer by layer approach in a fused-deposition-modeling method to obtain a three dimensional object (b, c).
Model compound PEG_400_Barbi was printed in an A shape with six layers (d).

3.4.4 Melt rheology of the barbiturate-based PIBs

Taking into account the conditions at the printing head (temperature 9 = 30 - 240 °C,
shear rate y = 10-30sl, viscosity n = 200-2000Pas and printing speed
v=1-10 mm-s1) initial melt-rheology measurements were accomplished to evaluate
the 3D-printability of the polymers. Most of the polymers and the composites showed
viscosities at shear rates located within the printing window. Especially the
supramolecular PIB based polymers, which are structurally composed of nano-sized
micellar clusters, display excellent printability at the required printing conditions. The
viscosity of PIB-B2 dropped from 4500 to 220 Pa-s in the temperature range of 70 to
100 °C, leading to its printability at temperatures around 80 °C with a viscosity of 1800
Pa's. Low and middle shear rates (0.1 - 10 s1) did not change the viscosity, but at high
shear rates (above 10 s'1) a viscosity drop was observed for temperatures below 90 °C,
indicating the reversible rupture of the hydrogen bonds (Figure 54), in line with
temperature-dependent IR-measurements of PIB-B2 (Appendix 6.14).
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Figure 54. Rheology measurements of PIB-B2 (1.) and PEG-400-B2 (r., black) and PEG-8000-B2 (r., red)
showing viscosity versus shear rate at different temperatures.

Based on the consideration that nano-sized particles can change the flow abilities of
(supramolecular) polymers, the addition of SNP (5-15 wt%) increased the viscosity of
the prepared PIB-B2-SNP composites as well as their form stability after 3D-printing
significantly. The shear thinning behavior of these composites is more pronounced for
higher shear rates. Secondly, the influence of the polymer architecture on printability
was studied. As the three-arm star-polymer, PIB-B3 (Mn = 16 000 g-rmol-1) could not be
printed at temperatures between 30 °C and 180 °C (Figure 55), a polymer blend
containing linear PIB-B2 and three-arm star PIB-B3 was prepared in a molar ratio of ~ 3
to 1. Interestingly, this new PIB-B-blend showed rheological properties comparable to
PIB-B2 at higher temperatures, indicating excellent printability at a temperature of
120 °C (Figure 55).

3.4.5 Melt rheology of the barbiturate-based PEGs

PEG-400-B2 displayed a viscosity range of around 104 - 102 Pa-s within the temperature
range from 50 to 80 °C, in which the printing window would be located. However, a
shear rate dependence was not observed within the monitored frequency range at all
temperatures indicating a liquid like behavior due to the polar nature of the polymer
chain and the barbiturate endgroup (Figure 54). Thus, slow spreading after printing at
60 °C was observed and the printed objects lost their original printed shape after one
day at room temperature. This result is consistent with the absence of phase segregation
and consequently the absence of a dynamic supramolecular network composed of
interconnected nano-sized micellar clusters. With increasing molecular weight (PEG-
8000-B2) no further improvement of printability was observed, as the polymer was too
liquid in the melt with a viscosity of around 2 Pa-s being far below the printable viscosity
range.
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Figure 55. Rheology measurements of PIB-B3 (1.) and PEG-B-blend (r.) showing viscosity versus shear rate
at different temperatures.

3.4.6 FDM of the barbiturate polymers

PIB-B2 was printed at 80 °C (Figure 56) and the freshly printed grid of pure PIB-B2 was
analyzed via SEM and conventional microscopy, proving a polymer strand diameter of
around 180 pm and grid gaps of ~300 um. Compared to the extrusion of filaments
described in literature2?? (0.2 - 1 mm) improved resolution was achieved. Thus, even
better results than with inkjet based printing??8 (0.5 - 1 mm) were obtained, since the
filigree is lost within drop-based printing methods due to increasing droplet radii while
adding more layers of ink. After printing, the structural stability was checked by
observation of printed structures at room temperature and it was stopped at a complete
shape loss. In line with expectations, the micellar aggregates mediated a certain
structural stability after printing and PIB-B2 lost its desired shape after 24 hours at
room temperature. At lower temperatures, the structures were more stable and self-
supporting due to the slow-down of the dynamics within the reversible supramolecular
network structure (Figure 58).

Thus, the printed structures of PIB-B2 showed a large improvement in their shape
stability below 5 °C. It should be mentioned that compared to an unmodified PIB
polymer with the similar molecular weight of 8 000 g-mol-1, the self-supporting strength
was significantly improved by attaching the hydrogen-bonding groups onto the
polymers. Whereas unmodified PIB shows a liquid behavior, PIB-B2 possesses gel-like
properties indicated by a crossover of G' and G" and a rubbery plateau. A further method
to improve the final strength of the hydrogen bonding-network was the use of silica
nanoparticles, which strongly interacted with the barbiturate moieties and less with the
hydrophobic PIB-chains. Similar to PIB-B2, the according composites showed a rubbery
plateau, while the increase in network strength was clearly indicated. Thus, with
increasing SNP content (5 - 15 wt%) the dynamics of the hydrogen-bonding groups was
reduced, leading to longer shape stability compared to pure PIB-B2. With increasing SNP

92



content the viscosity shifted to higher values for fixed temperatures leading to increased
temperatures for the printing window.

Figure 56: Supramolecular PIB-B2 was printed in an MLU shape with six layers.

Since PIB-B2 and PIB-B3 contain the same hydrogen-bonding moieties (barbiturates)
and PIB-chains, a homogeneous blend (PIB-B-blend) was formed. The PIB-B-blend was
printed at 120 °C showing a printing viscosity of 1 = 200 Pa-s and after extrusion with a
slower printing speed of 1 mm-s! the rubbery material relaxed to stick on the layers
printed beneath. When using a printing needle with a slightly larger diameter (0.33 mm)
a "Z"-shape and a grid was printed. The "Z"-PIB-B-blend was set up to a free-standing
structure and was checked for its self-supporting strength at room temperature being in
proper shape even after ten days (Figure 58). Thus, the strength of the supramolecular
network of PIB-B2 was drastically improved by the addition of a specific amount of PIB-
B3, presumably due to the presence of more cross-linking points between different
clusters as indicated by the observed rheological behavior and the extrusion at higher
temperatures.

3.4.7 SAXS of the barbiturate-based polymers

Based on observations in small angle X-ray scattering patterns a polymer network, non-
covalently cross-linked by the barbiturate moieties, was observed for pure PIB-B2 as
well as for the PIB-B-blend. A practically identical periodicity of about 8.85 nm was
found for both samples and the observed structure remains unchanged after printing.
The estimated coherence length is about 55nm. The detected periodicity was
compatible with an average distance between neighbored barbiturate moieties
considering coiled poly(isobutylene) chains. In line with this interpretation the situation
in all these samples is characterized by the existence of barbiturate clusters, which are
quite regularly arranged within the poly(isobutylene) matrix. Note that there were
seemingly higher order peaks in the SAXS pattern of PIB-B2 samples and the PIB-B-
blend at scattering vectors around 1.3 nm-1(Figure 57).
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Figure 57: SAXS measurements of the barbiturate polymers and the PIB-B-blend. All PIB-barbiturates
show a peak at 0.71 nm-! and about 1.3 nm-! indicating the formation of aggregates.

3.4.8 Conclusion on FDM of supramolecular polymers

Printing of amorphous polymers with low glass transition temperatures was achieved
by attaching hydrogen-bonding groups to the end of the polymer chain. Thus, for the
first time self-supporting, supramolecular PIB-based polymers were successfully printed
and compared to more polar based PEG supramolecular polymers, which did not show a
phase separation between polymer chain and the barbiturate moieties. The polar PEGs
did not show a good printing behavior and no shape stability compared to the
supramolecular PIBs, clearly due to the missing supramolecular cluster (network)
formation, and their hygroscopic nature. These supramolecular PIB polymers with
linear and star architecture showed a rubber like behavior and were able to form self-
supported 3D-printed objects at room temperature, reaching printing resolutions and
polymer strand diameters down to 200 - 300 um, depending on the elasticity of the
supramolecular polymers and the according diameter of the needle attached to the
printing head. The observed phase segregated structure (micellar aggregates) enabled
the tune-ability the printability, with the blends and composites allowing to address
both, a proper printability window and self-supporting strength.
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Figure 58: Showcase of 3D printed PIB-B2 in different shapes like a grid (5 mm x 5 mm) and a "Z". The
freshly printed grid (a) showed uniform strands and gaps. After 24 hours at room temperature, the grid
started to spread (b), but the grid showed good stability stored below 5 °C (c). The microscope image (d)
and SEM picture (e) verify the homogeneous strand extrusion. The PIB-B-blend printed "Z" was put up to
stand free (f) and after days at room temperature, the Z was still in shape (g). Silica strengthened PIB-B2-
SNP10% showed improved shape stability (h).

3.4.9 Synthesis of carbon fillers for supramolecular polymer composites

Since PIB-B2 composites with silica nanoparticles showed positive results for the form
stability after FDM, other filler materials based on carbon were tested as well (Figure
59). Therefore, graphene oxide was synthesized from graphite (< 20 pm flakes) and it
was chemically reduced in a next step. The main difference between these two materials
is the kind and amount of functional groups on the graphene layers.299
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Figure 59. Synthesis of graphene oxide (GO) and chemical reduced GO (CRGO) as filler for supramolecular
polymers starting with graphite (20 um).275, 292
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3.4.10 Melt rheology of the carbon-based fillers in PIB-B2

Further rheology measurements based on PIB-B2 composites with different fillers (GO,
CRGO) were performed (Table 20). The fillers containing polar groups (hydroxyl, epoxy
and carbon acid) were tested to improve the form stability dynamics. The carbon-flakes
enriched PIB-B2 composites showed similar behavior in the measurements of viscosity
versus shear rate at different temperatures compared to silica composites. With
increasing GO content, the viscosities were shifted to higher values as well as a more
pronounced shear rate dependence was developed. The viscosity range of PIB-B2 was
around 4500 to 220 Pa-s in the temperature range of 70 to 100 °C. PIB-B2-GO5 showed
slightly reduced viscosities of 3600 to 200 Pa-s in the same temperature range. When
increasing the GO weight% to 10 %, PIB-B2-G0O10 changed viscosity to 5700 - 400 Pa-s,
while maintaining the same temperature range. By using even more GO, PIB-B2-GO15
resulted in viscosities of around 13000 to 1300 Pa-s. On the other hand showed CRGO a
slightly different behavior. PIB-B2-CRGO5 showed slightly reduced viscosities of 4000 to
260 Pa's in the same temperature range. If 10 wt% CRGO were mixed into PIB-B2, the
viscosity changed to 6400 - 600 Pa-s. The PIB-B2-CRGO15 composite was difficult to
measure on the rheometer since the sample was pushed out a little bit. The viscosity
resulted in low values of 2400 - 640 Pa-s.

Table 20: Carbon-based composites of PIB-B2 for rheology analysis.

Sample PIB-B2 [mg] GO / CRGO [mg] Mass fraction %
PIB-B2-GO5 39.6 2.01 4.83
PIB-B2-GO10 37.8 3.72 8.96
PIB-B2-GO15 32.4 4.96 13.28
PIB-B2-CRGO5 40.2 2.10 4.96
PIB-B2-CRGO10 35.2 3.56 9.19
PIB-B2-CRGO15 33.3 4,99 13.03

3.4.11 Correlation between the relaxation time and the form stability

Based on frequency sweep measurements (Appendix 6.13) and observed structure
stability, a correlation between relaxation time of the hydrogen-bonds and form stability
was developed (Figure 60, Table 21). Since non-modified PIB showed liquid behavior
without a crossover point in the frequency sweep measurement, the relaxation time was
set to zero. The relaxation times for PIB-B2 and its composites were calculated based on
the values for the reversed crossover points.117. 118 300 The influence of the
supramolecular barbiturate endgroups strongly changed the properties of material, now
having a relaxation time of 24 seconds and a form stability of one day. By adding
trivalent star PIB-B3 to the PIB-B2 the crosslinking density of the barbiturate clusters
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increased and so the relaxation time further improved to 91 seconds as well as the form
stability to 10+ days. When using silica nanoparticles, the relaxation time end up in the
range of 40 - 56 seconds with form stabilities of 2 -5 days. In the following only
composites based on GO and CRGO were analyzed with the frequency sweep and
stability conclusions were based on previous results. The addition of GO-flakes (20 um)
increased the performance of the material in huge steps. The relaxation times increased
from 32to 111 seconds with form-stability of 1, 7 and 14 days (for increasing GO
content). The use of CRGO flakes (20 um) did not significant improved the form stability
of the composite compared to pure PIB-B2. The relaxation times were calculated to 21 -
35 seconds (Figure 60, Table 21).
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[3) ¥ pIB-B2-GO5
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20 PIB-B2-CRGO5
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not form-stable, melting
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Figure 60. Relaxation time of barbiturate endgroups in PIB-B2 and its composites.

Table 21. Frequency sweep for barbiturate-based PIB polymers and composites at 20 °C.

Sample Crossover [rad-s™] Relaxation time [s]
PIB - -
PIB-B2 0.041 24.4
PIB-B-blend 0.011 90.9
PIB-B2-SNP5 0.025 40.0
PIB-B2-SNP10 0.021 47.6
PIB-B2-SNP15 0.018 55.6
PIB-B2-GO5 0.031 32.3
PIB-B2-GO10 0.015 66.7
PIB-B2-GO15 0.009 1111
PIB-B2-CRGO5 0.048 20.8
PIB-B2-CRGO10 0.044 22.7
PIB-B2-CRGO15 0.029 34.5
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3.4.12 Melt rheology of the ureidopyrimidinone-based PIB

The 3D-printability of the polymer and its composites were analyzed by melt rheology.
The obtained knowledge of previous measured polymers, most of them showed
viscosities at shear rates located within the printing window. The viscosity of PIB-U2
dropped from 3800 to 400 Pa-s in the temperature range of 80 to 110 °C leading to its
printability at temperatures around 100 °C with a viscosity of 800 Pa-s (Figure 61). At
low and middle shear rates (0.1 - 10 s'1) no change in viscosity was observed but at high
shear rates (above 10 s1) a viscosity drop was seen for temperatures below 110 °C
indicating the reversible rupture of the hydrogen bonds, in line with temperature-
dependent IR-measurements of PIB-U2 (Appendix 6.14). Based on the consideration
that nano-sized particles can change the flow abilities of (supramolecular) polymers, the
addition of SNP (5-15 wt%) increased the viscosity of the prepared PIB-U2-SNP
composites as well as their form stability after 3D-printing significantly. The shear
thinning behavior of these composites is more pronounced for higher shear rates. With
increasing SNP content, the viscosity shifted to higher values for fixed temperatures
leading to increased temperatures for the printing window.

10°

-
o
iy
L

-
o
w

istesstiestitiess N

PIB-U2

Viscosity n (Pa-s)
6’\)

_‘
o_\.
‘

-
o
o

T

1 | 1I0 | 100
Shear rate 7 (s 1)

o
i

Figure 61. Rheology measurements of PIB-U2 showing viscosity versus shear rate at different
temperatures.

3.4.13 FDM of the ureidopyrimidinone-based PIB

PIB-U2 was printed at 100 °C (Figure 62). After printing, the structural stability was
checked by observation of printed structures at room temperature and was stopped at a
complete shape loss. In line with expectations the micellar aggregates mediated a certain
structural stability after printing and PIB-U2 lost its desired shape after 48 hours at
room temperature. At lower temperatures, the structures were more stable and self-
supporting due to the slow-down of the dynamics within the reversible supramolecular
network structure. It should be mentioned, compared to an unmodified PIB polymer
with the similar molecular weight of 8 000 g-mol-l, the self-supporting strength was
significantly improved by attaching the hydrogen-bonding groups to the polymers.
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Whereas unmodified PIB showed a liquid behavior, PIB-U2 possessed gel-like
properties, indicated by a crossover of G' and G" and a rubbery plateau. A further
method to improve the final strength of the hydrogen bonding was the use of silica
nanoparticles, which strongly interacted with the ureidopyrimidinone moieties and
lesser with the hydrophobic PIB-chains. Similar to PIB-U2, the composites showed a
rubbery plateau, while the increase in network strength was clearly visible. Thus, with
increasing SNP content (5-15 wt%) the dynamics of the hydrogen-bonding groups was
reduced, leading to longer shape stability compared to pure PIB-UZ2.

Figure 62. Supramolecular PIB-U2 was printed in an MLU shape with six layers.

3.4.14 Melt rheology of the carbon-based fillers in PIB-U2

Further rheology measurements based on PIB-U2 composites with different fillers (GO,
CRGO) were performed (Table 22). The fillers containing polar groups (hydroxyl, epoxy
and carbon acid) were tested to improve the form stability dynamics. The carbon-flakes
enriched PIB-U2 composites showed similar behavior of viscosity versus shear rate at
different temperatures compared to silica composites. With increasing GO content the
viscosities were shifted to higher values as well as a more pronounced shear rate
dependence was developed. The viscosity range of PIB-U2Z decreased from 3800 to
400 Pa's in the temperature range of 80 to 110 °C. PIB-U2-GO5 showed increased
viscosities of 7000 to 850 Pa's in the same temperature range. When increased the GO
weight% to10 %, PIB-U2-GO10 changed viscosity to 7500 - 1200 Pa-s, while maintaining
the same temperature range. With even more GO was used, PIB-U2-GO15 resulted in
viscosities of around 20000 to 2600 Pa's. On the other hand showed CRGO a slightly
different behavior. PIB-U2-CRGO5 raised the viscosities of 7300 to 800 Pa-s in the same
temperature range. If 10 wt% CRGO were mixed into PIB-U2, the viscosity has changed
to 4200 - 1500 Pa-s. The PIB-B2-CRGO15 composite was very difficult to measure on the
rheometer setup because the sample was pushed out. The viscosity resulted in to wrong
values of 12400 - 10 Pas.
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Table 22: Carbon-based composites of PIB-U2 for rheology analysis.

Sample PIB-U2 [mg] GO / CRGO [mg] Mass fraction
PIB-U2-GO5 41.7 2.07 4.73
PIB-U2-GO10 39.9 4.06 9.24
PIB-U2-GO15 27.5 4.17 13.17
PIB-U2-CRGO5 40.1 2.05 4.86
PIB-U2-CRGO10 35.2 3.54 9.14
PIB-U2-CRGO15 31.7 4.80 13.15

3.4.15 Correlation between the relaxation time and the form stability

A correlation between relaxation time of the hydrogen-bonds and form stability was
developed (Figure 63, Table 23, Appendix 6.13). Since non-modified PIB showed liquid
behavior without a crossover point in the frequency sweep measurement and the
relaxation time was set to zero. The relaxation times for PIB-U2 and its composites were
calculated based on the values for the reversed crossover points. The influence of the
supramolecular ureidopyrimidinone endgroups strongly changed the properties of
material, now having a relaxation time of 35 seconds. By using silica nanoparticles, the
relaxation time ended up out of range with > 115 seconds with form stabilities of weeks.
The following composites based on GO and CRGO were only analyzed with the frequency
sweep and stability conclusions were based on previous results. The addition of GO-
flakes (20 pm) increased the performance of the material in huge steps. The relaxation
times increased to 50 - 111 seconds with form-stability of 5, 10 and 14 days (for
increasing GO content). The use of CRGO flakes (20 um) also did significant improved
the form stability of the composite compared to pure PIB-U2. The relaxation times
calculated to 67 - 111 seconds for the PIB-U2-CRGOS5 respectively PIB-U2-CRGO10. The
measuring of PIB-U2-CRGO15 was not possible since the composite was pressed out of
the measuring system during frequency sweep analysis.
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Figure 63. Relaxation time of ureidopyrimidinone endgroups in PIB-U2 and its composites.

Table 23. Frequency sweep for ureidopyrimidinone based PIB polymers and-composites at 20 °C.

Relaxation time (s)
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W PIB-U2-GO10
4 PIB-U2-CRGO5

W PIB-U2-GO5
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PIB-U2 and composites

Sample Crossover [rad-s™] Relaxation time [s]
PIB - -
PIB-U2 0.029 34.5
PIB-U2-SNP5 < 0.009 >111.1
PIB-U2-SNP10 <0.009 >111.1
PIB-U2-SNP15 << 0.009 >>111.1
PIB-U2-GO5 0.020 50.0
PIB-U2-GO10 0.013 76.9
PIB-U2-GO15 0.009 1111
PIB-U2-CRGO5 0.015 66.7
PIB-U2-CRGO10 < 0.009 >111.1
PIB-U2-CRGO15 n.d. n.d

3.4.16 Melt rheology of the tetronic based supramolecular polymers

Another approach was to use commercial available tetronic-3600 as polymer backbone.
4-arm star shaped tetronic polymer (ethylenediamine tetrakis(propoxylate-block-
ethoxylate) tetrol) bearing either barbiturate- or ureidopyrimidinone endgroups were
tested for their 3D-printablilty (Figure 64).. Modifications were accomplished via
functionalized azido-telechelic polymers. Finally using “CuAAC-click”-reactions to
completely functionalize the respective chain ends, generating the final Tetronic-B4. The
ureidopyrimidinone-moieties were linked as an isocyanate derivate with the hydroxyl-
telechelic polymers. The complex TH-NMRs of the tetronic polymers can be found in the

appendix 6.19.
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Figure 64. Synthesis scheme for telechelic functionalized polymers based on tetronic-backbone. In
multistep reactions hydroxy-functionalized polymers got modified to an azide group and reacted in a
“click”-reaction to the barbiturates.

The 3D-printability of the polymers was analyzed by melt rheology and the earlier
obtained knowledge (Figure 65). The viscosity of tetronic-B4 dropped from 7800 to
7 Pa's in the temperature range of 30 to 100 °C leading to its printability at
temperatures around 45 °C with a viscosity of 900 Pa-s. At all measured shear rates (0.1
- 100 s1) no change in viscosity was observed, indicating the same weak supramolecular
bonds like PEG-400-B2. The use of ureidopyrimidinone endgroups changed the rheology
properties significant. All the viscosities were shear rate dependent leading to viscosity
drops while applying higher shear forces. With the printing conditions of the polymer
extrusion head being fixed A9 =10 °C between tank and nozzle tetronic-U4 was not
extrudable in a uniform, stable polymer strand. Either the polymer was too viscous to
reach the printing nozzle (60 - 70 °C) or too liquid for the extrusion (>80 °C). Both
polymers did not result in good printability, as it is too liquid at the shear rate window.
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Figure 65. Rheology measurements of Tetronic-B4 (1.) and Tetronic-U4 (r.) showing viscosity versus shear
rate at different temperatures.
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3.4.17 Thermal stability of the supramolecular polymers

The thermal stability of the pure supramolecular polymers was analyzed under nitrogen
atmosphere (40 mL/min) with a heating rate of 10 °C-min-1. All polymers showed no
thermal decomposition in the range of the printing temperatures from 45 °C to 100 °C.
They showed thermal decomposition between 150 °C and 450 °C (Figure 66). The
barbiturate telechelic polymers have a better thermal stability (250+ °C) compared to
the ureidopyrimidinone telechelic polymers (150+ °C). Nevertheless all polymers are

stable to be printed at the set temperature in the printing head.
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Figure 66: Thermal stability of the supramolecular polymers PEG-400-B2, PEG-8000-B2, PIB-8000-B2,
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3.5 Emulsion / solvent evaporation encapsulation

For the encapsulation of hydrophobic liquids with biodegradable polymers different
methods have been developed to synthesize micro- and nano-sized core-shell capsules.
Different techniques like solvent evaporation, coacervation, interfacial polymerization
or in-situ polymerization were used in the past. The solvent evaporation technique was
used in this work due to its simply and cheap processing as well as scalability for capsule
size and overall amount of material masses (Table 24).

Table 24. Core-shell encapsulation of various polymers and hydrophobic liquids synthesized in this work.

Capsule Core Surfactant Rn (nm) Wt% Encapsulation Freeze
Shell core Efficiency dry
Polymer 0il 50 % 100 %
PLLA Triazide SDS 100 £ 12 46 % 92 % Powder
PLLA Trialkyne SDS 131+16 48% 96 % Sticky
PLLA BEPE SDS 114+£10 49% 98% Sticky
PLLA Farnesol SDS 101 £10 39% 78 % Powder
PLLA Limonene SDS 92 +13 - - Powder
PLLA Linalool SDS 104 £ 11 21% 42 % Powder
PVF Trialkyne SDS Sticky
PVF Triazide SDS 104 £ 15 45 % 90 % Powder
PVF Triazide + SDS 108+x14 46% 90 % + Powder
Coumarin 78 %
PCL Farnesol SDS 10612  49% 98 % Sticky
PCL Limonene SDS 117+10 - - Sticky
PCL Linalool SDS 103+£12 2% 4 % Sticky
PCL Hexadecane SDS 115+11  49% 98 % Sticky
PLLA MCT SDS 84 +11 35% 70 % Powder
PCL MCT SDS 109+£17 50% 100 % Sticky
PLLA MCT PVA 150 £ 15 n.d. n.d. Cake
PCL MCT PVA 165+20 n.d. n.d. Cake

2 min sonication with 90% amplitude.
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In general encapsulation by solvent evaporation was used to synthesize core-shell
capsules with either solid or liquid core filling. Depending on the used polymers and
liquid fillings different states of capsules were created. Depending on polymeric
properties like degree of crystallinity or amorphous properties as well as molecular
weight, the encapsulation of liquids formed non-, meta- or stable nanocapsules. Poly(L-
lactide) nanocapsules generated most of the time stable and powder-like material after
freeze drying. Exceptions for this trend were the used alkyne compounds leading to a
sticky polymer film after freeze-dry. These meta-stable nanocapsules were formed
during the solvent evaporation encapsulation process in an aqueous medium. After the
synthesis and in aqueous medium the capsules were stable, proven by later by DLS and
TEM. The nanocapsules did not survive a normal drying or the more gently freeze drying
method. The removing of the aqueous phase led to a sticky polymer film with a fibrous
polymer structures. With poly(e-caprolactone) the same problem occurred for all
samples. PCL nanocapsules were only meta-stable in aqueous solution after synthesis.
Conventional drying and freeze drying resulted in polymer films without core shell
capsules. The very low glass transition temperature of PCL (Tg=-60 °C) probably
resulted in a relative weak and still "flowing" capsule shell, which did not resists the
harsh conditions of drying. The amorphous polymer polyvinyl formal showed similar
encapsulation behavior like PLLA.

The meta-stable capsules were stabilized by the use of a polyvinyl alcohol aqueous
solution acting as surfactant solution for the emulsion and as a protecting foam after
freeze drying. The PVA polymers attached themselves to formed nanocapsules in
aqueous solution and separated individual nanocapsules from each other. This
technique was used for the PLLA-Triglyceride nanocapsules as well for some PCL
nanocapsules.

3.5.1 Scanning electron microscopy (SEM)

Freeze-dried samples of the core-shell capsules were analyzed with an electron
microscope to obtain a detailed view of the shape, surface and size. In general, the
textures of the samples already let assume that there are capsules or not. For the three
fine powdered, fluffy PLLA samples (Farnesol, Limonene, Linalool) a spherical capsule
shell shape could be obtained (Figure 67). The PLLA capsules showed a low size
distribution with rare exceptions of larger capsules (> 500 nm) confirming the results of
DLS measurements. The crystallinity of PLLA and the high glass transition temperature
(55 °C) support the formation of stable, hard shells. The capsule sizes for DLS and SEM
measurements were in the same size region with a value shift for the DLS measurements
of around 50 nm (Figure 68). The increased diameters in liquid media were related to
swelling of the PLLA shell as well as attached surfactants to the surface. The freeze-dried
samples shrinked in diameter size due to drying of the shell material and probably
partly lose of liquid core material for the liquids with lower boiling points. The PLLA-
Farnesol capsules showed very similar sizes with a maxima difference of ~30 nm, while
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both distributions were quite symmetric. The PLLA-Limonene and PLLA-Linalool
capsules were a little bit more shifted with a maxima difference of around ~70 nm. The
partially lose of the liquid filling, evaluated by NMR, and the already discussed factors
were the factor for the larger difference. Both distributions were quite symmetric led to
the conclusion of a good encapsulation technique with a small size distribution.

Figure 67. SEM images of PLLA capsules with different liquid filling (farnesol, limonene, linalool), after
freeze-drying. In all images sphere-shaped capsules with a size around 100 nm (radii) were observed.
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Figure 68. Size comparison (radii) of core shell PLLA capsules between SEM- and DLS-measurements. The
sizes are in the same range with slightly bigger sizes in DLS-solution.

On the other hand the PCL samples resulted in different sticky, fibrous layers after
freeze-drying. The results were confirmed by SEM measurements showing large
structures of different shapes (Figure 69). Small nanocapsules, like in the case of PLLA,
were not visible leading to the conclusion that they did not survived the freeze-dry
process. PCL has a similar crystallinity as PLLA, but a much lower glass transition
temperature (-60 °C), while water freezes at 0 °C. The formation of water crystals
probably destroyed the shell of the nanocapsules during freezing. The ruptured PCL-
material agglomerated to large fibrous layers after freeze-drying.
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Figure 69. SEM images of PCL capsules with different liquid filling (farnesol, limonene, linalool), after
freeze-drying. Unfortunately, no sphere-shaped nanocapsules could be obtained in a dry state.

The reactive compounds (trivalent alkyne and trivalent azide) were tried to get
encapsulated into PLLA and PVF (Figure 70). The experiments with the trivalent alkyne
led to similar results like the synthesis of PCL capsules. After freeze-drying, sticky,
fibrous polymer layers were formed. In the SEM images no capsule structures were
visible. The encapsulation of the trivalent azide showed better results and after freeze-
drying it was a fluffy, slightly sticky powder. In the electron microscope images non-
spherical capsules were visible. Nevertheless, they could be seen as individual capsules
and could be easily mixed into composite materials.
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Figure 70. SEM images of PLLA / PVF capsules with different reactive, liquid filling (triazide, trialkyne),
after freeze-drying. The encapsulation of alkyne did not lead to any kind of nanocapsules. On the other
hand the azide containing capsules were strongly agglomerated after freeze-drying.
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3.5.2 Transmission electron microscopy (TEM)

Diluted solutions of the finished nanocapsule suspension were measured in TEM. In the
case of PLLA capsules (farnesol, limonene, linalool) dark capsules were found. The
capsules core-shell structure was not visible may due to the relative large ratio of shell
material (shell / core 1:1)(Figure 71).

Figure 71. TEM images of PLLA capsules with different liquid filling (farnesol, limonene, linalool) of a
diluted solution, after synthesis. In all images sphere-shaped capsules with a size lower than 100 nm were
observed.

The weak shell of PCL nanocapsules led to larger capsules being much lighter in TEM
pictures than PLLA capsules. The phenomenon could be explained due to flattening of
the capsules on top of the TEM-grid. The measured radii were to large radii compared to
DLS results (Figure 72).

Figure 72. TEM images of PCL capsules with different liquid filling (farnesol, limonene, linalool) of a
diluted solution, after synthesis. In all images relative large, flatten shapes with a size 200-500 nm were
observed, leading to a weak capsule shell.
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3.5.3 Influence of different parameters on the nanocapsules

With a model system of PCL and n-hexadecane the influence of some important system
parameters were analyzed in an aqueous solution directly after synthesis. In the
standard system the following parameters were used:

100 mg oil, 100 mg polymer, 2 mL DCM, 10 mL aqueous surfactant, 2 min sonication
time with 30 pulse and 15 pause, 90 % amplitude

The variation in sonication duration showed a strong influence in term of average
capsule size and broadness of capsule size distribution. With increasing sonication time
from 30 to 120 second the capsule size reduced from 150 + 40 nm down to 110 + 20 nm.
The increase in sonication time had an influence on the nano-scaled emulsion (Figure
73a) because the formed oil droplets get smaller and more uniform in size with elapsing
time. Due to stabilization with surfactants the small droplets were not agglomerated and
formed nanocapsules after evaporation of DCM. The influence of the SDS solution
concentration with constant volume showed no relevant change in capsule size of
around 115 = 30 nm for all concentration between 0.1 mg:-mL-1 and 1 mg:mL1 (Figure
73b). All used SDS concentrations were below the CMC of SDS (8.2 mM, 2.36 mg-mL-1).
The experiments for scaling up the encapsulation process in volume resulted in similar
and slightly smaller capsules due to an increase of sonication time for compensations of
a larger volume while using the same sonication device (Figure 73c). With increasing oil
content, while keeping the amount of capsule mass (200 mg) and the total volume
constant, the capsule size increased as well. The lowest volume ratio of 0.2 led to
110 + 20 nm sized nanocapsules and the largest volume ratio 0.7 resulted in
140 * 40 nm (Figure 73d). The variation of the amplitude had a small effect on capsule
size and size distribution, but a slight increase in capsule size with higher amplitude can
be observed (Figure 73e). A big influence on the capsule size had the used amount of
capsule material in the DCM phase. At low concentrations smaller capsules are formed.
With more material the sizes increased and reached a plateau while adding more
material (Figure 73f).
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Figure 73. Influence of system parameters on the nanocapsule size and distribution: a) Variation of
sonication time, b) surfactant concentration, c) up-scaling the encapsulation, d) volume ratio between
oil / water, e) sonication amplitude and f) capsule material concentration.

3.5.4 Encapsulation efficiency

The encapsulation efficiency for the synthesized capsules describes the ratio of core to
shell as well as the encapsulation yield of the liquid core. In theory, ideal synthesized
capsules contained of 50 % core ad 50 % shell material. After freeze-drying the core-
shell capsules were dissolved in CDCl3. The concentration was set of around 43 mg-mL-1
and the standard toluene (10 pL, 12.4 mg-mL-1) was added. The ratio between the

110



integral values of toluene and the resulting integral values of the liquid filling were used
to calculate the core and shell ratio (Table 25, Figure 74). The integral values were
normalized to get a molar ratio between toluene and liquid filling. The molar ratio was
transferred into mass fraction between both components. Due to the known mass values
of added materials, the real masses could be determined and in hence the core shell
ratio, too. The example capsules of PLLA_Triazide (35.08 mg) had a ratio of 46 % core
liquid (16.14 mg, triazide) and 54 % shell material (18.94 mg, PLLA). The encapsulation
efficiency of triazide in PLLA capsules was 92 % of the initially used amount. Reasons for
low core content respectively low encapsulation efficiency in other core shell
combinations could be the relative low boiling of some liquid components (farnesol
284 °C, limonene 176 °C, linalool 198 °C) connected with a partially evaporating during
synthesis or the freeze-dry process.

Table 25. Encapsulation efficiency calculation based on the example PLLA_Triazide.

Compound Hydrogen Integral Normalized Molar Mass Mass Real

atoms value value (mol) mass fraction Mass
Toluene 3 3 1 92.14 92.14 0.35 8.7
Triazide 3 0.92 0.31 557.56 17099 0.65 16.14
Capsules - - - - - - 35.08

PLLA
Toluene
Triazide
PLLA
Toluene
Triazide

Triazide Triazide
S
o

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
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Figure 74. 1H-NMR of core shell capsules (PLLA_Triazide) with toluene as a calculation standard.
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The same method has been used for the most synthesized nanocapsules. In literature
commonly encapsulation efficiencies of 10 - 90 % were reported.207. 217 Depending on
various factors encapsulation efficiencies up to ~98 % for well shaped core-shell
nanocapsules were reached. The here synthesized nanocapsules were in the same size
range and size distribution, regardless the used polymers or oils.

3.5.5 Fluorescence of capsule suspensions

For detection application fluorescence active, hydrophobic polymer dyes were
encapsulated together with medium-chain triglycerides (MCT), (Table 26). For the
solvent-evaporation encapsulation PLLA (40k Da, 100 mg), Triglycerides (100 mg) and
fluorescence dyes (15, 30, 50, 60, 150, 300 pg) were mixed. The samples with 50 pg dyes
were freeze-dried together with the PVA-solution. Samples made in SDS-solution could
not be freeze-dried because the capsules seemed to be soft and needed a supporting
structure after freeze-drying.207. 281

Table 26. DLS results for core-shell encapsulation of MCT together with fluorescence polymers (PF8BT,
CN-PPV, PCPDTBT).

Capsules Dye Surfactant Sonication Rh (nm) Dh (nm)
PLLA MCT PF8BT PVA 5 min 143 + 21

PLLA MCT CN-PPV 155+ 24 ca. 300
PLLA MCT PCPDTBT 150 £ 27

PLLA MCT PF8BT SDS 5 min 84 +12

PLLA MCT CN-PPV 76 £ 11 ca. 160
PLLA MCT PCPDTBT 8014

Nanocapsules synthesized with PVA-solution had a diameter of ca. 300 nm and
synthesized with SDS-solution, a diameter of ca. 160 nm. All capsules showed a
symmetric particle size distribution in DLS measurements. When freeze-drying the
capsules with PVA-solution, the produced cake consists of the PLLA capsules distributed
in a PVA matrix. The PVA coated all capsules and separated them from each other,
consequently there is less agglomeration taking place. Due to the water solubility of PVA

the capsules could be re-dispersed in water again.
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Figure 75. Fluorescence active polymers for the encapsulation together with MCT into PLLA.
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Figure 76. Absorption- and fluorescence measurements in CHCl3 for the pure fluorescence polymers
(PCPDTBT, CN-PPV, PF8BT), as well as a calibration curve (at maxima absorption) for dye content
determination.

The absorption and fluorescence spectra of the polymer dyes PF8BT301, CN-PPV302 and
PCPDTBT?303 were measured in 3 mL CHCIs (Figure 75, Figure 76). The yellow PF8BT is
showing two absorption maxima at 230 nm and 450 nm and a fluorescence maximum at
540 nm. CN-PPV, which was orange in color, was absorbing at 440 nm and emitted
fluorescence at 551 nm. The NIR-fluorescence dye PCPDTBT was absorbing light at
690 nm and showed a fluorescence emission at 767 nm. These polymer dyes were
normally used in organic solar cells as a polymer acceptor.3%4 In this study these dyes
were encapsulated into biological compatible nanocapsules for visualizing application in
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an aqueous dispersed medium. Normally, indocyanine green (ICG) was used in aqueous
medium3935-307, The calibration curves for all three polymers were measured in CHCl3 as
well. Based on the linear fits three dye content equations could be determined (Figure
76).

Imax

K

Amount dye (mg) =

Imax ... Absorption intensity at maximum wavelength
K ... Calibration constant, determined with the linear fit

Kprrspr = 20.763 ‘ Kcn-ppv =9.213 KpcpprBT = 23.152

In this case specific amounts (ca. 35 mg) of freeze-dried PVA coated capsules were
grinded in a mortar. The residues were extracted with CHCl3 (3x1mL) and the
absorption was measured in CHCl3. With the calibration equations the extracted amount
of dye was calculated for the nanocapsules with 50 ug of dye content. The dye
encapsulation efficiencies were around 95 - 99 %. Nearly the whole amount of added
hydrophobic, fluorescence polymer was encapsulated as part of the nanocapsules.
Detailed conclusions of the exact location inside the nanocapsules could not be made.
Because several attempts with confocal laser scanning microscopy did not lead to a clear
picture of the nanocapsules. Based on the nature of the polymer dyes they could be
dissolved in the MCT-core or they could be part of the PLLA shell (Table 27).

Table 27. Encapsulated dye content determination by absorption calibration curves.

Dye Mass (mg) Measured Theo. amount Encapsulation
amount dye dye (ng) dye (%)
(ng)
PF8BT 36.40 ~ 6.0 6.1 ~98.4
CN-PPV 37.07 ~ 6.0 6.2 ~96.8
PCPDTBT 25.33 ~ 4.0 4.2 ~95.2
Theoretically 300.00 50.0 50.0 100.0

Table 28: Concentration series of fluorescence active capsules.

Amount Dye Wt% PLLA (mg) MCT (mg) PVA (mg) Water (mL)
(ng)

300 0.1 100 100 100 10

150 0.05 100 100 100 10

60 0.02 100 100 100 10

30 0.01 100 100 100 10

15 0.005 100 100 100 10
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The synthesized nanocapsules suspensions were refilled with water to 10 mL and the
fluorescence was measured directly. Despite the cloudiness some good fluorescence
spectra could be measured (Table 28, Figure 77). The yellow dye PF8BT (Aex = 450 nm)
showed a fluorescence maximum from 538 nm to 545 nm and was in good agreement
with the measured maximum of the pure dye in CHCl3 at 540 nm. With increasing
amount of PF8BT the fluorescence intensity was increasing as well, from
350 to 1000 counts (Figure 78). The orange dye CN-PPV (Aex=440nm) emitted
fluorescence in the area between 548 nm and 584 nm. The pure dye solution in CHCl3
showed a maximum of the fluorescence at 551 nm. With increasing amount of orange
marker the fluorescence increased up to 0.02 wt%. Further increase of dye led to a
decrease of fluorescence intensity (Figure 79). Finally, the blue dye PCPDTBT (Aex = 690
nm) was showing a very weak fluorescence in the range from 754 nm to 761 nm. When
using more than 0.01 wt% of blue dye a decrease of fluorescence intensity was clearly
visible (Figure 80). PCPDTBT was known for its self-quenching properties due to
polymer chain agglomeration in literature.308

Figure 77. PLLA_MCT capsules with increasing amount of PF8BT (yellow), CN-PPV (orange) and PCPDTBT
(blue).
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Figure 78. Fluorescence measurements for PLLA_MCT_PF8BT capsules (0.005 - 0.1 wt% dye).
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Figure 79. Fluorescence measurements for PLLA_MCT_CN-PPV capsules (0.005 - 0.1 wt% dye).
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Figure 80. Fluorescence measurements for PLLA_MCT_PCPDTBT capsules (0.005 - 0.1 wt% dye).
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Figure 81. SEM images of PLLA_MCT capsules based on SDS-solution (1.) and PVA-solution (r.).

Freeze-dried samples of the PLLA_MCT capsules were analyzed with an electron
microscope to obtain a detailed view of the shape, surface and size (Figure 81). The
smaller capsules made with SDS-solution seemed to agglomerate strongly and lose their
spherical shape. The picture of the capsules made with PVA-solution was more difficult
to interpret because the freeze-dried PVA cake was coating the capsules. A sponge like
cake was formed by the PVA-capsule mixture. Nevertheless, capsules could be guessed
to be inside the PVA cake as well as being separated from each other within the PVA. The
PVA coating should improve the stability and long term storage properties of the freeze-
dried samples. Based on water soluble PVA coating a re-dispersion in water was
possible.

Figure 82.TEM images of PLLA_MCT capsules based on SDS-solution (1.) and PVA-solution (r.).

Diluted solutions of the finished nanocapsule suspension were measured in TEM (Figure
82). The pictures of the PLLA_MCT capsules solutions showed the formation of spherical
capsules. The smaller capsules made with SDS-solution seem to agglomerate strongly
and lose their perfect round shape. The picture of the capsules made with PVA-solution
was clearly showing single formed, round shaped capsule. Also the crystals formed by
PVA were visible.
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4.0 Experimental Part

4.1 Chemicals and Materials

All chemicals were purchased from Sigma-Aldrich, except Ascorbic Acid (Merck), HDI
(Merck), Urea (Merck), PEG-400 (Fluka), 6-Chloro-hexyne (Alfa Aesar), Hexadecane
(Alfa Aesar), Limonene (Alfa Aesar), Methane sulfonyl chloride (Alfa Aesar), PVF powder
(Alfa Aesar), Sn(oct)2 (Alfa Aesar), Cuz0 (abcr), PVA (Kuraray Europe GmbH), Diethyl-2-
ethylmalonate (J&K), Hydrogen peroxide (Gruessing), 5-Amino-fluorescein (TCI),
Bisphenol E (TCI), TMSA (TCI), DBTDL (TCI), L-Lactide (TCI), Triethyl amine (TCI) and
2-amino-4-hydroxy-6-methylpyrimidine (TCI). The bivalent functionalized PIB was
bought from Kaneka. The chemicals were used without further purification, if not
mentioned otherwise.

L-lactide was dried over P20s in a desiccator. Caprolactone was dried over CaHz and
freshly distilled before use. Sn(oct)2 was vacuum distilled and dried at high vacuum.
K2C03 was dried in vacuum at 150 °C before use. THF was pre-dried over potassium
hydroxide, while toluene was predried over calcium chloride. These solvents were
heated under reflux over sodium/benzophenone until the blue color persists. DCM was
predried over calcium chloride and dried finally by refluxing over calcium hydride. DMF,
ACN, and DMSO were dried by refluxing over calcium hydride and freshly distilled prior
use. All other solvents were distilled once before use. Polymers were dried in high
vacuum above their melting point, when reacted with isocyanates.

MCT and the fluorogenic polymers (CN-PPV, PF8BT) were provided by the
pharmaceutical department of the MLU (AG Dailey).

4.2 Instrumentation

DSC measurements of pure PCL and of the composites were done on a Netzsch DSC 204
F1. Samples pieces with a mass of 5 - 10 mg were placed into aluminum crucibles and
were heated under nitrogen atmosphere with a heating rate of 10 K-min-1. Evaluation of
the measured data was done with Netzsch Proteus Analytic software.

TGA measurements were done on a Netzsch TG 209 F3. Samples pieces with a mass of
1-10mg were placed into alumina crucibles and were heated under nitrogen
atmosphere with a heating rate of 10 K-min-1. The mass losses were evaluated with
Netzsch Proteus Analytic software.

For rheology measurements the polymer samples were filtered through a Teflon GPC-
filter (0.2 um) and dried in vacuum at 60-80°C for three days. The rheology
experiments were executed on an Anton Paar MCR-101 DSO rheometer using parallel
plate-plate geometry with a diameter of 8 mm. The temperature was controlled with a
thermoelectric cooler/heater in a chamber filled with dry air. For each measured
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temperature the samples were preheated for 30 minutes reaching their equilibrium
state. For 3D printing the mandatory temperature-dependent measurements of the
viscosity versus shear rate (0.1 - 100 s'1) were performed. If not mentioned otherwise
temperature-dependent frequency measurements (FS) were done within the linear
viscoelastic regime (LVE). Data were evaluated by using the RheoPlus / 32 software (V
3.40) and OriginPro8G.

For 3D printing different geometrical shapes were programmed with the help of the CAD
program BioCAD™,. Each individual polymer strand was drawn in the CAD program and
stacked up to six layers. For the attached 0.20 mm printing needle the strand thickness
was set to 0.18 mm (90 % of the needle diameter due to its movement with a velocity of
10 mm/s during printing). The CAD file was automatically transformed to an ISO file for
communication with the 3D printer. The printer regenHU 3D Discovery, equipped with a
heatable polymer extrusion printing head with a 0.20 or 0.33 mm inner diameter needle,
was used for printing of supramolecular polymers. For 3D printing the polymer samples
were filtered through a glass fiber GPC-filter (1.2 um) and dried in vacuum at 60 °C for
three days. Each polymer was filled into the heatable tank of the printing head. The
temperature of the printing needle was adjusted according to the printability window
determined by the viscosity versus shear rate measurements. The temperature of the
tank of the printing head was set 10 °C higher than the temperature of the printing
needle. The extrusion printing head works with an air pressure of 0.2 MPa and the
molten polymers flow from the tank to the extrusion screw. The polymer layers were
printed directly on a standard glass or teflon slide. The composites were printed on a
standard glass slide equipped with masking tape for mechanical adhesion (Figure 83).
The drop-on-demand liquid printing head was set to one drop per grid hole at room
temperature. The 3 mL cartridge was filled with oils and pressed with air of 0.020 MPa
to move the liquid through the inkjet nozzle.

Figure 83: The different printing heads for the printer regenHU 3D Discovery. 1. The polymer extruder
deposed the two base layers of composite 10, 2. inkjet drop-on-demand head filled the grid gaps with
trivalent alkyne, 3. the filled grid was closed with two layers of composite 10.

Contact angle measurements were performed on an Optical Contact Angle Measuring
System OCA 20. Three drops of each liquid were placed onto the surface of the printed
PCL plates (1 drop 5 pL). The contact angle was determined on both sides of the drop
using the OCA 20 instrument at a temperature of 20 °C.
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NMR-spectra were measured on a Varian Gemini 400 spectrometer. For 1H-NMR spectra
400 MHz at 27 °C were used and for 13C-NMR spectra 100 MHz at 27 °C were used. As
solvents CDCls and DMSO were used. For interpretation of the NMR spectra MestReNova
software (version 9.0.1-13254) was utilized and chemical shifts were given in ppm and
coupling constants in Hz.

ATR-FTIR-spectra were recorded on a Bruker Tensor VERTEX 70 spectrometer equipped
with a Golden Gate Diamond ATR top-plate. Samples were measured with 32
background scans and 32 sample scans. For analysing of data Opus 6.5 was utilized.
Temperature dependent AT-IR measurements were performed between 30 to 120 °C in
10 K steps. The samples were allowed to equilibrate at each temperature for 10 minutes.

Gel permeation chromatography (GPC) investigations were performed at 40 °C on a
Viscotek GPCmax VE 2002 from Viscotek™ applying a HurH Guard-17369 and a
GMHHr-N-18055 column. As solvent THF was used and the sample concentration was
adjusted to 3 mg'mL-! while applying a flow rate of 1 mL'min-l. For determination of the
molecular weights the refractive index of the investigated sample was detected with a
VE 3580 RI detector of Viscotek™ and PIB-standards (320 g'mol-! to 578,000 g'mol1)
were used as reference from Viscotek™,

Matrix-assisted laser desorption / ionization time-of-flight mass spectrometry (MALDI-
ToF-MS) measurements of polymers with similar molecular weight were done on a
Bruker Autoflex III system in linear mode. Data evaluation was performed with
flexAnalysis software (version 3.0). Formation of ions was obtained by laser desorption
(smart beam laser at 355, 532, 808, and 1064 * 6.5 nm; 3 ns pulse width; up to 2500 Hz
repetition rate). lons were accelerated by a voltage of 20 kV and detected as positive
ions. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]|malononitrile (DCTB,
20 mg'mL-1 THF) was used as matrix and lithium trifluoroacetate (LiTFA, 20 mgmL-1
THF) or silver trifluoroacetate (AgTFA, 20 mg'mL-1 THF) were used as salts for ionizing
supramolecular star polymers functionalized with hydrogen-bonding moieties (20
mg'mL-1 THF) while applying a volume ratio of 25:5:1 or 100:10:1. Baseline subtraction
and smoothing of all recorded MALDI-ToF-MS spectra was done by applying a three
point Savitzky-Golay algorithm.

Electrospray lonization — Time of Flight Mass Spectrometry (ESI-ToF-MS) was performed
on a Bruker Daltonics microTOF via direct injection with a flow rate of 180 pL/h using
the positive mode / negative mode. Solutions were prepared by dissolving the sample in
THF or MeOH and concentrations of 0.1 mg/mL were adjusted. For neutral compounds
the salt Nal was added.

Small-angle X-ray scattering (SAXS) experiments were accomplished at room
temperature using a Retro-F laboratory setup (SAXSLAB, Massachusetts) in
transmission. The instrument is equipped with an microfocus X-ray source (AXO
Dresden GmbH, Germany) with an ASTIX multilayer X-ray optic (AXO Dresden GmbH,
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Germany) as monochromator for Cu Kq radiation (A=0.154 nm). A PILATUS3 R 300K
detector (Dectris Ltd., Switzerland) with a sample-to-detector distance of
1035.5707 mm for SAXS measurements, respectively, was used to record the two-
dimensional scattering patterns.

XRD measurement were performed, using a Bruker AXS D8 advanced X-ray
diffractometer with Cuka (A = 0.15406 nm) radiation in the 26 range between 5-80° with
a scan rate of 2°/min.

UV/Vis spectra were measured on LAMBDA 365 UV/Vis Spectrophotometer using
tungsten-halogen and deuterium lamps. The sample solutions were prepared in quartz
cuvettes with different solvents (CHCls, THF, MeOH, H20).

Fluorescence investigations in solution and solid state were done using in a Cary Eclipse
Fluorescence Spectrophotometer. The solution measurements were performed in quartz
cuvettes in different solvents (EtOH, THF, MeOH) depending on the dye. For the solid
state measurements the sample was fixed between two glass slides and the reflected
fluorescence of a small area (10 mm x 0.2 mm) was detected. For each sample the
measurements were repeated 2 - 3 times.

DLS analysis was done in PMMA cuvettes using a Viscotek 802 DLS instrument. After
solvent evaporation encapsulation, the remaining capsule dispersion was filtrated and
10 pL of the dispersion was diluted to 3 mL with water. Each sample was measured
10 times for 10 seconds and a hydrodynamic radius distribution was calculated.

For the synthesis of TRGO a glass tube oven from Nabertherm, Mod. RSR-B120 / 750 / 11
was used with a nitrogen atmosphere at 700 °C.

Scanning electron microscope (SEM) images were recorded on a scanning electron
microscope Phenom ProX with a zoom up to 50.000%, voltage of 5 - 15 kV and a BSE-
Detector with EDX (Energy-dispersive X-ray spectroscopy).

For transmission electron microscopy (TEM) the samples (TRGO) were dispersed in
isopropanol, using a sonication bath and spread onto a Cu-grid coated with a Carbon-
film. The solvent evaporated over a time period of two hours. The dried specimens were
examined with an EM 900 transmission electron microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany). Micrographs were taken with a SSCCD SM-1k-120
camera (TRS, Moorenweis, Germany).

Ultrasonication experiments for nanocapsules synthesis used the Sonics VCX 500 ultra-
sonic processor at a frequency of 20 kHz equipped with a long full wave solid probe
(254 mm) out of titanium alloy (Ti-Al-4V) with a diameter of 13 mm. The emulsion was
sonicated in an ice bath for two minutes (30 s pulse, 15 s pause) with amplitude of 60 %
-90 %.
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Freeze-drying of samples took place with the Telstar LyoQuest -85 Laboratory Freeze-
dryer. The samples were dispersed or dissolved in a low amount of water (5 - 10 mL)
and cooled down very fast in liquid nitrogen. The frozen samples were attached to a
vacuum of 0.2 mbar and a condenser temperature of ~ -80 °C. After 24 hours the
samples were removed from the freeze-dryer.

The compression cycles were conducted on the automatic hydraulic Atlas Power Presses
T15 from Specac together with an Atlas 13 mm evacuable pellet die applying 10 tons’
pressure.

TLC was done on Silica Gel 60 F254 aluminum plates.

4.3 Syntheses
4.3.1 Monomers for “Click”-reaction resins

4.3.1.1 Synthesis of 1,1,1-Trimethylolpropane tri(3-azido-2-hydroxy-
propanyl)ether (1)

K

}O Hoj/
NH,CI, NaN,

o _— OH
%OX MeOH N3\)\/03<
e} reflux, 24 h O\_{)j

1,1,1-Trimethylolpropane triglycidyl ether (5 g, 0.0165 mol), NH4CI (4.41 g, 0.0825 mol)
and NaNs3 (5.36g, 0.0825 mol) were dissolved in methanol (75 mL). The reaction
solution was refluxed for 24 hours. After cooling down to room temperature the solvent
was removed under reduced pressure. The inorganic salts were extracted with
chloroform (3x30 mL). The collected organic solvent was washed with water (3x50 mL)
and brine (3x50 mL). After drying over MgS04 the solvent was evaporated in vacuum.260

Product: yellow oil Yield: 4.74 g (67 %)

1H-NMR (400 MHz, CDCls): 3.90 (3H, dd, | = 9.97, 5.27Hz, Ce), Ns
o7

3.41 (18H, m, Cas7), 2.78 (3H, s, OH), 1.37 (2H, m, C2), 0.81 "5

(3H, t, ] = 7.57Hz, C1); 13C-NMR (100 MHz, CDCl3): 72.6 (C4), OH  1—s I/s

72.3 (Cs), 69.5 (Cs), 53.4 (C7), 43.3 (C3), 23.3 (C2), 7.6 (C1); Ny _h_o 3"
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4.3.1.2 Acetylation of 1,1,1-Trimethylolpropane tri(3-Azido-2-hydroxy-
propanyl)ether (2)

Nj OY Ny

Hoj/ o j/
ACzO Q 0
DMF ?
(0]

rt, 90 h

S .

Over CaH: distilled DMF (30 mL) was purged with nitrogen. In a flask compound 1
(4.32g, 10 mmol) and 4-DMAP (0.244 g, 2 mmol) were placed. The reaction was
performed under nitrogen atmosphere and dry DMF was added with a syringe. After
complete dissolution acetic anhydride (6.13 g, 60 mmol, 5.67 mL) was added drop wise.
The solution was stirred at room temperature for four days. The finished reaction was
diluted with an excess of water (100 mL) and was extracted with Et20 (3x30 mL). The
organic phase was washed with water (3x75 mL), brine (1x50 mL) und water (2x75
mL). After drying over MgS04 the solvent was evaporated under reduced pressure and
azeotrope distillation with n-heptane (3x2 mL) was used to remove all DMF traces. The
crude product was purified with a flash column in Et20 and drying under high vacuum
for two days.276

Product: slightly yellow oil Yield: 4.11 g (75 %)
1H-NMR (400 MHz, CDCls): 5.06 (3H, m, Ce), 3.46-3.54 (12H, Osg-9
m, Css), 3.26 (6H, s, C7), 2.08 (9H, s, Co), 1.35 (2H, d, ] o7
=7.58Hz, C2), 0.81 (3H, d, ] = 7.50Hz, C1); 13C-NMR (100 MHz, i o
(0] 1—2 1
CDCl3): 170.1 (Cs), 71.6 (C4), 71.1 (Cs), 695 (Ce), 51.0 (C7), T o
43.4 (C3), 22.9 (C2), 20.9 (Cs), 7.6 (C1); ~ o o—<o
N3
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4.3.1.3 Synthesis of 1,1,1-Trimethylolpropane tripropargylether (3)

NaOH, H,0 o T
HQXOH + Br/ =N OX
OH = @

60 °C, 24 h

A 2-neck flask equipped with a gas tap and a septum was flushed three times with
nitrogen. In a counter flow of nitrogen 1,1,1-trimethylol propane (6.71 g, 0.050 mol),
NaOH (12 g, 0.30 mol) and TBAB (0.80 g, 0.0025 mol) were placed into the flask. Then
water (1.5 mL) and subsequently propargyl bromide (45.0 g, 0.30 mol, 33 mL, 80 wt% in
toluene) was added drop wise over a period of ten minutes. The reaction mixture was
slowly heated to 60 °C and stirred for 24 hours. The reaction progress was checked with
TLC (Rf= 0.9 and 1.0 in Et20). After cooling down to room temperature the mixture was
extracted with Et20 (3x50 mL). The organic phase was washed with water (3x200 mL)
and then dried with Na2S04. The solvent was evaporated under reduced pressure and
the crude product was purified with column chromatography in chloroform (Rf = 0.4).259

Product: slightly yellow liquid  Yield: 5.11 g (40 %)

1H-NMR (400 MHz, CDCls): 4.08 (6H, d, ] = 2.4Hz, Cs), 3.36 (6H, 2 ey
s, C4), 2.39 (3H, t, ] = 2.4Hz, C7), 1.39 (2H, g, ] = 7.6, C2), 0.84 _O°~"\0o _
(3H, t, ] = 7.6Hz, C1); 3C-NMR (100 MHz, CDCls): 80.2 (Ce),

74.2 (C7), 70.4 (C+), 58.7 (Cs), 42.8 (C3), 22.8 (C2), 7.6 (C1);

4.3.1.4 Synthesis of Bisphenol A/E propargyl ether (4/5)

20% aq.
HO OH rt, 48 h "0 07
20% aq.
O O . NaOH O
HO rt, 48 h o)

OH

\

A\

//

5

A 20%-solution of NaOH (2.8 g, 0.07 mol) and water (14 mL) was prepared. Bisphenol
A/E (5g, 0.023 mol), TBAB (0.39 g, 1.2 mmol) and the NaOH-solution were placed in a
flask and dissolved during ten minutes. The aqueous solution was purged 30 minutes
with nitrogen and subsequently propargyl bromide (8.33 g, 0.07 mol, 7.55 mL, 80 wt%
in toluene) was slowly added drop wise. The reaction mixture was stirred for 48 hours
at room temperature. The solution was diluted with Et20 (100 mL) and washed with
water (5x100 mL). The organic layer was dried with MgS04 and was removed under
reduced pressure.291
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Product: slightly yellow powder (BAPE), yellow oil (BEPE)
Yield: 6.09 g (91 %), 6.23 g (96 %)

IH-NMR (400 MHz, CDCl3): 7.21-7.08 (4H, m, Cs), 6.97- v
6.79 (4H, m, Cs), 4.67 (4H, d, ] = 2.4Hz, C7), 2.52 (2H, t, ] = J@( \CZ 7
2.4Hz, Co), 1.65 (6H, s, C1); 3C-NMR (100 MHz, CDCl3): = © o
155.5 (Cs), 143.9 (Cs), 127.7 (Cs), 114.2 (C4), 78.8 (Ca),

75.3 (Co), 55.8 (C7), 41.8 (C2), 31.0 (C1);

1H-NMR (400 MHz, CDCls): 7.22-7.06 (4H, m, C4), 7.00- 1.

6.84 (4H, m, Cs), 4.67 (4H, d, ] = 2.4Hz, C7), 4.09 (1H, q, ] = stcz 7
7.2Hz, C2), 2.52 (2H, t, ] = 2.4Hz, C9), 1.61 (3H,d,] = 7.2Hz, o %507 g

C1); 13C-NMR (100 MHz, CDCls): 155.8 (Cs), 139.7 (C3),
128.4 (Cs), 114.7 (Ca), 78.8 (Cs), 75.3 (Co), 55.8 (C7), 43.1
(C2), 22.2 (C1);

4.3.2 Syntheses of supramolecular polymers

4.3.2.1 Synthesis of telechelic bimesylated PEG (400, 1500, 8000) (6)

Mesyl chloride

- \\/
HO 0 -0
\/\o{/\/ l\n/\OH DCM, Pyridine \/\O{/\/ l‘/\

20 h, rt

6

A methanesulfonyl chloride (968 pL, 12.5 mmol) solution in DCM (40 mL) was added
drop-wise to polyethylene glycol Mn 400 (1 g, 2.5 mmol) in pyridine (3 mL) at 0 °C. The
reaction mixture was allowed to warm up to room temperature and stirred for 24 hours.
After removing the DCM under reduced pressure the residue was reacted with a
saturated solution of sodium hydrogen carbonate (250 mL) and extracted with DCM
(5x50 mL). After drying the organic layer over Na2S04 the solvent was evaporated.30°

Product: yellow liquid Yield: 0.95 g (95 %)

1H-NMR (400 MHz, CDCl3): 4.27 (4H, m, C4), 3.66 (4H, m, 0 s
W ,O\/\ 1\ /O /4\ ,S\

C3), 3.54 (28H, m, C1+2), 2.98 (6H, s, Cs); 8 0[ 37707,

o
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4.3.2.2 Synthesis of telechelic biazido PEG (400, 1500, 8000) (7)

\ NaN3
\ / .
\\ O - N3 %\/O}\/\

rt, 24 h

7

The obtained bimesylated PEG Mxn 400 (1 g, 2.5 mmol) was dissolved in DMF (7 ml) and
sodium azide (813 mg, 12.5 mmol) was added to the solution. The reaction mixture was
stirred for 24 hours at room temperature and was then concentrated by rotary
evaporator. The product was extracted with DCM (3x50 mL) and dried in vacuum.30?

Product: yellow polymer Yield: 0.95 g (99 %)

1H-NMR (400 MHz, CDCl3): 3.61 (4H, m, C3), 3.59 (28H, m,

Ns \/\0{1\2’013’4‘N3
C1+2), 3.32 (4H, m, C4);

4.3.2.3 Synthesis of tetravalent telechelic azido Tetronic 3600 (8a-b)

H Cl

NCO
~N - N\/\ /\/CI
N/|:/\[/ E|\P\ J dry ACN ,\r\’\’\r ’|:’\[/ E|\P\ %
60 °C, 72 hours

8a

Zonar QO
MY

&

Tetronic 3600-0OH (5 g, 1.39 mmol) was dried in high vacuum for 24 hours. The reaction
took place under dry nitrogen atmosphere. The polymer was dissolved in dry
acetonitrile (50 mL) and 2-chloroethyl isocyanate (912 uL, 9 mmol) was added as well
as a catalytic amount of DBTDL. The reaction was stirred at 60 °C for 72 hours. The
solvent was removed under reduced pressure and the final polymer Tetronic 3600-Cl
was dried in high vacuum at 60 °C. No further purification was realized.

Product: yellow polymer Yield: 4.1 g (80 %)

1H-NMR (400 MHz, DMSO): 7.46 + 7.31 (4H, s), 4.37 + 3.86
(16H, t,] = 6.0Hz), 3.49 (197H, m), 1.03 (120H, d, ] = 5.9Hz);
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3

Zownr O
Zoown Z

o)
o’ \/\Nho}ko/}ﬂ\N/\/Cl _NaNs _ -
H DMF 3
| X y

§
s
& rt, 24 h

O
{/\(O}P\O%N/\/Ns
H
X y

3

ZvennZ

8b

The followed reaction to Tetronic 3600-N3 was performed like described for telechelic
biazido PEG with accordingly more sodium azide. No further purification was
performed.

Product: yellow polymer Yield: 4.0 g (97 %)

1H-NMR (400 MHz, DMSO): 7.42 + 7.28 (4H, s), 4.37 + 3.86

(16H,t,] = 6.0Hz), 3.49 (197H, m), 1.03 (120H, d, ] = 5.9Hz);

FT-IR: v(C-H) = 2869 cm-1, v(N3) =2100 cm, v(C=0)=1720 cm1, v(C-0) =1251 cm,
v(C-C-0) =1095 cm%;

4.3.2.4 Synthesis of bivalent telechelic azido PIB (9a-c)

1.BMS
/ -
z ; THF ) OH
24 h rt

9a

Bivalent allyl-telechelic PIB 8000 (10 g, 1.25 mmol) was dissolved in dry THF (50 mL)
and after complete dissolution boran dimethyl sulfide (105 pL, 1.1 mmol) was added
dropwise. After five minutes a gel was formed and was kept at room temperature for 20
hours. Afterwards aqueous NaOH (120 mg, 3 mmol) was added, followed by H20:
(1.5mL, 35 %). The reaction mixture was kept stirring for 24 hours at room
temperature. The solvent was removed under vacuum and the polymer was extracted
with n-hexane (100 mL). The organic phase was washed with water (100 mL) and brine
(100 mL), dried over Na2SO04, filtered and the solvent was removed under vacuum.

Product: colorless polymer Yield: 8.44 g (84 %)

1H-NMR (400 MHz, CDCl3): 3.61 (4H, t, ] = 5.7Hz), 1.42 (504H,
m), 1.11 (1525H, m);

CBr4, PBU3
HO ~ B
\/\M/\/\OH DCM r\/M/\/\Br

n 48 h, rt n

9b
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Bivalent hydroxy-telechelic PIB 8000 (8.44 g, 1.06 mmol), CBrs (7.7 g, 23.21 mmol) and
Tri-n-butylphosphin (5.27 mL, 21.1 mmol) were dissolved in dry DCM (200 mL) and
stirred under nitrogen atmosphere for 48 hours at room temperature. The reaction
progress was checked with TLC (Rf=1 in hexane). The solvent was removed in vacuum
and the polymer was extracted with n-hexane (3x30 mL). The solid residues and
impurities were removed with centrifugation and the concentrated polymer solution
was purified by column chromatography in hexane / ethyl acetate (40 / 1, Rr= 0.9). After
removing the solvent the polymer was dried in vacuum.146, 310

Product: colorless polymer Yield: 6.9 g (81 %)

1H-NMR (400 MHz, CDCls): 3.37 (4H, t, ] = 6.9Hz), 1.42 (533H,
m), 1.11 (1589H, m);

TBAF, TMSA
Br N
\/\/P</:|/\/\Br THE 3\/\/P<4/\/\N3
n

n 48 h, 55 °C

9c

Bivalent bromo-telechelic PIB 8000 (6.9 g, 0.86 mmol) was dissolved in dry THF
(70 mL). After complete dissolution TBAF (13.8 mL, 13.8 mmol, 1 M in THF) and TMSA
(2.8 mL, 13.8 mmol) were added and the reaction was stirred for 24 hours at 55 °C. The
solvent was removed under vacuum and the crude polymer was dissolved in n-hexane
and purified with centrifugation and column chromatography in n-hexane (Rf=1). The
solvent was removed under vacuum.147.311

Product: colorless polymer Yield: 5.8 g (85 %)
1H-NMR (400 MHz, CDCl3): 3.23 (4H, t, J = 7.0Hz), 1.42 (517H,

m), 1.11 (1553H, m);
FT-IR: v(-CH3) = 2950 cm'1, v(C-H) = 2897 cm1, u(N3) = 2111 cm-1;

4.3.2.5 Synthesis of diethyl 2-hexynyl-2-ethylmalonate (10)

1. NaH -\ (0]
Q Q 2. 6-Chloro-1-hexyne o)
/\O O/\
DMF Z 0
20 h, 60 °C o
10

Sodium hydride in mineral oil (0.41 g, 10 mmol) was suspended in dry DMF (4 mL),
while cooled in an ice bath. Diethyl 2-ethylmalonate (1.80 g, 9.6 mmol) was added
slowly drop wise at 0°C. The mixture was stirred for 20 minutes at 0°C till a clear yellow
solution and no gas production was visual. Then, 6-chloro-1-hexyne (1.12 g, 9.6 mmol)
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was added drop wise. The reaction was stirred at 60 °C for 20 hours. Then this solution
was cooled down to room temperature and was concentrated. The salts were extracted
with DCM (2x10 mL) and the solvents were removed under reduced pressure. Final
purification was done with flash column chromatography in n-hexane (Rf=0) and then
in CHCl3 (Rf=0.6). The colorless liquid still contained a small amount of non-reacted
diethyl 2-ethylmalonate.

Product: colorless liquid Yield: 2.1 g (80 %)
1H-NMR (400 MHz, CDCl3): 4.16 (4H, q,] = 7.1Hz, C2), 2.18 (2H, 2 P
td, ] = 71, 2.6HZ, Cl()), 1.90 (SH, m, C5,7,12), 1.52 (ZH , M, C9), 10 8. ,\4/5\6
1.28 (2H, m, Cs), 1.24 (6H, t, ] = 7.1Hz, C1), 0.80 (3H, t, ] = *" ° 7 )-o
7.6Hz, Cs); 13C-NMR (100 MHz, CDCls): 171.7 (C3), 84.1 (C11), ©
68.4 (Cs), 61.0 (Cs), 57.9 (C7), 31.0 (Co), 28.6 (Cs), 25.2 (C),
22.9(Ce), 18.1 (CeE), 14.1 (C1), 8.4 (C1E);
4.3.2.6 Synthesis of 2-hexynyl-2-ethyl barbiturate (11)
\ 0 Urea, K*(CHg)sCO" o
= DMSO
- 4 N 24 h, rt = " N O

11

Urea (11.5 g, 192 mmol) and potassium tert-butoxide (1.08 g, 9.6 mmol) were dissolved
in dry DMSO (30 mL). While cooling in an ice bath the diethyl 2-hexynyl-2-
ethylmalonate (1.3 g, 4.8 mmol) was added dropwise. The mixture was stirred for 24
hours at room temperature. Then, water (120 mL) was added and the pH-value was
adjusted to 10, if required with NaOH solution (1 M). The aqueous layer was washed
with Et20 (2x60 mL). The water phase was acidified to pH = 2 with HCI solution (1 M).
The barbiturate was extracted with Et20 (2x60 mL). The combined organic phases were
washed with water (1x60 mL). The solvents were removed under reduced pressure and
recrystallization from hot toluene was performed over night in the fridge.

Product: colorless crystals Yield: 794 mg (70 %)

1H-NMR (400 MHz, DMSO0): 11.51 (2 H, s, NH), 2.69 (1 H, t, ] = , S

2.6 Hz, Cn1), 2.09 (2 H, td, ] = 6.9,2.6 Hz, Co), 1.79 (4 H, m, Cz),
1.34 (2 H,m, Ca), 116 (2 H,m, C7), 072 B H,t,] = 74 Hz, C1); =0’ 0Py 5%

13C-NMR: 173.5 (C4), 150.3 (Cs), 84.6 (Ci0), 71.8 (C11), 56.1
(C3), 37.9 (C2), 32.0 (Ce), 28.3 (Cs), 24.1 (C7), 17.9 (Cs), 9.5 (C1);
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4.3.2.7 Synthesis of UPy isocyanate (12)
A , 18h105°C O N/)\N)J\N/\/\/\/NCO

6-Methylisocytosine (2 g, 16 mmol) and hexamethylene diisocyanate (20 mL) were
mixed in a flask under nitrogen atmosphere. The reaction was stirred at 105 °C for
18 hours. After cooling down to room temperature, the white powder was washed with
n-pentane (5x100 mL) and dried in vacuum.141

Product: colorless crystals Yield: 4.2 g (90 %)

1H-NMR (400 MHz, CDCl3): 13.11 (1H, s, NH), 11.86 (1 H, !

s, NH), 10.18 (1 H, s, NH), 5.81 (1 H, s, C3), 3.28 (4 H, m,  3*°'NH O

C712), 2.23 (3 H, s, C1), 1.62 (4 H, m, Cs11), 1.39 (4 H, m, o**N**N-® N8 0>10 112 NCO
Co,10); 13C-NMR (100 MHz, CDCl3): 173.0 (Cs), 156.6 (Cs), i
154.8 (C12), 148.2 (C4), 121.9 (Cnco), 106.7 (C3), 42.9 (C2),
39.8 (C1), 31.2 (C7), 29.3 (C12), 26.2 (C11), 26.1 (Cs), 18.9
(Co);

T

4.3.2.8 Synthesis of alkyne thymine (13)

K,CO
HN/I 2 3 //\N/\I
P =
oél\ o N DMF OAH o

60 h, 60 °C

13

K2C03 (5.53 g, 40 mmol) was dried over night before use. Thymine (5 g, 40 mmol) and
dry K2C€03 were placed in a flask and were flushed with N2. Dry DMF (60 mL) was added
and the mixture was stirred for 5 minutes. Propargyl bromide (5.23 g, 4.9 mL, 44 mmol)
was added drop wise to the solution. The reaction was run at 60 °C for 60 hours.
Afterwards, the solvent was removed in vacuum. The product was extracted with ethyl
acetate (2x50 mL) and concentrated under vacuum. Final purification was done by
recrystallization in hot toluene (200 mL).

Product: slight yellow crystals  Yield: 3.2 g (50 %)

1H-NMR (400 MHz, DMS0): 11.34 (1 H, s, NH), 7.56 (1 H,d,J = _,-%y-*s5-
1.2 Hz, C4), 4.47 (2 H,d,] = 2.5 Hz, C3), 3.38 (1 H, t, ] = 2.5 Hz, RN
C1),1.77 (3 H, d,] = 1.2 Hz, Cs); 13C-NMR (100 MHz, DMSO0):
164.6 (C7), 150.8 (Cs), 140.6 (C4), 109.8 (Cs), 79.1 (C2), 76.1

(C1), 36.8 (C3), 12.4 (Ce);

130



4.3.2.9 Synthesis of bivalent PEG-barbiturate via click reaction (14)

CusO,

Na ascorbate
Naw Alkyne- barblturate N-N
o N;
2-Propanol / H,0 ‘N/\/O\{/\ %\/

60 °C,48 h

14

Barbiturate 14 (750 mg, 3.17 mmol) and bivalent azido PEG 400 (422 mg, 1.06 mmol)
were dissolved in 2-propanol and placed under a nitrogen atmosphere. The CuSO4-5-H20
(40 mg, 0.16 mmol) was dissolved in 10 mL water, added to the reaction and degassed
with nitrogen. Finally sodium ascorbate (64 mg, 0.32 mmol) was added in counter flow
of nitrogen. The reaction mixture was stirred for 48 hours at 60 °C. Afterwards, the
solvents were removed and the crude product was extracted with DCM (50 mL) and
centrifuged. The solution was concentrated and purified with column chromatography
in E20 (Rfr=0) and Et20 / MeOH (9 /1, Rr=1). The polymer solution was filtrated
through a glass fiber GPC filter (1.2 um). The solvents were removed in vacuum and the
polymer was dried for 72 hours in high vacuum at 60 °C.286

Yield: 832 mg (90 %), H-NMR (DMSO): 11.50 (4 H, s), 7.75 (2 H, s), 4.44 (4 H, t, ] = 5.3
Hz),3.77 (4 H, t, ] = 5.3 Hz), 3.49 (28 H, m), 2.54 (4 H, t, ] = 7.6 Hz), 1.8 (8 H, m), 1.51 (4
H, m), 1.13 (4 H, m), 0.74 (6 H, t, ] = 7.4 Hz), ESI-MS: [M - H]- 891.45 m/z, simulated:
891.46 m/z.

4.3.2.10 Synthesis of tetravalent Tetronic-barbiturate via click reaction (15)
N, CusS0, o
3 Na ascorbate B
: Alkyne-barbiturate % o NMH
N N 1
A R A AT
Pr (0] H
X y

|
-
2-Propanol / H, B
60 °C, 48 h

W Z

15

The click reaction was conducted in the same way described for the PEG polymers,
except more barbiturate 14 was added and column chromatography in Et20 (Rf=0) and
THF (Rf=1) was conducted. The final polymer was precipitated twice in cold Et20 and
was dried for 72 hours in high vacuum at 60 °C.28¢

Yield: 3 g (66 %), tH-NMR (DMS0): 11.50 (8 H, s), 7.74 + 7.71 (4 H, s), 7.36 + 7.22 (4 H,
s), 4.33 + 4.03 (16 H, t, ] = 6.0 Hz), 3.49 (197 H, m), 2.54 (8 H, t, ] = 7.6 Hz), 1.81 (16 H,
m), 1.51 (8 H, m), 1.12 (8 H, m), 1.03 (120 H, d, ] = 5.9 Hz), 0.74 (12 H, t, ] = 7.4 Hz).
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4.3.2.11 Synthesis of bivalent PIB-8000-barbiturate via click reaction (16)

Cul, DIPEA O
Alkyne-barbiturate NH
N3 '/\I’N /&
Ny THF N/ 07 "N
. 72h, 60 °C B H
n
16

The reaction was conducted according to literature31? with slight modifications. DIPEA
was used in 6-fold excess. After completion of the reaction, checked with TLC (n-
hexane), the solvent was removed in vacuum and the crude polymer was dissolved in n-
hexane. The non-soluble impurities were removed with centrifugation and a yellow
colored polymer was obtained after drying in high vacuum for 72 hours at 60 °C.312

Yield: 5.5 g (90 %), tH-NMR (CDCls): 8.01 (s, 4H), 7.25 (s, 1H), 4.35 (t, J = 7.0 Hz, 4H),
2.16 (td, J = 7.0, 2.6 Hz, 2H), 2.01 (m, 7H), 1.85 (m, 10H), 1.41 (m, 511H), 1.11 (m,
1532H), 0.78 (s, 10H).

4.3.2.12 Synthesis of bivalent PIB-8000-UPy (17)

UPy-NCO o H H
HO )J\ A~~~ N N N O
\/M/\/\QH THF UNWO N DG
n n O HN_~

72 h,60 °C

The synthesis was performed as described in literature with THF instead of CHCI3 and
was observed with TLC (CHCI3). After the reaction, the solvent was removed in vacuum
and the polymer was redissolved in n-hexane over night. The solid impurities were
removed via centrifugation. The solvent was removed under reduced pressure and a
colorless polymer was dried in high vacuum for 72 hours at 60 °C.28

Yield: 5.1 g (73 %), H-NMR (CDCls): 13.13 (m, 2H), 11.86 (s, 2H), 10.13 (s, 2H), 5.85 (m,
2H), 4.82 (t, ] = 5.8 Hz, 1H), 3.97 (m, 9H), 3.20 (m, 7H), 2.22 (s, 4H), 1.42 (m, 462H), 1.11
(m, 1315H).
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4.3.2.13 Synthesis of tetravalent Tetronic-UPy (18)

H

;
UPy-NCO g
Ny 0 ol 4 N o UPy
HO : THF u ©
$
OH X y X y

72 h,60°C

Zan O

CwvwnnZ

18

This reaction was conducted in the same way as the PIB polymer with accordingly more
isocyanate and centrifugation in THF. The final polymer was precipitated twice in cold
Et20 and was dried in high vacuum for 72 hours at 60 °C. A residue of UPy isocyanate
was still part of the final polymer because of slight solubility in all solvents suitable for
Tetronic and same behavior during column chromatography in THF (R¢= 0.9 for both).28

Yield: 3 g (60 %), H-NMR (CDCl3): 13.13 (m, 4H), 11.86 (s, 4H), 10.13 (s, 4H), 5.85 (m,
4H), 4.91 (m, 4H), 4.15 (m, 8H), 3.49 (114 H, m), 2.22 (s, 12H), 1.59 (m, 8H), 1.49 (m,
8H), 1.36 (m, 18 H), 1.22 (t,] = 7.0 Hz, 10H), 1.03 (73 H, d, ] = 5.9 Hz).

4.3.3 Syntheses of other “Click”-reaction compounds
4.3.3.1 Synthesis of a-propargyl-s-caprolactone (19)

1. LDA
0] 0]
0 2. Propargyl bromide 0
> \\
dry THF
-78°C,4 h
19

e-Caprolactone was freshly distilled over CaH2. A 2-molar solution of LDA (4.4 mL,
8.80 mmol) was dissolved in dry THF (30 mL) and e-caprolactone (1 g, 8.65 mmol) was
added at -78°C. After stirring for one hour at -78 °C, propargyl bromide (1.2 mL,
10.56 mmol) was added to the reaction solution and stirred for three hours at -30 °C.
The reaction mixture was quenched with saturated ammonium chloride solution
(100 mL). The organic phase was extracted with Et20 (3x 30 mL) and combined for
washing with brine (3x 30 mL). Finally the organic layer is dried over Na2504 and the
solvent was evaporated in vacuum. Column chromatography was performed in CHCl3
(Re=0.5).290

Product: slight yellow liquid Yield: 200 mg (20 %)

1H-NMR (400 MHz, CDCl3): 4.29 (m, 2H, Cs), 2.78 (m, 1H, Ca), o
2.63 (m, 1H, C3), 2.36 (m, 1H, C3), 2.12 (m, 2H, C7), 1.99 (t-d, 1///2/3\,/9‘0\
1H, C1), 1.69 (m, 1H, Ce), 1.46 (m, 2H, Cs). 13C-NMR (100 MHz, N

CDCls) 176.1 (Co), 82.1 (Cz2), 69.6 (Cs), 68.7 (C1), 42.5 (C4), 28.8,
28.7,28.3,21.9 (C3).
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4.3.3.2 Synthesis of poly(e-caprolactone)-co-(a-propargyl-e-caprolactone)
(20)

n(oct),
) Ho{*wﬂr%
bulk
90% 10% %

120 °C, 24 h
20

Over CaH: distilled e-caprolactone (900 mg, 7.9 mmol) and dry a-propargyl-e-
caprolactone (100 mg, 0.7 mmol) were placed in a silanized schlenk-tube. In a counter
flow of nitrogen catalytic amounts of Sn(Oct)2 were added. The bulk polymerization
proceeded at 120 °C for 24 hours. The polymer was precipitated twice in cold Et20
(2x200 mL). After drying in vacuum, a white powder (900 mg, 90 %) was obtained.2%0

1H-NMR (400 MHz, CDCls): 4.05 (t, ] = 6.7 Hz, 210H), 3.63 (t, ] = 6.5 Hz, 2H), 2.29 (t, ] =
7.5 Hz, 210H), 1.98 (t, ] = 2.6 Hz, 8H), 1.69 - 1.56 (m, 420H), 1.43 - 1.32 (m, 210H).

4.3.3.3 Synthesis of 5-Azido-fluorescein (21)

HO o OH HO o OH
1. NaN02
LT e 4909
o) o)
Q AcOH / H,0 Q
O <0°C,1h O

NH, N3

21

5-Amino-fluorescein (100.0 mg, 0.29 mmol) was dissolved in a water-acetic acid
solution (10.0 mL, ratio 1 / 2). Ice water (5.0 mL) was added and the reaction mixture
was cooled down with an ice bath. The temperature of the reaction mixture was kept
below 0 °C during the whole synthesis. NaNO2 (41.4 mg, 0.60 mmol) was dissolved in
water (0.25 mL) and was added drop wise to the solution. After stirring for 15 minutes,
NaN3 (58.5 mg, 0.90 mmol) was dissolved in water (0.25 mL) and was added dropwise
to the solution. After 20 minutes a yellow precipitate was formed. The reaction mixture
was centrifuged and the precipitate was collected and was washed with HCl (1 M,
2x 50 mL) and water (3x 50 mL). The crude product was dried in a desiccator over night.
Final purification was done by flash column chromatography in acetone (Rf=0.9). A
yellow powder was obtained (76.0 mg, 0.20 mmol, 70 %).313

= 0.4 (10:1 CHCl3/MeOH); Rf= 0.9 in acetone
1H-NMR (400 MHz, ds-DMSO0): § 6.51-6.63 (m, 4H), 6.67 (d, 2H, ] = 2.3 Hz), 7.30 (d, 1H, ]
= 8.2 Hz), 7.51 (dd, 1H, ] = 8.2 Hz, ] = 2.3 Hz), 7.64 (d, 1H, ] = 2.2 Hz), 10.13 (s, 2H); 13C-
NMR (100 MHz, de-DMSO): 6 83.3, 102.2, 109.3, 112.6, 114.4, 125.6, 126.8, 128.0, 129.0,
141.7, 148.7, 151.9, 159.5, 167.8; HRMS (ESI): Calculated for [Cz20H100sN3]- [M-H]-
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372.07, found 372.06; FT-IR: v 3429 cm™ (-OH), 2120 cm! (-N3), 1729 cm'1 (C=0), 1633
cm1(C=C).

4.3.3.4 “Click”-reaction of 5-azido-fluorescein (22)

HO 0 OH
HO 0 OH O O
‘ ‘ Cul, DIPEA o
o

Phenyl acetylene Q
(0]
dry THF
o 60 °C, 6 h N

)
N3 N\‘Nj\©

22

The reaction was performed under a dry atmosphere of nitrogen. 5-Azido-fluorescein
(50.0 mg, 0.13 mmol) and catalytic amounts of Cul were dissolved in dry DMF (2 mL)
and were purged with nitrogen for 30 minutes. DIPEA (39.0 mg, 0.30 mmol, 51 pL) and
phenyl acetylene (15.3 mg, 0.15 mmol, 17 pL) were added in a counter flow of nitrogen.
The reaction mixture was stirred at 60 °C for six hours. The progress of the reaction was
followed by FT-IR spectroscopy. After completion of the reaction, the solvent was
removed under vacuum. Final purification was done by flash column chromatography in
acetone (Rr=0.9). An orange powder was obtained (60.0 mg, 0.13 mmol, 97 %).

Rr=0.05 (10:1 CHCI3/MeOH); Rr= 0.9 in acetone

1H-NMR (400 MHz, d6-DMSO0): § 6.58 (d, 1H, ] = 9.6 Hz), 6.71 (d, 2H, ] = 6.6 Hz), 7.40 (dd,
1H, ] = 17.3 Hz, 9.9 Hz), 7.48-7.63 (m, 2H), 7.98 (d, 1H, ] = 7.1 Hz), 8.43 (d, 1H, ] = 8.3 Hz),
8.54 (s, 1H), 9.59 (s, 1H), 10.16 (s, 2H); 13C-NMR (100 MHz, d6-DMSO): 6 102.8, 109.5,
113.2, 115.8, 120.5, 125.8, 126.4, 127.5, 128.4, 128.9, 129.5, 129.7, 138.1, 148.1, 152.4,
160.7, 168.1; FT-IR: v 3080 cm! (-OH), 1748 cm1 (C=0), 1589 cm-1 (C=C).

4.3.4 Syntheses of the mechanophores
4.3.4.1 Synthesis of bromo-poly(e-caprolactone) (23)

0
o bulk o
+ B /\/\/\/\/\/\OH I ——
' 120°C,24h  Br o OH
n

23

Over CaH: distilled e-caprolactone (2.16 g, 2 mL, 18.92 mmol) was placed in a silanized
Schlenk-tube. In a counter flow of nitrogen the 1-bromo-undecanol (111 mg,
14.83 mmol) and catalytic amounts of Sn(Oct)2 were added. The bulk polymerization
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proceeded at 120 °C for 24 hours. The polymer was precipitated twice in cold Et20
(2x200 mL). After drying in vacuum, a white powder (1.8 g, 90 %) was obtained.

1H NMR (400 MHz, di-CDCl3): § 4.05 (t, ] = 6.7 Hz, 33H), 3.63 (t, ] = 6.5 Hz, 2H), 3.39 (t, ] =
6.9 Hz, 2H), 2.29 (t,] = 7.5 Hz, 33H), 1.69 - 1.58 (m, 66H), 1.43 - 1.33 (m, 33H).

4.3.4.2 Synthesis of 1-methylimidazole-poly(e-caprolactone) (24)

1-methylimidazole
OH N
80 °C,48h
Br ©) n \/f

Br

24

Bromo-PCL (1g, 0.2 mmol) and 1-methylimidazole (33 mg, 32 pL, 0.4 mmol) were
dissolved in refluxing ACN (20 mL). The reaction mixture was stirred at 80 °C for
48 hours. The solvent was removed under reduced pressure and the polymer was
precipitated twice in cold Et20 (2x100 mL). After drying in vacuum, a white powder (1 g,
99 %) was obtained.

1H NMR (400 MHz, di-CDCls): & 10.64 (s, 1H), 7.27 (t, ] = 1.8 Hz, 1H), 7.22 (t, ] = 1.7 Hz,
1H), 4.30 (t, ] = 7.2 Hz, 2H) 4.11 (s, 3H), 4.05 (t, ] = 6.7 Hz, 37H), 3.63 (t, ] = 6.5 Hz, 2H),
2.29 (t,] = 7.5 Hz, 37H), 1.69 - 1.58 (m, 74H), 1.43 - 1.33 (m, 37H).

4.3.4.3 Synthesis of PCL-mechanophore (25)

©) Cu,0, Dioxane ~ HO'
NM MOH Y CuBr
n 80°C,90h H

1-Methylimidazole-PCL (500 mg, 0.1 mmol) and Cu20 (72 mg, 0.5 mmol) were mixed
into dry 1,4-dioxane (10 mL) and molecular sieve 3A was added. The reaction mixture
was stirred at 80 °C for 90 hours. After filtration, the solvent was removed under
reduced pressure and the polymer was precipitated twice in cold Et20. Final purification
was performed by flash column in CHCl3 / MeOH (95 : 5). No further purification of the
PCL mixture was possible without decomposition of the PCL-mechanophore. After
drying in vacuum a white polymer (400 mg, 80 %) was obtained.192

1H NMR (400 MHz, d1-CDCl3): & 6.16 (dd, ] = 8.5, 2.9 Hz, 1H), 4.06 (t, ] = 6.7 Hz, 37H),
3.64 (t,] = 6.5 Hz, 2H), 3.60 - 3.55 (m, 1H), 3.24 (s, 2H), 2.30 (t, ] = 7.5 Hz, 37H), 1.69 -
1.58 (m, 74H), 1.43 - 1.33 (m, 37H).
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4.3.4.4 Synthesis of 1-methylimidazole-undecanol (C11) (26)

®
\N&N VO N N N\ G N ACN — //\N/\/\/\/\/\/\OH
\—y B OH oM\
— 80 °C,48h Br =

26

11-Bromo-1-undecanol (3 g, 12mmol) and 1-methylimidazole (900 mg, 877 uL,
11 mmol) were dissolved in refluxing ACN (8 mL). The reaction mixture was stirred at
80 °C for 48 hours. During cooling down to room temperature, a white precipitate was
formed, which was subsequently washed with Et20 (10x20 mL). After drying in vacuum,
a white powder with a yield of 97 % (3.8 g) was obtained.192

1H-NMR (400 MHz, de-DMSO): 6 9.18 (s, 1H), 7.79 (t, ] = 1.8 Hz, 1H), 7.72 (t, ] = 1.7 Hz,
1H), 4.31 (s, 1H), 4.16 (t,] = 7.2 Hz, 2H), 3.85 (s, 3H), 3.36 (d, ] = 3.0 Hz, 2H), 1.86 - 1.68
(m, 2H), 1.38 (dd, ] = 13.2, 6.6 Hz, 2H), 1.24 (s, 14H); 13C-NMR (100 MHz, de-DMSO0): &
136.9, 124.0, 122.7, 61.1, 49.2, 33.0, 29.8, 29.5, 29.4, 29.3, 29.2, 28.8, 25.9, 25.0; HRMS
(ESI): Calculated for [C15H290Nz2]* [M]* 253.26, found 253.23.

4.3.4.5 Synthesis of C11-mechanophore (27)

—

N—
HO_~ o~~~ Ny
//\?\?/\/\/\/\/\/\OH Cu,0, Dioxane \/
gN\/, > CuBr
Br = 80°C,90h /I\ F N e N
7N OH
—N
—/

1-Methylimidazole-undecanol (183 mg, 0.55 mmol) and Cu20 (394 mg, 2.75 mmol) were
dissolved in dry 1,4-dioxane (10 mL) and molecular sieve 3A was added. The reaction
mixture was stirred at 100 °C for 48 hours. After filtration, the solvent was removed
under reduced pressure and the crude product was dissolved in Et20 to precipitate side
products. After removing the solvent under reduced pressure, final purification was
performed by column chromatography in CHCl3 / MeOH (gradient: 40:1 to 20:1) to
obtain the C11-mechanophore (143 mg, 40 %).192

1H-NMR (400 MHz, CDCl3): & 6.15 (dd, ] = 7.3, 2.9 Hz, 4H), 3.62 (t, ] = 6.6 Hz, 4H), 3.60 -
3.54 (m, 4H), 3.24 (s, 6H), 1.68 - 1.50 (m, 10H), 1.37 - 1.22 (m, 28H); 13C-NMR (100
MHz, CDCl3): § 153.2, 111.1, 110.0, 62.9, 43.6, 33.0, 29.5, 29.4, 29.4, 29.3, 29.3, 26.5, 25.7.
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4.3.4.6 Synthesis of NCO-mechanophore (28)

same Ligand same Ligand
CuBr HDI CuBr i
v Y
AN NN NN - N U U W A~~~ NCO
\N%N OH dry Dioxane \N//\N o H
= 60°C,6h =/

28

C11-Mechanophore (112 mg, 0.17 mmol) and HDI (1 mL, 5.9 mmol) were dissolved in
dry 1,4-dioxane (10 mL) The reaction mixture was stirred at 60 °C for six hours. After
cooling down in the fridge, the white powder was washed with petrol ether (3x50 mL)
and dried in vacuum.192

1H NMR (400 MHz, CDCls): & 6.15 (dd, ] = 7.2, 2.9 Hz, 4H), 3.63 (t, ] = 6.6 Hz, 2H), 3.60 -
3.54 (m, 4H), 3.31 (t, ] = 6.6 Hz, 2H), 3.29 (t, ] = 6.7 Hz, 2H), 3.24 (s, 6H), 1.68 - 1.50 (m,
20H), 1.37 - 1.22 (m, 40H).

4.3.4.7 Synthesis of PCL-urethane-mechanophore (29)

same Ligand same Ligand

PCL-diol

CuBr o CuBr o H
\ dry Dioxane \
N P P N /\/\/\/NCO o, NN TN TN /\/\/\/N O.
kN/AN O)kN 60°C,6h RN/AN O)kN 3 PCL-2000
H H 5

= =
29

NCO-Mechanophore (0.15 mmol) and PCL-2000-diol (3 g, 1.5 mmol) were dissolved in
dry 1,4-dioxane (10 mL) The reaction mixture was stirred at 60 °C for six hours. After
filtration, the solvent was removed under reduced pressure and the polymer was
precipitated twice in cold Et20.192

1H NMR (400 MHz, di-CDCls): & 6.16 (dd, ] = 8.5, 2.9 Hz, <1H), 4.06 (t, ] = 6.7 Hz, 35H),
2.30 (t,] = 7.5 Hz, 35H), 1.69 - 1.58 (m, 70H), 1.43 - 1.33 (m, 35H).

4.3.5 Syntheses of carbon materials
4.3.5.1 Synthesis graphene oxide (GO) (30)

COOH OH COOCH

KMnO4

H,SO0, / HsPO,
50 °C, 12 h
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To a solution of concentrated H2SO4 / H3PO4 (360 mL / 40 mL) Graphite (3 g 20 pm
flakes) was added and the reaction mixture was cooled in an ice bath. The large amount
of KMnOs4 (18 g) was slowly added to ensure that the temperature didn't exceed 50 °C.
The reaction mixture was heated to 50 °C for 12 hours. After cooling down to room
temperature the mixture was poured into a large amount of ice water (400 mL)
containing H202 (5 mL, 35 wt%). The formed precipitate was washed with water
(1x200 mL), HCL (2x200 mL, 1 M) and several times with water (5x 200 mL). The
cleaned graphene oxide was freeze-dried for 48 hours and yielded 5 g. FWHM: 11.12° -
10.01° = 1.11°.292

4.3.5.2 Synthesis of graphene oxide + Cu?* (GO-Cu?*) (31)

,GO-sheet

COOH OH COOH COOCU OH COOH

COOCu---GO-sheet

COOCu---GO-sheet

Graphene oxide (1g) was dispersed in water (300 mL) by ultrasonication (30%
amplitude, 30 min). Subsequently, copper(Il)-acetate-hydrate (336 mg, 1.65 mmol) was
added, sonicated again for five minutes and stirred at room temperature overnight. After
several washing steps with water (5x200 mL) the graphene oxide containing Cu?* ions
was freeze-dried and yielded in 1 g GO-Cu?*. FWHM: 11.96° - 10.59° = 1.37°.276

4.3.5.3 Synthesis of thermally reduced graphene oxide - Cu/Cuz0
nanoparticles (TRGO) (32)

GO-sheet
COOCu” OH COOH

nitrogen gas
---GO-sheet

N —_

700 °C, 2 min
Cu/ Cu,O

---GO-sheet

32

GO-Cu?* (1 g) was placed into the quartz flask of an oven and flushed with nitrogen for
60 minutes. The oven was then heated to 700 °C with a heating rate of 10 °C/min and
kept at 700 °C for two minutes. Afterwards the oven was cooled down to room
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temperature under nitrogen atmosphere. The cooled down TRGO flakes were collected
with a yield of 50 wt% (500 mg). FWHM: 26.65° - 24.76° = 1.89°.276

4.3.5.4 Synthesis of chemically reduced graphene oxide (CRGO) (33)

COOH OH COOH

Na ascorbate

H,O
100 °C, 24 h

33

GO (1 g) was placed into a flask with water (50 mL) and flushed with nitrogen for 30
minutes. Sodium ascorbate (1 g) was added in a counter flow of nitrogen. The reaction
mixture was refluxed for 24 hours. After cooled down to room temperature, the black
flakes were filtered off and washed several times with water (5x100 mL) and acetone
(5x100 mL). After drying in vacuum black flakes with a yield of 550 mg (55 wt%) were
obtained. FWHM: 28.18° - 22.12° = 6.06°

4.3.5.5 Synthesis of nanocapsules

Polymer PVF (100 mg) and trivalent azide (100 mg) were dissolved in DCM (2 mL) and
emulsified into SDS-solution (10 mL, 1 mg-mL-1) at 1100 rpm. The emulsion was
sonicated in an ice bath for two minutes (30 s pulse, 15 s pause). In the end the solvent
was evaporated at room temperature over night while stirring with 500 rpm. After
removing micrometer sized impurities by filtration the capsule dispersion was freeze-
dried for 24 hours. With slight modifications to the organic phase, 3-azido-
hydroxycoumarin was co-encapsulated within PVF-azide capsules. Therefore, DCM
(2 mL) was mixed with MeOH (200 pL), 3-azido-hydroxycoumarin (3 mg), trivalent
azide (100 mg) and PVF (100 mg) to obtain a homogeneous organic phase. The
nanocapsules showed a hydrodynamic diameter of 208 + 30 nm. The SEM image of
freeze-dried azide capsules also confirmed capsules in the size of around 200 nm. The
ratio of azide to PVF was analyzed with NMR, using toluene (8.7 mg, 10 uL) as a standard
and calculated to 45 wt% azide and 55 wt% PVF. All other encapsulations with PLLA
and PCL used the same method with modified system parameters (Chapter 3.5.3).207
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5.0 Summary

A novel 3D-printing process, where a multiple-dispensing system allowed printing of
liquid capsules into a solid, thermoplastic matrix, was developed. The approach allows
to generate functional composite materials based on a biodegradable polymer (PCL)
filled with nanocapsules and micro-scaled, 3D-printed, liquid-filled capsules. Grids,
generated during printing, were filled with different hydrophobic liquids, starting with
simple farnesol and limonene, continuing with trivalent alkynes, useful for a subsequent
capsule based, self-healing material. Voids with sizes between 100 micron and 800
microns can be reliably printed (Figure 84). It was demonstrated that two reactive
components can be efficiently separated via 3D-printed capsules and nanocapsules
being directly embedded into the PCL-polymer before printing. Thermal control of the
printing process allowed retaining sufficient reactivity for a subsequent “click”-reaction,
underscoring the possibility to embed two separate, highly reactive components into
one and the same thermoplastic material. This approach was used for a proof-of-concept
self-healing material based on capsules and a triggered “click”-reaction, visualized by a
fluorogenic dye.

Nanocapsules

composite

100- 800 pm
microcapsules

Cu,0 on
graphene

Figure 84: 3D-printing of core-shell capsule composites.

In the second part, the 3D-printing of copper(I)-bis(NHC)-mechanophores was
investigated using a multicomponent-printing-system, generating polymer-composites
with stress-detecting properties. As demonstrated here the printing-results and final
activities of the three different mechanophores strongly depended on the chain length
used under the 3D-printing conditions. Short chain C11-mechanophores (29) can easily
be mixed with the printable PCL polymer and subsequently be extruded retaining their
mechanophoric activity. Higher molecular weight mechanophores (27, Mw, pcL-
M = 1800 Da, and 31, Mw, urethane-m = 2000 Da) lost their mechanophoric activity during
printing, although both showed catalytic activity (1.0 - 1.7 %) when being solvent cast in
molds. The fabrication of multilayer-polymers, where the stress-reporting tool is placed
in a specific part of the specimen can be realized (Figure 85).

141



3D-printing: Mechanophore composite Stress sensing by mechanoactive
“Click™-reaction

B

sy

Figure 85: 3D-printing of labile copper(I)-(NHC)-mechanophores.

The last big topic of the thesis was about printing of amorphous polymers with low glass
transition temperatures, achieved by attaching hydrogen-bonding groups to the end of
the polymer chain. Self-supporting, supramolecular PIB-based polymers were
successfully printed and compared to more polar based PEG supramolecular polymers,
which did not show a phase separation between polymer chain and the barbiturate
moieties. The polar PEGs did not show a good printing behavior or no shape stability
compared to the supramolecular PIBs, clearly due to the missing supramolecular cluster
(network) formation, and their hygroscopic nature. The supramolecular PIB polymers
with linear and star architecture showed a rubber like behavior and were able to form
self-supported 3D-printed objects at room temperature (Figure 86), reaching printing
resolutions and polymer strand diameters down to 200 - 300 um. The phase segregated
structure (micellar aggregates) enabled the tune-ability for the printability. The blends
and composites allowed addressing a proper printability window and self-supporting
strength.

3D-printing
cluster networks |

Figure 86: 3D-printing of supramolecular polymers and their composites.
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6.0 Appendix

6.1 Chemical reaction between trivalent azide and trivalent alkyne.

25

Trivalent azide + trivalent alkyne
Thermal click reaction
— with 4.5 wt% TRGO

B
E
= 25/
T 25
&)
(%))
(m]

-50

-75

T T T T T T T T T T
50 75 100 125 150 175 200

Temperature (°C)

Figure S 1. Thermal and TRGO-catalyzed "click"-reaction of trivalent azide with trivalent alkyne.

6.2 Chemical reaction between alkyne_PCL with trivalent azide.

1,2
Alkyne_PCL mixed with trivalent azide
without catalyst

— 1 wt% TRGO
— 2 wt% TRGO
—4 wt% TRGO

0,8

DSC (mW/mg)

T T
150 200 250

Temperature (°C)

T
50 100

Figure S 2. Thermal and TRGO-catalyst "click"-reaction of trivalent azide and alkyne-PCL.
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6.3 Chemical reaction between BEPE and trivalent azide.

4
—— Trivalent azide + BEPE
24
=) ]
E 0
>
=2
o 24
3 2
o
44
'6 T T

40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure S 3: Thermal "click"-reaction of trivalent azide with BEPE.

6.4 Nanocapsules of trivalent azide in PVF polymer shells.

Batch 1 /-\

Batch 2 /\
with Coumarin dye j\

T
1 10 100 1000
Hydrodynamic Radius (nm)

Amplitude (Intensity)

Figure S 4: SEM image of freeze-dried PVF-azide capsules with a diameter around 200 nm as well as
dynamic light scattering measurements of the hydrodynamic radius of 100 nm in aqueous SDS-solution.
The small peaks referrer to single chain nanoparticles and SDS micelles.
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6.5 PCL analysis via GPC and DSC before and after 3D-printing.

Table S 1: Polycaprolactone analysis before and after printing with GPC and DSC methods.

Polymer My Muw PDI Speak AHn
[Da] [Da] [°C] [0-g7]
PCL, before 47000 80000 1.7 61.9 90.7
Limonene 34000 55000 2.0 62.2 96.5
Linalool 33000 54000 2.0 60.4 92.2
Farnesol 34000 56000 2.0 60.2 90.3
TA 32000 52000 2.0 60.1 82.0
——PCL, before 3.0
—PCL:L!monene :Egll: E?r:::‘:ene
— Egt II;:riI::.LI 251 PC L Linalool
PCL, triv. Alkyne - Egt friim.zlsi;zlne
L — 204 !
% £
2 \ =
2 [ E
2 f \ Q
= i . 8
T T D\G T T T T

1,0 1,5 2,0 2,5
Retention volume (mL)

Temperature (°C)

100

Figure S 5: GPC measurement of PCL before printing and the printed capsule systems (l.) and DSC
measurement of the same polymers (r.).
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6.6 DSC analysis of PCL composites before and after 3D-printing.

DSC (mW/mg)

DSC/(mW/mg)

4,0

3,51

pure PCL

+1 % TRGO
+2 % TRGO
+5 % TRGO
+10 % TRGO

40 60 80 100
Temperature (°C)

pure PCL
+1% TA
+2% TA
+5% TA
+10% TA

40 60 80 100
Temperature (°C)

120

DSC (mWimg)

DSC (mW/mg)

pure PLC

+1% TRGO
+2 % TRGO
+5% TRGO

Temperature (°C)

pure PCL
+1% TA
+2% TA
+5% TA
+10% TA

T T T T T T
40 60 80 100 120

Temperature (°C)

Figure S 6: DSC measurements of PCL and its composites of TRGO (1 - 10 wt%) and trivalent alkyne (TA,

1-10 wt%) under nitrogen atmosphere with a heating rate of 10 °C-min-l. Freshly mixed and dried

composites of PCL and TRGO (a) as well as after 3D-printing (b) were analyzed for their thermal

properties. The PCL composites with the liquid TA were measured before (c) and after 3D-printing (d).
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6.7 Calibration of 3-Azido-7-hydroxycoumarin in THF.

-
S

3-Azido-coumarin in THF
| Absorption at 340 nm
y =79.23753*

Intensity
o - -
o o N
1 1

o
[e2]
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0,24

0,0 T T T T
0,000 0,003 0,006 0,009 0,012 0,015

Concentration (mg/mL)

Figure S 7: Calibration curve for 3-Azido-hydroxycoumarin in THF.

With the calibration curve, the content of 3-azido-coumarin for freeze-dried core-shell
nanocapsules containing PVF, trivalent azide and the just mentioned dye could be
measured and calculated. Therefore, capsules samples (~0.5 mg) were dissolved in THF
(3 mL) and the absorption intensity at 340 nm was detected and the data was analyzed
(Table S2).

Table S 2: Encapsulation of coumarin dye within PVF-azide capsules.

Capsule Coumarin wit% Encapsulation
[mg] [Hg] [%]
Theoretical 200 3000 1.48 100
Sample 1 0.48 5.4 1.12 76
Sample 2 0.49 5.8 1.18 80
Average 56+0.2 1.15+0.03 78+2
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6.8 Analysis of carbon based materials.

CRGO M»‘WMH

GO-Cy” _f\

TRGO ,/\__
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Figure S 8: Powder-XRD analysis for the different reaction steps for TRGO synthesis as well as CRGO (1.).

25

30

Mass (%)

100 4

80+

60+

40

20

7 ——CRGO

Graphene oxide
Graphene oxide Cu2+
——TRGO

0

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

The thermal gravimetric analysis of the intermediate and final products are shown, too (r.).

The different synthesized graphene modifications were analyzed via powder x-ray
diffraction in a short 20 range of 5° - 30°. The main reflexes of each compound were
visible and indicated a successful conversion, starting from graphite over graphene
oxide to the reduced graphene oxides.

Table S 3: Results of the XRD analysis.

Compound Reflex (°) FWHM (°)
Graphite 26.54 0.16
GO 10.65 1.11
GO-Cu?* 11.18 1.37
TRGO 25.56 1.89
CRGO 25.42 6.06

Thermal gravimetric analysis was the next very useful tool to analyze the graphene
modifications. The measuring conditions were nitrogen atmosphere (20 mL-min-1),

heating rate 10 °C-min-! and a temperature range of 40 - 800 °C.
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6.9 TEM analysis of TRGO based material.

Figure S 9. TEM image of the final TRGO-catalyst containing Cu / Cuz0 nanoparticles.

6.10 TEM analysis of CRGO based material.

Figure S 10. TEM image of CRGO.

6.11 FAAS analysis of copper content.

Table S 4. Copper content was determined by FAAS measurement of a burned sample (800 °C, 1 hour, air)
in nitric acid (2 M).

Sample Weight Concentration FAAS Cu on TRGO
(mg) (mg-L1) (mg-L1)  (wt%) (mmol-L-'1) (mmol-mg1)
TRGO 3.4 68 5.67 8.34 0.0892 0.0013
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6.12 Rheology measurements for 3D-printing.

The following rheology measurements are based on the following temperature labeling,

if not mentioned otherwise.

* 50 °C A 80 °C < 110 °C
H 60 °C ¥ 90 °C » 120 °C
® 70 °C € 100 °C @ 130 °C
10° —4—170°C
DLG J50-6P ——160°C
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>
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g
S 10 4
10°

0.1 1 1o
Shear rate y (5'1)

Figure S 11. Rheology measurements of viscosity-shear rate-temperature dependence for DLG ]50-6P (32

kDa, l.) and DLG J50-3A (17 kDa, r.).
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Figure S 12. Rheology measurements of viscosity-shear rate-temperature dependence for DLG ]50-7P (46

kDa, .) and DLG J50-7E (41 kDa, r.).
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Figure S 13. Rheology measurements of viscosity-shear rate-temperature dependence for DLG J75-5A (27
kDa, 1.) and PTHF (3000 Da, r.).
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Figure S 14. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-B2-SNP 5-
15 in a temperature range of 70 - 100 °C.
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Figure S 15. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-B2-GO 5-15
in a temperature range of 70 - 100 °C.
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Figure S 16. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-B2-CRGO 5-
15 in a temperature range of 70 - 100 °C.
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Figure S 17. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-U2-SNP 5-

15 in a temperature range of 80 - 110 °C.
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Figure S 18. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-U2-GO 5-15
in a temperature range of 80 - 110 °C.
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Figure S 19. Rheology measurements of viscosity-shear rate-temperature dependence for PIB-U2-CRGO 5-
15 in a temperature range of 80 - 110 °C.
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6.13 Frequency sweep measurements of supramolecular polymers and

their composites.
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Figure S 20. Frequency sweep measurements of PIB, PIB-B2, PIB-B-blend, PIB-B2-SNP5, PIB-B2-SNP10,
PIB-B2-SNP15: Storage modulus (filled B) and loss modulus (empty 0O) versus frequency at room

temperature (20 °C).
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Figure S 21. Frequency sweep measurements of PIB, PIB-B2, PIB-B2-GO5, PIB-B2-G010, PIB-B2-GO15:
Storage modulus (filled W) and loss modulus (empty O) versus frequency at room temperature (20 °C).
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Figure S 22. Frequency sweep measurements of PIB, PIB-B2, PIB-B2-CRGOS5, PIB-B2-CRGO10, PIB-B2-
CRGO15: Storage modulus (filled W) and loss modulus (empty O) versus frequency at room temperature
(20 °C).
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Figure S 23. Frequency sweep measurements of PIB, PIB-U2, PIB-U2-SNP5, PIB-U2-SNP10, PIB-U2-SNP15:
Storage modulus (filled W) and loss modulus (empty O) versus frequency at room temperature (20 °C).
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Figure S 24. Frequency sweep measurements of PIB, PIB-U2, PIB-U2-GO5, PIB-U2-G010, PIB-U2-GO15:
Storage modulus (filled W) and loss modulus (empty O) versus frequency at room temperature (20 °C).
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Figure S 25. Frequency sweep measurements of PIB, PIB-U2, PIB-U2-CRGO5, PIB-U2-CRGO10: Storage
modulus (filled W) and loss modulus (empty O) versus frequency at room temperature (20 °C).
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6.14 Temperature-dependent FT-IR for supramolecular polymers.
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Figure S 26. Temperature dependent FT-IR measurements of PIB-U2, PIB-B2 and PIB-B-blend in a
temperature range of 30 - 120 °C.
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6.15 Rheology data for printable supramolecular polymers.

Storage modulus is the filled symbol. Loss modulus is the empty symbol.
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Figure S 27: Amplitude sweep for PEG-400-B2.
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Figure S 28: Frequency sweep for PEG-400-B2.
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Figure S 29: Amplitude sweep for PIB-B2.
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Figure S 30: Frequency sweep for PIB-B2.
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Figure S 31: Amplitude sweep for PIB-U2.
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Figure S 32: Frequency sweep for PIB-U2.
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6.16 Rheology analysis for mechanophore 3D-printing.
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Figure S 33. Viscosity-temperature rheology measurements for polycaprolactone (PCL) with the
molecular weight of Mn =45 kDa and its composites with 1 wt% coumarin, as well as the composites
based on Cii-mechanophore and PCL-mechanophore. The printing range of the 3D printer is marked in
green and yellow to ensure printability with regenHU 3D Discovery printer (n = 200 - 2000 Pas, y =10 -

30 s1),
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6.17 Control reaction between PCL and Cu;0 in 1,4-dioxane.

PCL-OH + Cu,O

5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure S 34. 1H-NMR of a control reaction between PCL-OH and Cuz0 showing no side reaction taking
place on the polymer backbone within the reaction conditions.

PCL-OH (500 mg) and Cu20 (100 mg) were mixed into dry 1,4-dioxane (20 mL). The
reaction mixture was stirred at 80 °C for 48 hours. After filtration, the solvent was
removed under reduced pressure and the polymer was precipitated twice in cold Et20.
After drying in vacuum a white polymer (500 mg, 99 %) was obtained. When compared
to the mechanophore synthesis (a), no reaction between PCL and Cu20 occurred while
using the same solvent and temperature conditions. The polymer chain was not
decomposed by the used reaction conditions as checked by subsequent SEC. During the
mechanophore synthesis several side reactions took place. Signals for other imidazole
endgroups (I-methylimidazole-poly(e-caprolactone)) were not present anymore.
Elimination of the imidazole endgroup probably led to bromo- and allyl-functionalized
PCL (3.4 ppm, 4.6 ppm).
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6.18 Fluorescence calibration (solid state reflection mode).
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Figure S 35. Calibration curve for the conversion of the fluorogenic “click” reaction based on 3-azido-7-

hydroxycoumarin and phenylacetylene.

The fluorescence measurements were calibrated by mixing 3-azido-7-hydroxycoumarin
with its clicked dye. For lower conversion rates the fluorescence increase was linear.
With linear fitting the calibration curve y = 3.05x could be obtained.

6.19 Absorption and fluorescence of 5-azido-fluorescein and the “clicked”

product
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Figure S 36: Normalized absorption and fluorescence spectra of 5-azido-fluoresceine (schwarz, F-N3) and
the dye after “click”-reaction with phenylacetylene (rot, F-Ph).
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6.20 NMR spectra of the tetronic polymers.
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Figure S 37: 1H-NMR of Tetronic-3600-Cls in CDCls.
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Figure S 38: tH-NMR of Tetronic-3600-(N3)4 in CDCls.
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Figure S 39: 1TH-NMR of Tetronic-3600-B4 in CDCls.
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Figure S 40: 1H-NMR of Tetronic-3600-U4 in CDCls.

164



6.21 NMR spectra of the intermediates.
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Figure S 41: 1H-NMR of trivalent azide (-OH) in CDCls.
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Figure S 42: 13C-NMR of trivalent azide (-OH) in CDCls.
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Figure S 43: 1TH-NMR of trivalent azide (-OAc) in CDCls.
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Figure S 44: 13C-NMR of trivalent azide (-OAc) in CDCls.
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Figure S 45: TH-NMR of trivalent alkyne in CDCls.
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Figure S 46: 13C-NMR of trivalent alkyne in CDCls.
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Figure S 47: 1TH-NMR of BAPE in CDCls.
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Figure S 48: 13C-NMR of BAPE in CDCls.
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Figure S 51: 1H-NMR of Diethyl 2-hexynyl-2-ethylmalonate in CDCls.
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Figure S 52: 13C-NMR of Diethyl 2-hexynyl-2-ethylmalonate in CDCls.
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Figure S 53: 1TH-NMR of 2-hexynyl-2-ethyl barbiturate in DMSO.
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Figure S 54: 13C-NMR of 2-hexynyl-2-ethyl barbiturate in DMSO.
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Figure S 55: 1H-NMR of alkyne-thymine in DMSO.

3. 4 _6
27 N7 N7

N

8 7~

07~ °N” 0
H

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure S 56: 13C-NMR of alkyne-thymine in DMSO.
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Figure S 57: 1H-NMR of UPy-NCO in CDCls.
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Figure S 58: 13C-NMR of UPy-NCO in CDCls.
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Figure S 59: 1H-NMR of a-propargyl-e-caprolactone in CDCl3
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Figure S 60: tH-NMR of poly(e-caprolactone)-co-(a-propargyl-e-caprolactone) in CDCls
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Figure S 61: TH-NMR of 5-azidofluorecein in DMSO.
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Figure S 62: TH-NMR of clicked 5-azidofluorecein in DMSO.
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Figure S 63: 1H-NMR of 3-azido-7-hydroxycoumarin in DMSO.
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